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The present volume of the series ‘The Chemistry of the Functional 
Groups’ is again organized according to the general plan as described 
in the P:eface to the series, printed on the following pages. 

Only one of the originally planned chapters did not materialize, 
that on ‘Oxidation and Reduction of Alcohols’. 

Jerusalem, March 1970 SAUL PATAI 
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The Chemistry of the Functional Groups 

Preface $0 t h e  series 

The series ‘The Chemistry of the Fuiictional Groups’ is planned to 
cover in each volume all aspects of the chcmistry of one of the impor- 
tant functional groups in organic chemistry. The emphasis is laid on 
the functional group treated and on the effects which it exerts on the 
chemical and physical properties, primarily in the immediate vicinity 
of the grz.ii; iz qiiesiioii, and secondariiy on the bchaviour of the 
whole molecule. For instance. the volume The Chemistry of the Ether 
Linkage deaIs with reactions in which the C-0-C group is involved, 
as well as with the effects of the C-0-C group on the reactions of 
alkyl or aryl groups connected to the ether oxygen. I t  is the purpose 
of the volume to give a complete coverage of all properties and 
reactions of ethers in as far as these depend on the piesence of the 
ether group, but the primary subject matter is not the whole molecule, 
but the C--0-C functional group. 

A further restriction in the treatment of thc vai-ious functional 
groups in these volumes is that material inclded in easily and geR- 
erally available secondary or tertiary sources, such 2s Chemical 
Reviews, Quarterly Reviews, Organic Reactions, various ‘Advances’ 
and ‘Progress’ series as well as textbooks (i.e. in books which are 
usually found in the chemical libraries of universities and research 
institutes) should not, as a rule, be repeated in detail, unless it is 
necessary for the balanced treatment of the subject. Therefore each 
of the authors is asked not to give an encyclopaedic coverage of his 
subject, but to coxentrate on the most important recent develop- 
ments and mainly on material that has not been adequately covered 
by reviews or other secondary sources by the time of writing of the 
chapter, and to address himself to a reader who is assumed to be a t  a 
fairly advanced post-graduate level. 

With these restrictions, it is realized that no plan can be devised for 
a volume that would give a complete coverage of the subject with no 
overlap between chapters, while at  the same time prcserving the read- 
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ability of the tcxt. The Editor set himself the goal of attaining 
remonahle coverage with moderate overlap, with a minimum of cross- 
references between the chapters of each volume. In this manner, 
sufficient frecdom is given to each author to produce readable quasi- 
monographic chapters. 

The general plan of each volume includes the following main 
sections : 

(a) An introductory chapter dealing wPch tlic general and theo- 
rctical aspects of the group. 

(b) One or more chapters dealing with the formation of the func- 
tional group in question, either from groups present in the molecule, 
or by introducing the new group directly or indirectly. 

(c) Chapters describing the characterization and characteristics 
of the functional groups, i.e., a chaptsr dealing with qualitative and 
quantitative methods of determination including chemical and physi- 
cal methods, ultraviolet, infrared, nuclear magnetic resonance, and 
mass spectra; a chapter dealing with activating and directive effects 
exerted by the group and/or a chapter on the basicity, acidity 01- 

complex-forming ability of the group (if applicable). 

(d) Chapters 011 the rezctioris, ti-ansformations and rearrange- 
ments which the functional group can undergo, either alone or in 
conjunction with other reagents. 

(e) Special topics which do not fit any of the above sections, such 
as photochemistry, radiation chemistry, biochemical formations and 
reactions. Depending on the nature of each functional group treated, 
these special topics mzy include short monographs on related func- 
tional groups on whish no separate volume is planned (e.g. a chapter 
on ‘Thioketones’ is included in the volume The Chemistry of the 
cal-bonyl Group, and a chapter on ‘Ketenes’ is included in the volume 
The Chemistry of AIkmes). In  other rases, certain compounds, though 
containing only the functional group of the title, may have special 
features so as to be best treated in a separate chapter, as e.g., ‘Poly- 
ethers’ in The Chemistry gr The Ether Linkage, or ‘Tetraaminoethylenes’ 
in The Chemistry of the Amiico Group. 

This plan entails that the breadth, depth and thought-provoking 
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nature of each chaptcr will differ with the views and inclinations of 
the author and thc presentation will nccessarily be somewhat uneven. 
Moreover, a serious problem is caused by authors who deliver their 
manuscript late or not at all. I n  order to overcome this prqblem at 
least to some extent, i i  was decided to publish certain voll-lmes in 
several parts, without giving consideration to the originally planned 
logical order of the chapters. If after the appearance of the originally 
planned parts ofa volume it is found that either owing tcj noik-delivery 
of chapters, or to new developments in the subject, sufficient material 
has accumulated for publication of an additional part, this will be 
done as soon as possible. 

The overall plan of the volumes in the series ‘The Chemistry of the 
Functional Groups’ includes the titles listed below: 

The Chemistry of the Alkenes (published in two volumes) 
The Chemistry of tJie Carbonyl Group (publisJied irc two volumes) 
The Chemistry of the Ether Linkage (published) 
The Chemistry of the Amino Group (published) 
The Chemistry of the Nitro and the Nitroso Group (published in two parts) 
The Chemistry of Carboxylic Acids and Esters (published) 
Tlte Chemistry of thc Curion-Nitrogen Double Bond (published) 
The! Chemistry of the Cyano Group (publirhed) 
The Chemisty of the Amides (published) 
Thc Chemistry of the Hydroxyl Group (published in two j a r i s )  
The Chemistv of the Carbon-Halogen Bond (in preparation) 
The Chemistry of curbonyl Halides (in preparation) 
The  Chemistry of the Xzido Group (in preparation) 
The Chemistry of the Carbon-Carbon Triple Bond 
TJie Chemistry of Imidoates and Amidiiies 
TJie CJiemistry of the Thiol Group 
TJie Chemist72 of the Quinonoid Cornpoutids 
The Chemistiy of the Hydrazo, Azo and Azo~y Groujs 
The Chemistry of Ihe SO, -SO,, -SO,H and 4 0 , H  Grcups 
The  CJiemistry of the -OCN, -NCO and -SCN Groups 
The Chemistry of the -POJI, and Relcted Groups 

Advice or criticism regarding the plan and execfition of this series 
will be welcomed by the Editor. 

The publication of this series would never have started, let alone 
continued, without the support of many persons. First and foremost 
among these is Dr. Arnold Weissberger, whose rcassurance and trust 
encouraged me to tackle this task, and who continues to help and 
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advise me. The efficient and patient cooperation o,f several star- 
riiembers of the Publisher also rendered me invaluable aid (but un- 
fortunately their code of ethics does not allow me to thank them by 
name). Many of my friends and colleagues in Jerusalem helped me in 
the solution of various major and minor matters, and my thanks are 
due especially t<j Prof. Y. Liwschitz, Dr. 2. Rappoport and Dr. J. 
Zabicky. Carrying out such a long-range project wculd be quite 
impossible without the non-professional 5ut none the less essential 
participation and partnership of my wifc. 

The Hebrew University, 
Jerusalem, ISRAEL 

SAUL PATAI 
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li. INTRODUCTION 

A. A Density Approach to Chemical Binding 
This chapter is concerned with the quantum mechanical predic- 

tion and interpretation of the properties of the hydroxyl group as a 
radical, as an ion, either positively or negatively charged, or as a 
functional group. The theoretical description of the electrmic siruc- 
ture is given in terms of molecular orbital theory and all quantitative 
results are based on self-consistent field (SCF) calculations at  or near 
the Hartree-Fock limit. The results of such calculations are known 
to yield good representations of molecular charge distributions and 
in this chapter the attempt is made to relate the chemistry of the 
hydroxyl group directly to the properties of the spatial distribution 
of electronic charge in the molecule. 

1 

The Chemistry of The Hydroxyl Group: Part 1 
Edited by Saul Patai 

Copyright 0 1971 by John Wiley & Sons Ltd. All rights reserved. 



2 R. F. \\'. Bader 

The molecular charge distribution describes the manner in which 
the electronic charge is distributed throughout real space. Thus the 
proper ties of a system may be given a direct plqysical description and 
interpretation when they are related to the charge distribution. A 
discussion of the properties in terms of the spatial details of the wave- 
function YJ does not jield a direct physical picture because of the 
multidimensional nature of the wavefunction for a many-electron 
system. 

The function y for an N-electron system is a function of the space 
and spin coordinates of all the electrons. The instantaneous simui- 
taneous probability of each electron being in some particular small 
region of space with a given spin is given by the product 

where dzi denotes both an infinitesimal volume element in the space 
of electron i and a definite spin component either CI. or 8. The integra- 
tion of this product over ail the spins (thereby changing each d t i  
into a spatial volume element dxi) and over the spatial coordinates 
of all the electrons but one, say electroq 1, 

v'*y dz1 dz,. . . dzi. . . dz-v 

dx, 1 y*y dx, dx, . . . dx,v (1-1) 

yields a function which describes the probability of finding one of the 
electrons in some particular region of its Cartesian space; i.e., it yields 
a single-electron probability distribution in three-dimensionai space. 
Since all N electrons are equivalent and indistinguishable, a con- 
sequeiice of the antisymmetry requirements imposed on y !J? the 
Pailli exclusion principle, the total probability of finding ncgative 
chnrge in a given region of space is N times the onc-electron prob- 
ability givcn in equation (1-1) 

r 

(1-2) 

The three-dimensional distribution function p ( x )  

p ( ~ )  = N v*v dxz dx, . . . dxAr (1-3) I 
is the total electronic charge density or total electronic charge distri- 
bution, a function in three-dimensional space. 

The charge distribution p ( x )  determines all of the electrical 
moments of the system (dipole, quadrupole, etc., and fields and field 
gradients at  the positions of the nuclei). The charge distribution also 
determines the 'size' and 'shape' of a molecule in its nonbonded 
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interactions with other systems, and is responsible for the scattcring 
observed in X-ray and elcctroii diffraction expcriments. Electron and 
X-ray diffraction results provide in principle a method for the experi- 
mental determination of molecular charge distributions. Reviews of 
such attempts, mainly in the field of X-ray crystallography, have 
been given by Brill’ and by O’Connell, Rae and Maslen?. Kohl and 
Bartel13* have reported electron diffraction results for small-angle 
scattering on gas phase molecules which suggest that electroii scatter- 
ing techniques now in development should be able to provide in- 
formation about the charge distribution of the bonding electrons. 

Hohenberg and Kohn5 have presented a theorem which shows 
that in principle even the energy of the system may be expressed as a 
function of the charge distribution. The function p (x) therefore con- 
tains all the information necessary for a complete physical descrip- 
tion of a system. 

The increase in our understanding and prediction of chemical 
phenomena may be related to the increase in our understanding of 
how the electronic charge is distributed in a molecule and of how 
these distributions change during a chemica.1 reaction. Concepts such 
as ionic-covalent character and e1ectronegativityO are outstanding 
examples of earlier attempts to determine empirically how the total 
chargc is partitioned between the atomic components of a molecular 
system. With the advcnt of relatively good quantum mechanical 
calcxlations, we are now able to determine and relate chemical 
phenomena to the actual distribution of charge throughout three- 
dimensional space. 

I n  addition to its use in the direct calculation ofphysical properties, 
the charge distribution may be analysed in terms of the total amount 
of charge which is found in different regions of space, for example, 
the amount of charge in the ‘binding region’ between the nuclei, or 
in the regions normally pictured as occupied by ‘lone pairs’. Related 
to the total density maps are the density dzgkrence maps which are ob- 
tained by subtracting the density distributions of the constituent 
atoms from the total molecular density. Such maps provide a picture 
of the redistribution of charge which results in the formation of a 
chemical bond. The density difference maps show patterns which are 
characteristic of and distinct for limiting types of bonds ionic and 
covalent’. The density and density-difference maps can therefore 
serve as the basis for definitions of distinct bond types. 

The physical picture provided by the charge distribution may be 
carried even further through the use of the Hel!rnann-Feynman 
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theorem which relates in a rigorous maiiner the forccs acting on the 
nuclei to ,the distribution of charge in the moleculc8* 9. Because of the 
cssentially classical niiture of the connexion betweefi the forces and 
the electronic charge distribution, a study of the forces exerted on the 
nuclei can provide a physical basis for the interprctation of chemical 
binding. 

Since the results which follow lean so heavily on Hartree-Fock 
wavefiinctions, a brief discussion of the ultimate accuracy and 
limitations of these functions is givcn in the following section. 

B. Hartree-Fock Wavefunctions 

A Hartree-Fock wavefunction is by definition the best possible 
single determinantal wavefunction for a system. Such a wavefunction 
consists of an antisymnietrizcd product of one-electron functions, the 
orbitals. The antisymmetrization of the wavefunction is a necessary 
consequence of the Pauli principle and has the result of correlating 
the motions of ekctrens with identical spins. The motions of electroris 
wit11 different spins are, however, completely uncorrelated because 
the probability function for all such pairs of electrons is given simply 
as a product of the individual probabilitics, i.e., the electrons act 
independently. For this reason the difference between the true 
energy of the system and that predicted by the Hartree-Fock wave- 
function is called th.e correlation energlo. (There is also a correction 
for the neglected relativistic effects but these are veiy small for atoms 
in the first two rows of the Periodic Table.) 

The orbitals are obtained as solutions to the Hartree-Fock 
equations* 

there being one such equation for each spin-orbital pi, i.e., a space 
orbital di multiplied by an u or spin function. For a closed-shell 
system of N electrons there will be N / 2  occupicd and distinct space 
orbitals. The summations in equation (1-4) are over ail N of the 
occupied spin-orbitals. 

The first bracketed term in equation (1-4) represents the kinetic 

* Atomic units are used throughout this chapter: length, 1 au = a, = 0.52917 
A; energy, 1 au = c2/ao = 6.2771 s 102 kcal/mole; force, 1 au = e2/aoc = 
8.2377 x 10-3 dynes; charge density, 1 au = e/ao3 = 6,749 e - / k 3 .  
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energy and the potential energy in the field of the nuclei of an 
electron in the orbital pi. Thc summation C pj*(x2)pj(x2) in the 

second term, called the coulomb term, represents the total electronic 
charge density a t  each point in space, and the integral of this quantity 
over the operator 1/rl2 gives the repulsive field exerted on the 
electron in pi by the total charge distribution (including a contribu- 
tion from the electron in pi). Tlie third bracketed term, the exchange 
term, arises from the antisymmetiy conditions im-posed on the wave- 
function, and is different from zero only for those spin-orbitals 
possessing the same spin as pi. This term removes all contributions to 
the total repulsive field expcrienced by the electron in pi a t  thc 
position s1 from other electrons with the same spin as that of thc 
electron in pi. The exchange charge density when integrated over all 
space yields oric electronic charge and hence its presence in equation 
(1-4) decreases the total number of electronic cliarmes exerting a re- 
pulsive force on the electron in p i  by unity. The exchange term may, 
therefore, be interpreted as providing a corrixtion to the coulomb 
term which includes a contribution from the electron in pi exerting 
a repulsive force on itselfll. 

Equation (1-4) replaccs the actual instantaneous repulsions be- 
tween pairs of electrons by an average interaction, one which des- 
cribes each electron separately interacting with the average field of 
the remaining electrons. The exchange term effectively correlates the 
motions of electrons with parallel spins by removing from the im- 
mediate vicinity of a given electron all charge density arising from 
electrons with similar spin. The same electron, however, experiences 
only the average ficld exerted by electrons with opposite spin, and 
this is the origin of the so-called correlation error in the total energy. 

The total energy of the system in terms of the orbital energies ci is 

j 

? 

where the terms in square brackets represent the coulomb and ex- 
change integrals respectively. 

Equation (1-4) for the one-electron orbital energies is derived by 
demanding that the functions pi give the lowest po,rsZ.bZe energy for the 
system. This particular set of orbitals, the Hartree-Fock orbitals, 
provide the best one-electron approximation to the system. A set of 
N equations of the form 1-4 are too involved to solve directly, since 
the solution of each equation demands a knowledge of the solutions 
for thc remaining ( N  - 1) equatiors. ‘This is a consequence of the 



6 K. F. W. Bader 

fact that the average field exerted by the remaining ( N  - 1) clec- 
trms as expressed by coulcmb and cxchange lernls is known only 
when all the remaining pi  are known. 

To overcome this difficulty Roothaan12 has devised a self-con- 
sistent field method for solving the Hartree-Fock equations for a 
systein based on the expansion of each pi in terms of a linear com- 
bination of much simpler functions13. The set of simpler functions, 
called the basis set, is finite in number and usually consists of Slater 
or Gaussian type atomic orbitals centred on tlie various nuclei in the 
molecule. 

The SCF equations of Roothaan may be solved for a basis set 
containing only -N distinct atomic orbitals for an N-electron prob- 
lem. While the molecular orbitals obtained from such a minimal 
size basis set are self-consistent, they are poor approximations to the 
true Hartree-Fock orbitals. Only by including a large number of 
atomic orbitals in the basis set can the expansion be made flexible 
enough adequately to describe tlie Har tree-Fock molecular orbitals. 
Ideally the Hartree-Fock result represents the limiting case of an 
expansion in terms of an infinite basis set. However, experience has 
ShoVJil that the Hartree-Fock limit may be reached for all practical 
purposes using basis sets of reasonable size. For example, the basis 
set required to approximate the Hartree-Fock orbitals for the OH 
radical14 to an accuracy of about 0.001 consisted or“ 24 Siater type 
orbitals (STO’s) with the following composition: centred on oxygcn, 
two Is, two 2s, four 2po and four 2px, two 3dcr and one 3 d z ,  one 4fa 
and one 4Jn; and centred on hydrogen, two Is, onc ZS, one 2pa and 
one 2pn. 

Our primary use of the Hartree-Fock results will be to obtain 
molecular charge distributions. With regard to this use, there is a 
very important theorem which can be proved for a Hartree-Fock 
wavefunction. The thecreni itself is due to Brillouin15 and, as a 
consequence of this theorem, wc can show that the charge density 
and its dependent properties obtained from a Hartree-Fock wave- 
function are correct up to the second-order. (The interested reader 
is referred to Ref. 16 for a discussion of this theorem which is relevant 
to the calculation of charge distributions.) Thus we may expect the 
Hartree-Fock charge distribution (a one-electron property) and the 
properties determined by the charge distribution to be relatively in- 
sensitive to the correlation error (a property of the two-electron 
probability distribution) inherent in the Hartree-Fock wave- 
function. 7’0 test this assumption we have listed in Table 1-1 the 
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valucs of the dipolc moments and forccs acting on tlic nuclei calcu- 
lated from Hartrce-Fock wavefunctions for a number of hydride 
molecules. I n  addition to the one-electron properties just cited we 
have also iiicluded calculated valucs o€ some energy quantitics 2nd 
spectroscopic constants. The values of the one-electron properties are 
indced in good agrcemeiit with experiment, the dipole moments 
exhibiting an avcrage crror of about 0-12 Dcbyes and the forces on 
the nuclei which should bc zcro at  the equilibrium bond length, 
indicating only slight departures from electrostatic equilibrium. 
Brillouin's theorem holds strictly only for closed-shell molecules but 
the calculated properties of the open-shell systems included in Table 
1-1, OH and CH, do not cxhibit any sudden deterioration in quality. 

The electronic contribution to thc dipolc moment is determined 
primarily by thc spatid dciails cjf thc charge distribution in its outer 
rcgions while the forccs are most sensitive to the properties of the 
charge distribution in regions close to the nuclei. While the dipole 
moment and the forces offer tests of different moments of the charge 
distribution, they are still averages over the complete distribution. 
A test of the accuracy of the actual spatial distribution of charge 
predicted by a Hartree-Fock wavefunction can be made only by 
comparing thc distribution with one obtained from a morc extended 
calculation. Such comparisons have been made for H, and Li, la, 

using the wavefunctions of Das and Wahl19 which yield a large 
fraction of the correlation energy. I t  was concluded that no notice- 
able error is introduccd when a Hartree-Fock density distribution is 
used to portray the molecular charge distribution. In  the case of Li, 
a plot of the difference density distribution between the extended and 
the Hartree-Fock results yielded no values greater than 1 x au, 
a numbcr smaller by a factor of 20 than the outer contours used to 
determine the nonbondcd sizes of molecules. 

The data in Table 1-1 indicate that while the correlation error is 
appreciable for the energy (a quantity directly determincd by the 
two-electron probability distribution) it is much less significant for 
the one-clectron charge distribution and its depcndent properties. 

II. A STUDY O F  THE 0 - H  BOND IN OH+, OH'AND OH- 

A. The Molecular Charge Distributions 
The introductory discussion of the electronic structure of the 

hydroxyl group will be coiicerned with the molecular charge distri- 
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butions and rncchanism of bindine of the proton in the diatomic 
species OH-+, OH' and OH-. 

The molecular orbital configurations and ground statc symmetries 
fcr these molecules are 

OH+ lo92023a'lnz; 3 2 -  (Id, 1 Z + )  

OH- la?2023a21nQ; 1,Z+ 
OH* ~ 2 ~ ~ 1 ~ 3 ;  w 

The hydroxide ion posscsses a closed-shell clectroiiic structure and 
hence a singlet, symmetric ground state. The radical OH' possesses 
both orbital and spin degencracy. The half-filled 7t configuration in 
OH+ results in three distinct states, 3,Z-, ld and lZ+. To first-order 
the energies of these states differ because of different contributions 
from the repulsive energies between the electrons. The state of 
highest multiplicity, the 3Z- state, is lowest in energy. Certain 
energy values and other physical characteristics of these molecules 
are listed in Table 11-1. The bond strengths, with respect to the 
appropriate separated atom or ion states, decrease in the order OH-, 
OH', OH+, and the bond lengths increase in the same order. 

TABLE 11-1. Physical properties of OH+, OH' and OH- *. 

Electron Ionization 
AH Term R, (au) D, (evj affinity potential we (cm-1) 

(exr) ( 4  
~~ ~ ~~ 

OH+ X 3 Z -  1.944 (>4.4.) 
OH' X217 1.8342 4.63 1 4 3  13.36 3735.2 
OH- x"Z+ (1.81) (>3-48) (3773) 

* Data from P. E. Cade. 3. Chm. Phys., 47, 2390 (1967). 

The total molecular charge distributions for the OH species are 
shown in Figure 1 in the form of contour maps in the plane of the 
nuclei*. Bader, Keaveny and Cade20 have presented an interpreta- 
tion of the binding in the first-row neutral diatomic hydridcs based 
upon the molecular charge distribution and the forccs which it 
exerts 011 the nuclei. On this basis the binding in LiH is classified as 
ionic and that in BH -+ HF as covalent. The binding in BeH is 

* Thc Hartree-Fock wavcfunctions uscd to calculatc thc charge dcnsities 
were obtained from P. E. Cade and MT. Huo, 3. Cfienz. Phys., 47, 614 (1967) for 
O H ( X * n i ) ,  CH(X217,) and LiH(X'Z+); unpublishcd wavefunctions of P. E. 
Cade were employcd for OH-(XIZ+) and OH-+(3Z-). 



OH 

OH- 
FIGURE 1. Contour maps of the total molecular charge distributions of diatomic 
hydrides in their electronic ground states. The proton is represented by the dot 

on the right-hand side in each contour map. 
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transitional between the limiting classifications ionic and covalent. 
Comparative studies play- an important role in our understanding of 
chemistry and for this reason the charge distributions of LiH, CH 
and HF are also displayed in Figure 1. The chargc distribution in 
LiH provides an example of the extreme localization of the valence 
charge density which does occur in ionic binding. The properties of 
the charge distributions of CH and HF bracket those of OH' and 
provide gauges for measuring the extent of chargc reorganization 
when an electron is added to or removed from thc neutral OH' 
species. 

The valcnce charge density becomes increasingly diffuse through 
the series OH+ +OH- with an accompanying increase in the 
amount of charge density in the region of the proton. The oiltermost 
densiry contour shown in cacli diagram (equal to 0.002 au) defines 
a volume in space .which encloses over 95% of the total clectronic 
charge of the system. For molecules able to exhibit nonboncied inter- 
actions, the molecular length and width as determined by this 
particular contour agree well with the sizes of molecules deterrnincd 
by nonbonded interactions in both the gaseous and solid states'. The 
lengths (L)  reported in Table 11-2 provide at least a relative measure 
of the size and extent of the charge distributions of the hydride 
molecules. 

TABLE 11-2. Propertics of the molecular charge distributions of diatomic hydridcs" 

P ?A 711 Nonbonded charges 

ion A H 
AH (Debycs) L Molcculc Atomor Moleculc onb 

OH+ 6.4 2.5 2.6 1.7 3,84, (3.5) 0.24 
OH' 1.780 6.7 3.0 2.9 2.0 4.23 (4.0) 0.36 
OH- 7.1 3.1 3.1 2.2 4-68 (4.5) 0-5 1 
LiH -6.002 7-7 1.7c 3.2 2.9 1-09 (1.5) 0.71 
CH 1.570 7.9 3.5 3.2 2-3 3.21 (3.0) 0.49 
HI: 1.942 6-3 2.7 2.8 1.9 4.72 (4.5) 0.30 

0 All lengths arc in au. 
b Values in parcnthcses are frcc separatcd atoiii or ion valucs. 
c Thc value of TLi+ is 1.8 ilu. 

The distance measured frolii either nucleus along the bond axis to 
the outermost (0.002) contour prc-vides a measure of the nonbonded 
radius of the 'atom' in thc molecule. The contribution of the non- 
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bonded density on both H and 0 to the length of the molecule in- 
creases as thc number of electrons is increased. The value of r, for 
the free atom is 2.5 au. Relative to this value the nonbonded radius 
of H is comidcrably decreased in all thrcc molcculcs. The removal 
of an electron from OH' causes an overall tightening of the charge 
distribution and a shift in the values of the nonboiided radii towards 
values characteristic of HF. In fact the amount of charge density in 
the region of the proton in OH+ is less than in HF. Similarly the 
addition of an elecrron to OH' results in an expansion of the charge 
distribution and in  a set of nonbonded radii close in  value to those 
for the preceding neutral hydride NH (rx = 3-2, r, = 2.1 au). 

The electron population of any spatial region may be obtained by 
integrating the charge density over the corresponding restricted 
volume in space. Table 11-2 lists such populations for the nonbonded 
regions of A and H, the nonbonded regions being defined by the 
volume of space on the nonbonded side of a plane perpendicular to 
the bond axis, aiid passing ihrough :he 4 or f-! nuc!eus. i ~ e  con- 
bonded charge on oxygen exceeds that of the parent oxygen ion or 
atom in each of the three molecules. The nonbonded population on 
hydrogen is cssentially unchanged from tlie free atom value in OH- 
but decreased from this value in OH' and still more so in OH+. 

The changes in the nonbonded charges on 0 and H upon ioniza- 
tion of or electron attachment to OH again reflect a shift i n  the 
properties of the charge distribution towards those characteristic of 
HF or NH respectively. The increase in the nonbonded charge on 0 
and its decrcase for H (compared to 0-1- and H) in OH+ indicate the 
presence of a greater degree of charge polarization than is found in 
HF. While the total nonbonded charge on 0 in OH- is similar in 
value to that on F in the isoelectronic molecule HF, the nonbonded 
charges on I3 differ greatly in the two cases. OH- falls into sequence 
when one compares the values of the nonbonded charges in the mole- 
cule with those of the parent species 0- and H. Such a comparisoii 
shows that the valence charge density is democratically delocalized 
over both nuclei in a manner similar to that found for the less polar 
central mcrnber of tlie hydridc series CH. 

A more detailed view of the differences in the charge distributions 
of OH' arid OH- is given in Figure 2. The Figure portrays a density 
difference map obtained by subtracting the molecular charge density 
of OH' from that of OH- calculated at the equilibrium bond length 
of OH'. The map thus shows the instantaneous change in the charge 
density when an electron is captured by the OH' molecule. (The 

m. 
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density difference map for the ionization of OH' is similar in all its 
spatial features to Figure 2 but the signs of the contours are reversed 
and their magnitudes larger than those for the electron attachment.) 

I n  the orbital approximation the added elwtron enters the In 
molecular orbital. A glance a t  Figure 5 indicates that the In orbital 

FIGURE 2. A dcnsity difference map showing the change in the molecular charge 
distribution when an  electron is captured by the neutral OH specics. Solid 
contour lines (odd numbered contours) denote an increase in charge density, 
dashed lines (even numbered contours) denote a decrease. The key relating the 
values of the contours to their numerical labels is given in Table 11-7. The proton 

is on the left-hand side in this diagram. 

density in all three of the OH species is highly localized on the 0 
nucleus with a distribution very close to that of a 2pn atomic orbital 
on oxygen. I n  view of this, the enhancement of the charge density in 
the region of the proton in OH- is surprising. In  addition, there is a 
region of charge deficiency along the bond axis in the region of the 
oxygen nucleus corresponding to a loss of almost 0.1 charges to other 
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regions when the electron is added to OH'. If the molecular orbitals 
remained unchanged during ionization or electrcn attachment (an 
assuniption which is frcqucntly employed) Figure 2 would reduce to 
a density plot of the lx molecular orbital. The pattern of charge 
s l d l  actually obtained indicates that all the orbitals undergo a sub- 
stantial change when the number of electrons or the electron con- 
figuration is altered. Thus, in spite of the fact that the In: orbital is 
atomic-like in both OH' and OH- (with zero density at the proton), 
the presence of the extra electron leads to changes in the Q orbitals of 
the system via the coupling provided by the exchange and coulomb 
integrals in the Hartree-Fock equations. The use of rigid or virtual 
orbitals will thus lead to incorrect assumptions regarding the changes 
in the charge distritution caused by the addition, removal or cxcita- 
tioii of an electron". 

One further point of interest regarding chc total charge distribu- 
tion is its insensitivity to changes in the spin multiplicity when these 
changes correspond to transitions between different elcctronic states 
arising from the same configuration". For example, the molecular 
charge distributions for the three states of OH+, 3Z-, ld and lZ+, 
all of which arise from the same In2 open-shell configuration, are 
indistinguishable to the accuracy to which they are portrayed in the 
present article. It should be stressed that completely separate 2nd 
distinct Hartree-Fock calculations are made for each state. Thus the 
differences in the chemistry observed for such states of difYerent 
multiplicity cannot be accounted for in terms of differences in their 
charge distributicns. Instead, the difference in their chemistry must 
be related to the ability of the systems with nonzero spin to induce a 
spin polarization in the reacting system and in this manner fo1lo;v 
a different reaction coordinate. 

A detailed picture of the net reorganization of the charge density 
of the separated atoms accompanying the formation of a niolecule 
may be obtained by subtracting the superimposed densities of the 
component (undistorted) atoms separated by Re from the molecular 
charge density, also evaluated a t  R = R,. This density difference dis- 
tribution when illustrated in the form of a contour plot in the planc 
of the nuclei will be designated dpsA(x,y). Thc density distribution 
which results from the superposition or overlap of the undistorted 
atomic densities does not place sufficient charge density in the 'bind- 
ing region' to balance the forces of nuclear repulsion22. The  regions 
of charge increase in the density difference maps are, therefore, the 
regions to which charge is transferred relative to the scparated atoms 
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to obtain a state of electrostatic equi'librium and a stable chemical 
bond. In  this sense the cliarge density differences may be interpreted 
as  pictures of the 'bond density'. 

I t  is natural to use the location of this charge increase rclative to 
the positions of the nuclei to characterize the bond'. Thus, if the 
density difference map exhibits a region of net accumulation of nega- 
tive charge sym-metrically placed lxtween and behind the nuclei, as 
is the case for the homonuclear diatomic molecules, the bond is 
classified as covalent. If, at  the other extreme, the net accumulation 
of negative charge is distinctly loczlized in the region of only one of 
the nuclei, as exemplified in LiH or LiF, the bond is classified as 
ionic. The mutually shared charge density binds the nuclei in the 
covalent case, while in the ionic case they are bound by the density 
increase localized on one nucleus. 

The density difference maps for the OH species and LiF, CH and 
HF are illustrated in Figure 3. The contours in these maps represent 
the increase or decrease in the amount of charge density present in 
the molecules relative to the distribution obtained by the overlap of 
the undistorted atom or ion densities. The principal features of the 
dp,,(x,g) maps are similar fcr all three of the OH species. There is 
an accumulation of charge density in both the bonded and non- 
bonded regions of the oxygen which is concentrated along the inter- 
nuclear axis. The charge increase on the bcrnded side encompassis 
the proton. Thesc charge accumulations are a result of a charge 
removal from the region behind the proton and from a belt-like 
region perpendicular to the bond at  the position of the oxygen 
nucleus. The concentration of chargc density along the axis and its 
removal from a torus-like region perpendicular to the axis represents 
a quadmpoZe polarization. The same type of quadrupolar polarization 
is present in the regions of the F and C nuclei in HF, CH and LiF. 
The  simple d$olar polarization depicted in the dpsa(x,~) maps in the 
vicinity of the proton or the Li, a deficiency of charge density on one 
side and an accumulation on the other, is typical of the charge re- 
arrangements found for atoms which employ principally s orbitals in 
their binding. However, f o r  atoms w!iich employ principally p-type 
orbitals, the reorganization of the charge density accompanying bond foimation 
is quadrupolar in character, regardless of the bond type's 2 0 s  "-. 

The chemically important feature of the quadrupolar polarization 
is that it results in a charge increase in the antibinding region, the 
region normally ascribed to lone pair or unshared electron density. 
T i i s  polarization accounts for the increase in electronic chargc 
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found in the nonbonded regions of the A nuclei. Note that the region 
of charge removal in  the vicinity of the iicavy nuclei is largely con- 
fined to the binding region. 

The ApsA map for OIi- is most similar to that for CH as judgcd 
by a ccmparison of the cxtent of charge rcmoval from the non- 
bonded region of the proton, of the positioning and extent of the 
charge increase in tlic binding region relative to the position of the 
prohji aud of the spatial extent of the torus-like rcgion of charge 
removal from the reuion of thc oxygen or carbon. The tightening of 
the charge distribution accompanying thc ionization of OH' to 
yield OH+ results in a shift of tlic characteristics of the dpsa map 
towards thosc of HF. 

The nonbondcd radius of thc Li in LiF (anti in LiH) is the same as 
for a Li+ ion. Sincc the valence density of the Li atom is extremcly 
diffuse, only a single negativc contour appears in the dpsa map to 
signify its essentially complcte transfer to the F. The slight accumula- 
tion of charge density on the nonbonded sidc of thc Li nucleus is the 
result of a polarization of t.hc Is core density, the significance of 
which is discussed below. I t  has becn p r e v i ~ u s l y ~ ~  shown that a plot 
ofjust the sigma density increase around F in LiF (that is, from la, 
20, 30 and 40 molecular orbitals) is almost coincidental to a. single 
occupied 2po density on F. Thus the dpsa pattern obtained in LiF 
can be viewed as the equivalent of filling a 2po orbital vacancy and 
characteristic of the ionic case. This limiting pattern is most closely 
approached here by HF and OH+. None of the hydrides illustrated 
in Figure 3, however, attains tlic ionic limit. Instead the proton, 
unlike the Li nucleus in LiF, is encompassed by the density increase 
on A, one which in the hydrides may be associated with the partial 
filiing of an asymmetrically distorted 2pa orbital on A. The density 
increase binding thc nuclei is thus sharcd by both nuclei, and the 
binding in these molecules is therefore covalent. The extent and 
details of sharing the charge increase, however, change markcdly 
through the series. I n  CH and OH- the density increase in the 
bindinm region is a maximum at the proton and results from a sharing 
of density centred on both nuclei. The rcmaining members of the 
series, OH, OH+ and HF, give dpsA diagrams which progressively 
give the appearance of an unsymmetrical 2pa atomic orbital centred 
on A with a proton embedded at  its cxtrcmity. 

There is another feature of the dpsa maps which indicates that the 
extent of charge transfer is not as great in the hydrides, OH+ and 
HE' for example, as in the ionic cases of LiH or LiF. The extreme 

3. 
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FIGURE 3. Contour maps of the density differencc distributions Aps,\ (molecular 
minus atomic) for diatomic hydrides and LiF in their ground electronic states. 
The atomic densities of the A nuclei used in the construction of these maps cor- 
respond to a configuration which places a single eiectron in their ?ppa orbital. 
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The remaining 2fi clectrons are averaged over the 2fm orbitals. The proton is on 
the right-hand side in these maps. 
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localization of the charge density on H and F in LiH and LiF places 
a restriction on the direction of polarization of the density localized 
01:. H and on F (ix., like H- and F-) and of the density remaining 
on Li (ix., like Li+). I t  is clear that the transfer of charge to a region 
which is localized on F and which effectively excludes the Li nucleus 
will lead to the creation of a net negative electric field a t  the Li 
nucleus and attrxtion (just cculombic attraction). Furthermore, if 
the localized charge were symmetric about the I: nucleus, then i t  
would experiezce a net positive electric field, or repulsion, originat- 
ing from the Li+-like core. Thus, to achieve electrostatic equilibrium 
in the presence of such pronounced charge transfer, the density dis- 
tribution localized 0x1 the I; must be polarized along the bond, that 
is, towards the Li. Such an inwards polarization exerts a force on th.e 
anionic nucleus which counterbalances the net force of repulsion due 
to the positive electric field. Similarly, the density in the immediate 
vicinity of the Li nucleus must be polarized away from the F to 
counterbalance the net force of attraction exerted by the density 
transferred to this atom, and hence come to equilibrium. The 
localized density on F is indeed polarized along the bond axis and 
that on the Li is back-polarized as required. The same polarizations 
are evident in a dp,, map for LiH (see Ref. 20). The polarization of 
the density increase in the vicinity of each nucleus in a direction 
opposite to that of the dipole as found in LiH and LiF is characteristic 
of the ionic case. 

The dpsa maps for the hydrides shown in Figure 3 indicate that the 
charge iccreases on both A and H are polarized in the same direction 
as the dipole or, alternatively, in the same direction as the direction 
of the charge transfer. Thus the amount of charge transferred to the 
A nuclei in these cases is not sufficient to cancel the nuclear field on 
A and exert a net negative ficld at the position of the proton. 

The quadrupolar and dipolar polarizations are not unique to 
diatomic molecules. As discussed below, the same polarizations are 
found to characterize the charge rearrangements in polyatomic 
molecules as well. Nor are the polarizations unique to the dpsa(x,y) 
distributions. Instead, they represent the primary response of a 
charge distribution to an electric field, be it internal or external, 
static or dynamic. For example, a displacement of the nuclei during 
a vibrational motion changes the internal field exerted on the charge 
distribution causing it to change or ‘relax’. Figure 4 illustrates that 
a bond extension of the 0-H radical dimizishes both the quadrupok 
polarization of the charge density in the vicinity of thc 0 nucleus 
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and the dipolar polarization in the region of the proton. A corres- 
ponding density diffcrence map for a bond contraction is thc same 
as that shown in Figure 4 with all signs rcversed. Thus, as the boric1 
is contractcd thc polarizations are enhanced and charge density is 
removed frcm the belt-like region perpendicular to the bond axis 
and concentrated along the axis. 

FIGURE 4. A density difference map showing the change or relaxation of the 
charge density in the OH molecule when the bond length is increased by 0.166 au. 
The oxygen nucleus is held stationary. For a bond contraction the algebraic 

signs of the cofitcurs are reveised. 

Stevens and Lipscomb have presented density differencc maps 
which illustrate the change in a molecular charge density caused by 
an externally applied field. The density difference maps given by 
these authors 

dp(x,y) = p(molecu1e in field) - p(unperturbed molecule) 
illustrate the same polarizations of the charge density as are found in 
the dpsA(x,9) maps. For example, the results of Stevens and Lips- 
comb for the hydrogen fluoride molecule show that when the direc- 
tion of the positive field is from the proton to the fluorine, chargc is 
removed from a torus-like region perpendicular to the axis at  the 
position of the F nucleus and transferred to both the binding and 
antibinding regions of the F nucleus along the internuclear axis. 
Thus the polarizations evident in the d p , , ( x , j )  maps, which show 
the response of the atomic charge densities to a ficld resulting from 
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the close approach rJf nuclei, are identical in form with the response 
of a system to an externally applied iield. 

The same polarizations are also evident in the approach of two 
molecules in a chemical reaction. For example, the change in the 
charge distributions of the HF molecule and the F- ion as they 
approach one another to form the (FHF)- ionze indicate that the 
field of the fluoride ion causes a removal of charge from the region 
of the proton, enhancing the positive field directed at the fluorine 
nucleus in the HF molecule. This increased field, in complete analogy 
with the results of Stevens and Lipscomb", enhances the quadrupole 
polarization already present in the region of the fluorine nucleus in 
HF with the result that still more charge is transferred from the 
perpendicular belt-like region to the  binding and antibinding 
regions of the fluorine nucleus along the internuclear axis. 

B. An Interpretation of the Binding in Terms of the Forces Exerted on 

According to the theorem of Hellmann and Feynmans, the force 
on any nucleus in a system of nuclei and electrons is just the classical 
electrostatic force exerted on the nucleus in question by the other 
nuclei and by the electron density distribution. The important 
feature of this theorem is that the force is determined by the distribu- 
tion of charge in reat three-dimensional space, an observable property 
of the system. I t  is for this reason that a discussion of the binding in a 
molecule in terms of the forces exerted on the nuclei may be given 
a classical interpretation. 

The  theorem itself is easily derived. The X-component of the force 
on nucleus A in a system with fixed nuclei is given by 

the Nuclei 

F,, = az/ax,=(a/ax,,)(y>* IHJ ?I)> 

= (~*laH/axAl ~ ) + ( a ~ * / a l l ; ,  ~HI?/J)+<w*IHI a?p/ax*) (11-1) 
For the exact wavefunction 

and the two final terms on the right-hand side of equation (11-1) 
may be reduced to 

Hv = E y  

_ _  
Hence (11-2) 

When y and thedectronic coordinates are expressed in  terms of a 
space-fixed coordinate system a further simplification occurs. Under 
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these conditions the only terms in the Hainil tonian operator H which 
depend on the nuclear coordinates are the intcrnuclear separations 
RAB and the nuclcar-clectron attraction tcrms. For example in a 
diatomic molecule AB 

where Oeii and r,,i are polar coordinatcs centred on nucleus A defining 
the position of electron i. The only term involving the electronic 
coordinates, the last term, is a one-electron operator, and thus a 
knowledge of the full N-electron probabiiity distribution as given by 

y*?p dx, dx, . . . dXN 

is unnecessary. Instead it is necessary to have only the probability 
distribution for a single electron multiplied 11y N, i.e., the molecular 
charge densitv 

p ( x )  = N!y~*y ds, . . . dxjv (1-3) 

Thus (I 1-3) 

The Hellmann-Feynman theorem liolds for the exact wave- 
function and a certain class of approximate functions (those which 
have been fully optimized with respect to the nuclear coordinates) 
which includes the Hartree-Fock functionz7. In the Hartree-Fock 
case the electron density or charge distribution assumes a particu- 
larly simple form. Since the molecular orbitals form an orthogonal 
set of functions 

P (x /J  = 3 Ndi*  (x,J 4i (xp) 

where Ni is the occupation number of the molecular orbital +i(xJ,). 
The total electronic contribution to the force can therefore be 
equated to a sum of orbital contributions. For interpretative pur- 
poses it is convenient to go one step further and rewrite equation 
(11-3) as 

FX, = (ZA/R2) rz, - ZA*I (11-4) 
i 

whereJ;, is the force exerted on nucleus A by the charge density in 
the ith niolecular orbital multiplied by R2 

(11-5) 
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TheJ;., may be either attractive or repulsive and thus their valucs 
can be used as a quantitative gauge of thc binding or antibinding 
characteristics of the itli molecular orbital using a significant reference 
standard. The reference standard is based on the contributions to 
the force on A as R --f K, where FA = 0; that is, the reference state 
is that of the component separated atoms. Clearly, at large R the 
unperturbed atom A possesses a centre of symmetry and exerts a zero 
net force on nucleus A. One may interpret the vanishing of the force 
at large R as resulting fiom each electron on B screening one of the 
nuclear charges on B from nucleus A. Thus the limiting value at 
R + cc of the sum of thedo% values for the forcc on nucleus A is the 
total electronic chargc on atom B and 

i 1 
(11-6) 

where the sum over I refers to a sum over the atomic orbitals on B. 
have the dimensions of electronic charge. Each f;,, is 

numerically equal to the numbcr of point charges which, when 
placed at  the B nucleus, exert the same field at the A nucleus as does 
the density in the ith molecular orbital. The electronic contribution 
to the force on the A nucleus at any value of R may, therefore, be 
equated to an effective number of charges situated at the B nucleus, 
this number being the sum of the partial forces. At Re the system is 
in electrostatic equilibrium, FA = 0 and agaia one obtains the 
condition 

The 

zh(Re) = zB 
i 

At intermediate internuclear distances the sum of the effective 
charges exceeds Z,, corresponding to a net force of attraction, and 
for large values of R it reduces to the number of electronic charges 
which correlate with the separated B nucleus, e.g. equation (11-6). 
This suggests that the limiting value of each individuald,, should be 
taken as the number of electrons in the ith molecular orbital which 
correlate with the B atom for large values of R, NiB 

The partial forces provide an absolute measure of the binding 
ability of an orbital density in  terms of the number of point charges 
at the B nucleus which produce a field at A equivalent to that exerted 
by the actual density distribution. A measure of the binding ability 
of a molecular-orbital charge distribution relative to the separated 
atoms as the reference standard is given by a comparison of the value 
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ofJ;,(R,) with NiB. This compares the charge equivalent (in terms 
of a number of charges on B) of the electric field exerted by a pair of 
electrons in the molecule with the charge equivalent of the field 
exerted by thc anccstral pair of electroas in the scparated atoms. 
This latter number is simpiy the number of electrons which correlate 
with By since the electroils which correlate with A exert no field at  
the A nucleus as R -> ot. I n  gencralj;.A(R,) may be greater than, 
equal to or less than ATils leading to the three definitions listed below: 

L A ( W  > Ni, binding MO 

J;,\(K) < LVi, antibinding MO. 
To allow for a more detailed understanding of the variations in 

t!ieJ;, or.&, values, each is expressed in terms of the separate contri- 
butions which arise from the atomic populations on A. and H and the 
overlap population. These separate contributions to the fis are 
easily determined since the basis set in the expansions of the present 
wavefunctions consists of Slater-type atomic functions centred on 
both A and H. Thus equation (11-5) is written as 

- N i B  nonbinding MO 

J.,' = [J;p") + x . p U )  +A.f;.h""'] (11-7) 

for the A nucleus in A-H, and as 

for the proton. For example, JL:':') (3 atomic force) denotes the 
contribution to the partial force on nucleus A from the atomic 
charge population on A;J;,(*=) (E overlap forcej is the correspond- 
ing contribution from the overlap charge density, and J$"") 
(= screening force) is the contribution to the partial force on the A 
nucleus from. the atomic charge density centred on the proton. The 
screening force is a measure of the electronic shielding of the proton 
from the nucleus A by the electrons situated on H. The screenicg 
forcc provides the sole contribution to the fi values for large values 
of R, i.e., 

&(a) =frA(UH)( m) = Ni,  and &(a) =x.,I(L'2')( a) = NiA 
The atomic, overlap, and screening contributions to the partial 

forces provide more information than do the population figures 
themselves. As important as the amoilnt of charge in determining 
the binding in a molecule is the exact disposition of the charge, its 
polarization and whether it is diffuse or concentrated. There are 
certain limiting cases for which the screening contrilmtion to a 

= [L.J"H" +J;H(*H) + J ; . p q  (11-8) 



2cr 
FIGURE 5. Contour plots of the niolccular orbital charge dcnsitics of the OH- ion. 
The values of' the contouis arc obtaincd by numbering them consecutively starting 
with the outer contour and using the key given in Table 11-7. There is a near circu- 
lar node encompassing the closely spaced contours centred on the oxygen nucleus 
in the 2a orbital density. The 30 and 1x densities possess nodes which arc nearly 

perpendicular to and along the OH bond axis respectively. 



IT 
Figure 5 conlinued 
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partial force on the proton, for examplc, is nuinerically equal to the 
actual number of electrons on A. This equivaleiicc occurs at largc 
values of R and in the case of a tightly bound spherical inncr-shell 
density centred on nucleus A in the moleculc. In  general, however, 
the screening contribution to the force on the proton will differ from 
the actual atomic population on A as the charge density on A may 
be diffuse and hence be partially penetrated by the proton at R, or 
i t  may be polarized either towards or away from the proton. Simi- 
larly, the magnitude of the overlap force contribution is dependent 
upon whether the overlap charge density is diffuse in nature or con- 
centrated along the internuclear axis. Any inequality in the sharing 
of the overlap chzrge density by the nuclei in a heteronuclear 
moleculc is made evident by a difference in the forces which rhe 
overlap density exerts on two nuclei. 

The molecular orbitals for the OH- ion are illustrated in Figure 5 
in the form of their charge density contributions. The general 
characteristics of the orbital densities are similar fcr all three of the 
OH diatomic species. The forces which these orbital densities exert 
on the 0 and 13 nuclei are given in Tables 11-3-6 in terms of the 
charge equivalents &, and AH and their components. 

Aside from a slight polarization, the l o  molecular orbital is very 
close in appearance and properties to the inner shell 1s orbital on 
oxygen. The value offl,,E(Rc), the charge equivalent of the force on 
the proton, is 2 for all the OH molecules. The whole of this contribu- 
tion arises from a screening contribution, i.e., from an atomic charge 
density on oxygen. The la density simply screens two units of the 
nuclear charge on oxygen from the proton. This samc screening 
effect is obtair-ed at  all intcrnuclear distances greater than R, includ- 
ing the case of the separated atoms. The value off,,,, is left un- 
changed by the formation of the molecule, 

and the la  density is classed as nonbinding with respect to the proton. 
The l o  density, while localized on oxygen as an inner-shell atomic 

density, is slightly polarized and exerts a small attractive atomic 
force on the oxygen nucleus in each case. The degree of polarization 
decreases as the number of electrons in the OH system increases. The 
limiting value for large va!ues of R is zero as the l o  density 
correlates with a 1s density on oxygen, which does not exert a force 
on the oxygen nucleus. Tine lcr charge density is therefore, slightly 
binding for the oxygen nuclei. 
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Thc ancestral relatioilship of the 20 molccular orbital to a 2s 
atomic orbital on oxygen is readily discernible in the form of its 
charge density contours. Thc lack of contours encircling only the 
proton indicates that thc distribution of the 2a charge density is 
determined primarily by tlic ficld of the oxygen nucleus. The density 
is however, strongly perturbcd by the proton and charge density is 
accumulated in the region between the nuclei. The !ocalization of 
the 20 charge density in the region of the oxygen nucleus decreases 
through the series in the order OH+, OH', OH-. 

The 20 molecular orbital correlates with the doubly occupied 2s 
orbital on oxygen. For large internuclear separations the correlated 
2s density will exert no force on the oxygen nucleus and a screening 
force on the proton equivalcnt to that of two negative charges: 
f~o,-,(oo) = 0 and f2u,E(03) = 2. Thus when compared to the 
separated atoms, the 20 charge density is binding for both the proton 
and the oxygen in all three moleculcs. The binding of the proton, 
which is measured by the amount by whichf,,, exceeds 2, is pri- 
marily the result of the force cxertcd by the overlap density in  OH- 
and OH'. The decrease in tlie overlap contributioll dnd the increase 
in the screening contributions tof,,, through the series from OH- 
to OH+ indicate that thc 20 charge density becomes increasingly 
contracted towards the oxygen as thc total number of electrons in 
the system decreases. The 2a atomic population on oxygen in OH+ 
which is necessarily less than 2, is strongly polarized towards the 
proton with the result that thc force which it exerts on the proton is 
equivalent to placing -2.2 electronic charges at thc position of the 
oxygen nucleus. 

The binding of the oxyger. nucicus by the 2a density, like that of 
the proton, decreascs through the series from OH+ to OH-. The 
binding of the oxygen nucleus in OH-' is primarily the result of the 
atomic population on oxygen being polarized towards the proton, 
while in OH- tlie atomic and overli?p contributions are almost 
equally important. 

The 3a orbital density resembles a 2pa atomic orbital on oxygen 
with the lobe en the bondcd side of the nucleus strongly contracted 
along the internuclear axis. However, in the immediate vicinity of 
the oxygen nucleus there is a larger amount of charge density 
accumulated in the nonbondcd than in the bonded lobe. The 30 or- 
bital densities for OH' and OH+ are similar to that for OH-, but, as 
for the 2a density, become progressively more contracted towards the 
oxygennucleus as the total numbcr of electrons in thc system decreases. 



1. Theoretical Aspects of thc Chcrnistry of thc Hydroxyl Group 31 

The 30 orbital correlates with the singly occupied H Is and 0 2pa 
atomic orbitals. In  the limit of large internuclear distances the values 
of both f3u,u and f3@,o approach unity as the correlated atomic 
densities screen one nuclear charge on each nucleus. The va!iies of 
fsu,n(Re) indicate that the 30  dcnsity is binding with respect to the 
proton and becomes progrcssively more so in the order OH-, OH', 
OH+. For example, in OH+ thc force exerted on the proton by the 
30  density is equivalent to placing -2.1 electronic charges at the 
oxygen nucleus as opposed to the separated atom equivalent of one 
clectronic charge. The number of charges which are eXective in  
binding the proton is doubled in the formation of the 30 orbital in  
OH+. I n  both OH+ and OH' the proton is bound primarily by the 
30 charge density, while in OH- the 2a and 3a charge densities are 
comparable in this respect. 

The 30 charge density exerts an antibinding force on the oxygen 
nucleus in spitc of a large overlap contribution because of an even 
larger ncg,Ttive atomic force term. Thc  negative values for j-ju,o 
indicate that the 30 density is antibinding in the absolute sense as it 
exerts a force which tends to pull the oxygen nucleus away from the 
proton. This pattern of overlap and atomic force contributions is 
characteristic of any orbital chargc density which involves a signifi- 
cantpa component. I t  is the increasc in the 30  density on the oxygen 
and its extreme back-polarized form which are responsible for the 
characteristic pattern of the L.lps., maps and for the increasc in non- 
bonded charge densities of the oxygen atoms in the OH species. 

The screening of thc proton by the 30 charge density is uniformly 
low throughout the series reflecting the relative localization of the 
30 charge density on the oxygen nuclei. 

The molecules OH+ to OH- possess two to i'our n electrons, re- 
spcctively. The 17t orbitai correlates with the 2172 orbitals on the 
oxygen, and it is evident from Figure 5 that the In molecular orbital 
retains its basic atomic orbital character. The In orbital density is in 
each case centred on the oxygen with contours characteristic of a 
2pn atomic density slightly polarized in the direction of the proton. 

The In density screcns two to four nuclear charges on oxygen 
from the proton in the separated atom case. Thus 

Aa,H(4 = N p x  

f i n , o ( 4  = 0 

The valucs off,,,,(R,) listed in Table 11-6 are less than the orbital 
occupation number in each case. The lz density is, therefore, 
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nntibindiiy with respect to the proton in the rclative sense that in the 
molecule it docs not screen an equivalent number of nuclear charges 
on the cxygen. This antibinding effect is a direct consequence of the 
x density being concentrated around the internuclear axis, rather 
than along it (whcre it has a node). The small value of the overlap 
and atomic force contributions to fin,H illustrate that no significant 
x bond is present in these molecules and rhe In molecular densities 
are best described as inwardly polarized atomic densities on the 
oxygen nuclei. 

The binding-antibinding properties exhibited by the molecular 
orbitals in the OH species are characteristic of Hartree-Fock 
orbitals regardless oftlie system in which they are found, if t tey have 
either a common correlated atomic orbital or a common major 
orbitai Component they exhibit similar binding properties. For ex- 
ample, a Hartree-Fock orbital which correlates with a 2s atomic orbi- 
tal on the most electronegative atom in a molecule [the 2a orbital 
in the hydrides A N  (A = B + F), the 2ag orbital in homonuclear 
diatomics, or the 3a orbital in BeO, BF, CO or Lir; is always binding 
for both nuclei. The molecular orbital density in the region of the 
nucleus with which it correlates is polarized into the bond and exerts an 
attractive force on this nucleus. I n  addition, the overlap charge 
density exerts almost equal forces on both nuclei in the heteropolar 
examples. These art the binding characteristics of an orbital which 
correlates with 2s  atomic orbital on the most electronegative atom 
in the molecule whether the bond is covalent, polar or ionic. 

Similarly a Hartree-Fock orbital which exhibits (or correlates 
partially with) a 2po component on a given nucleus (the 3a orbital 
in AH, A=C 3 F, the 3a, in homonuclear diatomics or the 4 orbital 
in BF, CO, LiF and BeO) is strongly poIarized into the antibinding 
region of that nucleus and exerts an antibinding force on it. It is the 
polarization associated with such an orbital which is responsible for 
the charge increase in the lone pair or nonbonded region of the 
charge distribution. The forces exerted by the overlap charge density 
in these sime orbitals are, for the heteronuclear cilses, approxi- 
mately twice as large for the nucleus on which the 2pa component is 
centred as they are for the second nucleus. 

The Hartree-Fock x molecular orbitals, whether they are de- 
localized as in CO 01- strongly localized on a single nucleus in OH, 
are inwardly polarized and exert nearly equal overlap forces on both 
nuclci. 
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TABLE 11-7. Kcy to density and dciisity difference maps. 
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Density maps Density differcnce maps 

(in au) (in au) 

1 0.002 1 0.000 
2 0-004 2 -0.002 
3 0.008 3 0.002 
4 0.32 4 - 0.004 
5 0.04 5 0.004, 
6 0-08 6 - 0.008 
7 0.20 7 0.038 
8 0.40 8 - 0.02 
9 0.80 9 0.02 
0 2-00 0 - 0.04 
1 4.00 1 0.04 
2 8.00 2 - 0.08 
3 20.00 3 0.08 
4 40.00 4 -0.20 

5 0.20 
G - 0.40 
7 0.40 
8 - 0.80 
9 0.80 

Contour No. Value of contour Contour No. Value of contour 

Il l .  THE MOLECULAR CHARGE DISTRIBUTIONS 

This section presents a discussion of the total molecular charge dis- 
tributions and their orbital components for the polyatomic systems 
methanol and fluoromethanol. The wavefunctions for these poly- 
atomic systems, which are close to Hartree-Fock accuracy, were 
obtained by Csizmadia, Tel and Wolfe28 using a basis set of Gaussian- 
type atomic orbitals (GTO’s) centred on the nuclei. The basis set 
consisted of fifty-six orbitals fcr methanol and seventy-two for fluoro- 
methanol. Contracted basis functions were formed by taking linear 
combinations of the GTO’s on the various centres as suggested by 
Huzinaga29. The twenty GTO’s centred on oxygen, for example, 
were combined to give ten contracted basis functions. The energy 
minimization in the SCF calculation is obtained by varying only the 
linear coefficients of the contracted sets of basis orbitals, the com- 
position of each contracted set remaining fixed. The use of con- 
tracted sets of orbitals makcs feasible (in terms of computing time) 

O F  CH30H AND CHZFOH 



FIGURE 6. Contour maps of total molecdar charge distribution in methanol in 
the staggered conformation. The plot on the left is in the plane of the HCOH 
nuclei and that on the right is in the plnnc perpendicular to this. Beneath each 



Figure G continued 

total density plot is the corresponding APSA map. The key for the values of the 
contours of the total and density diffcrence maps is given in Table 11-7. 
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tlic use of a very estciided basis set with only a minimal sacrifice in 
the flexibility which could be obtained if the coefficients of‘ all the 
GTO’s were separately and independcntly varicd in the encrgy 
minimization. SCF calculations for relativcly largc polyatomic 
systems are now carried out using sucli contracted basis sets of 
GTO’s’7, 3 0 ,  31. 

A. The Molecular Charge Distribution of CH30H 
Tlie total charge distribution of methanol in the staggered con- 

formation is depicted in Figure 6. Two contour maps of the charge 
distribution are shown; one in the plane of the nuclei and the other 

H 
/ 

/”-” 
H 

in a plane perpendicular to this one, through the carbon and oxygen 
nuclei. The rclative positions of nuclei not in the plane of a given 
diagram are indicated by vertical projections of their positions on to 
the plane in question. A tetrahedral geometry is assumed about the 
carbon, and the COH bond angle is also set at  the tetrahedral value. 
The bond lengths employed are (in A); 0-H, 0.96; C-0, 1.428; 

The SCF calculation predicts the staggered conformation for 
methanol illustrated in Figure 6 to represent the energy minimum 
with respect to rotation about the C--0 bond axis. The barrier height 
for internal rotation, the energy difference between the eclipsed and 
staggered forms of methanol is calculatedZ* to be 1-44 kcal/mole. 
The experimental value for the barrier is 1.07 kcal/mole32. The 
barrier in methanol has also been determined by Fink and Allen33 
and by Pedersen and Morokuma3’* within tlie SCF-Roothaan 
framework using Gaussian basis sets. Their calculated values for the 
barrier are 1.06 and 1.59 kcal/mole respectively. Fink, Pan and 
Allen35 have compared tlie computed and experimental barrier 
values for a number of molecules and, in general, the agreement 
between experiment and theory is as noted above for methanol. 

A comparison of Figures 1 and 6 illustrates that the principal 
features of the charge distributions of the 0-H and C-€I bond frag- 
ments in methanol are remarkably similar to thc molecular charge 
distributions of the corresponding diatomic species OH( z I 7 )  and 

C-H, 1.091; C-F, 1.375. 
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CH(2n).  Tlie nonbonded radii on 1iydrog.m and oxygcn in 
methanol are identical with the values found in the OH molecule 
vdiile the noiibonded radii of carbon and of tlic hydrogen in thc 
CH bond differ from those of the CH molccule by only 0.1 au, 
the nonbonded charge density being slightly more contracted in the 
molecular fragment than in the diatomic molecule. The completc 
outer envelopes of tlie charge densities of thc fragments in methanol 
are similar in all respects to those for the diatomic species. Thus the 
shape and size of the charge distribution in methanol can be pre- 
dicted from the appropriate bond lengths and bond angles together 
with tlie nonbonded radii and general shapes of the charge distri- 
butions of the CH and OH diatomic species. 

The nonbonded charge density on oxygen exhibits a pronounced 

of the planes obtained by a rotation about the C-0 bond axis. In the 
plane of the H-C-0-H nuclei the nonbonded charge density on 
oxygen is concentrated along an axis which bisects the COH bond 
angle. In the plane perpendicular to this, the charge density centred 
on oxygen is concentrated along a line perpendicular to the C-0 
bond axis. 

The polarization in the plane containing the four nuclei j s  par- 
ticularly evident in the density difference map (molecular density 
minus the overlapped atomic distributions) also shown in Figure 6. 
Because of its tetrahcdral environment the atomic density of carbon 
has been sphericalized in the constructior, of this Apsl, map. The 
atomic density on oxygen corresponds to the configuration ls2 2s2 
2pz 2pYa 2pz where thej-axis is perpendicular to the plane containing 
the four nuclei. This results in spherical contours for the oxygen 
atom charme distribution in this plane and corresponds to the valence 
bond description of the two unpaired electrons on oxygen forming 
single bonds with the carbon and hydrogen atoms. The d,osa map 
indicates that the charge distribution of the oxygen atom, which is 
initially spherical in this phne, is strongly polarized along the line 
which bisects the COH bond angle, into both its bonded and non- 
bonded regions, but particularly into the latter. The charge density 
is not accumulated directly along either the 0-H or 0-C bond. 
There is a region of charge removal at the oxygen which is per- 
pendicular to the principal line of polarization. Thus the dpsn(X) 
map exhibits a quadrupolar polarization in the region of the oxygen 
similar to that found in the diatomic molecules. In the COH system, 
however, thc polarization is with respect to an axis which bisccts the 

. .  
nn ,,!,r;zatiox 0 whose direction udergoes a continuous change in each 

a. 
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directions of the C-0 and 0-H bcrid diiections. The same quadru- 
polar polarization is found in a dpSA(X) map for the water molecule 
in the plane of the nu~1e . i~~ .  I n  this case the polarization is directed 
along the C, symrnctry axis which bisects the HOIl  bond angle and 
the charge removal occurs from a belt-like region perpendicular to 
this axis at  thc position of the oxygen nucleus. The quadrupolar 
polarization also persists in thc pcrpendicular plane of the methanol 
system. 

The charge density in the region of the carbon also exhibits a 
quadrupolar polarization. I n  this case the charge accumulation is 
understandably concentrated in  a belt-like region perpendicular to 
the C-0 bond axis to encompass the protons while the region of 
charge removal occurs along the axis, to the extent of causing a 
partial depletion of the atomic densities between the carbon and 
oxygen nuclei. A comparison of the dps,,(X) map for methanol with 
that for the CO molecule23 indicates that even the sigma bond charge 
density (which is the only density to contribute to the charge density 
on the C-0 axis) is greatly reduced in the polyatomic system. I n  
contrast to this, the dpsA(X) map indicates that the extent of charge 
accumulation between the C and H and the 0 and H nuclei in 
mehano1 is very similar to that found in the density difference maps 
for the corresponding diatomic species. 

The molecular orbital charge densities for methanol in the staggered 
conformation are illustrated in Figure 7. They are numbered in order 
of increasing energy. This particular configuration possesses a plane 
of symmetry (the one containing the 13-C-0-H nuclei) and every 
molecular orbital must be either symmetric or antisymmetric with 
respect to it. For this reason density contour maps of the anti- 
symmetric orbitals, numbers six and nine (which have a node in the 
plane of symrnctry), are illustrated in the plane perpendicular to the 
symmetry plane. 

The molecular orbitals numbers one and two are is atomic-like 
orbitals centred on the oxygen and carbon nuclei respectively and 
hence are similar to the lo orbitals in CH or OH or to the l o  and 20 
orbitals in CO. The major component of molecular orbital number 
three is from the 2s orbital on oxygen. Thus it strongly resembles thc 
20 orbital in the diatomic hydrides (see Figure 5) or the 30 orbital 
in CO. In  all three cases the orbital density is strongly polarized 
towards the nuclei bonded to the oxygen as indicated by the contour 
with the shape of a half-m,ocn. A similar pattern of contours appears 
again in molecular orbital number four, this time localized 011 the 
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FIGURE 7. Contour plots of the molecular orbital chargc densities for methanol 
in the staggered configuration. Thc maps for orbitals six and nine (overlcaf) are 

shown in a plane perpendicular to plane containing the HCOH nuclei. 
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carbon and binding thc protons in the methyl group. This orbital is, 
howevcr, lcss strongly localizcd than is thc prcceding om. In general, 
the extent of delocalization of the orbitals increases as their energy 

Although the 40 orbital in CO correlates with a doubly accupied 
2s orbital on carbon in the separated atoms, the formation of the C O  
molecule results in a transfer of charge to oxygen and the resdting 
molecular orbital exhibits a large 2fm component centred on the 
oxygen nucleus. The 40 orbital density in CO is characterized by an  
accumulation of charge density between the carbon and oxygen 
nuclei and by an even larger accumulation in the nonbonded region 
of the oxygenz3* 3 i .  I t  is clear Yrom Figure 7 that in methanol the 
field of the three rncthyl protons rather thzn thzt of the oxygzn 
dominates the form of the 4a orbital to the extent that the density 
distribution is now largely localized on carbon on the side of the 
protons with the characteristics of a large 2s atomic component on 
carbon. While the orbital still exhibits a nodal structure at  oxygen 
Characteristic ol” a 2pa distribution, the amount of charge in the anti- 
binding region of the oxygen and in the CO bond region is greatly 
reduced from that found in CO. The weakening of the sigma bond 
structure in CO by the addition of hydrogens is evident in the shar- 
ing of the polarization density in orbital number thrce between the 
carbon and the proton bonded to the oxygen and in the complete 
reversal of the polarization in orbital number four. 

Molecular orbital number five may be considered to be derived 
from one of the componcnts of the doubly degenerate n orbitals in 

and the density in this fragment strongly reseiiibles the 3a orbital of 
the diatomic hydrides (see Figure 5 )  to the point that spatially related 
contours in the two maps have identical values. There is a strong 
hack-polarization of the charge density on oxygen (away from the 
proton) indicating a large 2fia component, the characteristic feature 
of the 30 densities in the hydrides. Molecular orbital number six 
which is concentrated in a plane perpendicular to the one containing 
the OH bond, represents the second component of the bonding n 
orbital in CO. It is less perturbed from this form than is orbital 
number fivc but shows a larger concentration of charge density on 
carbon than is found in C03’.  

The 50  orbital is the orbital of highest energy occupied in the 
ground state of CO. I n  this diatomic species the orbital is largely 
concentrated in the nonbonded region of the carbon (characteristic 

-increases. 
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of an orbital with a large &o component on one centre) and cxhibits 
two nodes perpendicular to the bond axis at the positions of the car- 
bon and oxygen nuclei. This same nodal structure is evident in 
molecular orbital number seven of methanol but the charge density 
in this case is strongly delocalized over the entire systeiii and con- 
tributes to the bonding of the protons on oxygen and carbon as well 
as to the bonding between the two heavy nuclei. 

There are four more elcctrons in methanol than in CO and the 
two final molecular orbitals in methanol, particularly orbital number 
nine, are closely related to the doubly degenerate 2n antibonding 
orbital of CO. T!ie 2z  orbital is unoccupied in the ground state of 
CO. Since thc 17c orbital in CO is heavily localized on the oxygen, 
the antibonding Zn orbital is concentrated in the rcgion of the carbon. 
I n  methanol, however, the presence of the ihrce methyl protons 
rcverses this behaviour. The bonding d i k e  orbital, orbitaI number 
six, is more democratically shared and slightly favours the carbon. 
Consequently, the second d i k e  orbital in methanol, orbital number 
nine, is localized to a con-'derable extent in the region of oxygen. 

Csizmadia et a128 have also determined the wavefcnction and 
molecular energy of the methoxide ion. The value predicted for the 
proton aEnity of the methoxide ion using the molecular energies of 
CH,OH and CH,O- is -420 kcal/moIe. Hopkinson et a138 have 
found the correlation between experimental and caiculated proton 
affinities to be excellent when extensive basis sets are employed in thc 
dqtermination of the calcillated values. These authors noted that 
both the experimental and calculated protoa affinities fall into 
definite grniups characteriwd only by their charge: e.5.: dinegative 
ions have proton affinities between -500 and -700 kcal/mole; all 
mononegative species between -32; and -450 kcal/mole and the 
neutral species between -70 and -220 kcaljmole. Thc value for 
the methoxide ion falls within thc rangc of values for the mono- 
negative ions. 

B. The Charge Distribution in CH,FOH 

illustrated in the plane of the 
The total molecular charge distribution for fluoromethanol is 

nuclei in Figure 8. The charge dcnsity in tlic rcgion ol' the oxygcii 
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FIGURE 8. Contour plots of the total density and density difference distributions 
for the fluoromethanol molecule. 

exhibits the same polarization as in methanol and the nonhnded 
radii of the OH bond fragment are essentially unchanged in value. 
Thc nonbonded charge density on carbon is slightly more contracted 
than it is in methanol, all the outer contours being displaced in 
closer to the carbon nucleus by approximately one-tenth of an au. 
The nonbonded radius on fluorine is 2.8 au, the same as that found 
in the CF diatomic molecule and closc to the value of 2.7 in HF. 

A much more detailed comparison of the effect which fluoro sub- 
stitution has on tile charge distribution of methanol may be obtained 
by comparing the dpsA maps for CH,OH and CH,FOH (Figures 6 
and 8). The inductive effcct of the fluorine on the CO bond is very 
evident iii-such a comparison. Thc contours defining the region of 
charge increase between the C and 0 nuclei are increased in magni- 
tude and extcnt, while thosc dcfining tlic cliargc dcficir are similarly 



1. T11corr:ical Aspects of tlic Chcmistry of thc Hydroxyl Group 45 

FCHz OH 

Figure 8 conlimed 

decreased. A detailed comparison of the ,two dps,, maps indicates 
that the whole of the charge increase in the vicinity of the oxygen 
nucleus and the proton is shifted slightly towards the carbon in 
CH,FOH compared to CH,OH. The charge increase at the positioii 
of the proton in the OH bond is slightly dccreased. Aside from these 
effects the pattern of charge increase and decrease in the vicinity of 
the oxygen and hydrogen is the same as is found in CH,OH, with a 
strong quadrupole polarization along the axis bisecting the COH 
bond angle. The regions of charge increase in the immediate vicinity 
of the carbon nucleus are directed along the axis which bisects the 
FCO bond angle. The pattern of the density difference map for the 
C-F bond fragmcnt is very similar to that obtained for the CF di- 
atomic molecule. Both maps exhibit a similar region of charge deficit 
in the binding region adjacent to the carbon nucleus, indicating a 
considerable degree of charge transfer to the region of the fluorine. 
The fluorine exhibits a quadrupole polarization typical of diatomic 
molecules. 
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Thc large increasc in and expansion of the charge density into the 
nonbonded regions of thc heavy nuclei, which occurs on bond 
formation as a result of thc quadrupolc typc polarization, plzys a 
dominant role in determining the relative stability of the various 
possible conformers. This question of relative stability is of particular 
interest in the case of CH,FOH since Csizmadia et a128 predict the 
staggered configuration as illustrated in Figure 8 to be the one of 
maximum relative energy. A rotation of the CH,F fragment by 120" 
about the CO bond axis decreases the potential energy of :he system 
by 12.60 kcal/mole. This givcs the most stable conformation of the 
CH2FOH molecule, one in which the proton in the OH group is in a 
staggered position relative to one of the methyl protons. A barrier of 
intermediate height (8.25 kcal/mole) is obtained by a further rota- 
tion of 60°, which results in an  eclipsing of the fluorine with the 
proton of the OH bond. 

The configuration of maximum encrgy thus corresponds to onc in 
which the fluorine eclipses the nonbonded charge on oxygen rather 
than to one in which it eclipses the hjjdroxyl proton. In the alcohol 
molecules, the axis of principal polarization of the nonbonded charge 
density on oxygen forms an angle with the CO bond almost identical 
with the COH bond angle. The spread of the nonbonded charge 
density out from its axis of polarization is, however, much greater 
than is the spread of the bonded density along the OH bond axis. 
Consequently the nonbonded interactions between the FH,C- and 
HO- charge distributions are a maximum when the fluorine eclipses 
the nonbonded chzrge density on the oxygen. Similarly, the m n -  
uullucU iiiwxaeiicms h i w e e n  rhe n 3 ~ -  and FiG- groups in methanoi 
are a maximum when the nonbonded charge densities on carbon 
and oxygen are eclipsed. 

The charge distributions of the molecular orbitals in CH,FOH 
which are symmetric with respect to the plane containing the FCOH 
nuclei are shown in Figure 9. The density distributions of the anti- 
symmetric orbitals are very similar to their symmetric counterparts 
in terms of the extent of their localization on the fluorine, carbon and 
oxygen nuclei. Molecular orbitals numbers one, two and three are 
1s atomic-like distributions centred on the fluorine, oxygen and 
carbon nuclei respectively. The density plots of orbitals two and three 
are not shown in the diagram since they are the same as the corres- 
ponding orbital plots in Figurc 7 for methanol. 

Molecular orbital number four is, aside from a small tail to the 
oxygen, similar to the 30 orbital in the diatomic CF species. The 

1- -1 - LJ !.. I _.(,_ I T  - 
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contours exhibit the shape characteristic of a strong 2s- component, 
in this case centred on fluorine and polarized towards the carbon. 
Orbitals iive and six are primarily polarized 2s components on 
oxygen and carbon rcspectively, and, with the exception of the tails 
extending to fluorine, resemble very closely the corresponding 
orbitals, numbers three and four, in methanol. 

Similarly, orbitals scven and eight resemble the sr-like bonding 
orbitals five and six of methano!, but the distributions in CH,FOH 
ciicompass the flucrine as well. The antibonding n-like pair of 
orbitals, numbers ten and elcven, are concentrated almost exclusively 
on the fluorine and oxygen nuclei, and more so on the former than 
on the latter nucleus. The final pair of orbitals, twelve and thirteen, 
are concentrated in thc region cf the oxyger?. 
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1. INTRODUCTION 
I n  reactions involving nucleophilic attack by hydroxide (OH) - and 
alkoxide (OR) - ions, a critical feature is the rather obvious observa- 
tion that the former contains a second ionizable proton. The loss of 
this proton can give rise to further reaction after the initial nucleo- 
philic attack by the hydroxide ion. This possibility does not arise in 
the case of the analogous alkoxide ions, and most of the general 
kinetic data on the nucleophilic attack by these two species come 
from investigations involving alkoxide ions. 

The further reaction referred to above can manifest itself either 
in the form of side reactions, or in some cases, as will be shown in 
iater sections, by compiete further reaction giving rise to products 
entirely different from those in the corresponding alkoxide reactions. 
I n  these cases, the reactions involving attack by the simpler alkoxide 
ions provide excellent models for the initial products of the attack 
by hydroxide ion. 

The reactions involving attack by these ions represent an enormous 
field of study, and any review must be restricted to some extent in  
its choice of subject material. The purpose of the present review is 
to present the reactions resulting from the attack of hydroxide and 
alkoxide ions on the range of carbon skeletons represented by (A-E) 
below*. 

* The msjor omissions in this approach are thc attacks on functional groups. 
The most important of thesc, attack on the carbonyl grouping, has recently been 
reviewed'. 
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I t  is hoped to illustrate the change in the reactions of the ions with 
these substrates and also the general trend in the mechanism of their 
substitution reactions which changes from a synchronous one-step 
reaction to a two-step reaction involving an intermediate. Both of 
these changes are determined by the presence of n-electron systems, 
and the activating groups which these require for nucleophilic attack 
to occur. 

Substltutinn reactinns at saturated carbon atoms have been ex- 
tensively investigated and reviewed. Because of this, these particular 
alkoxylation and hydroxylation reactions are presented in outline 
only, for comparison with those in later sections. I n  general, the 
emphasis in the chapter is placed strongly on mechanistic aspects; 
papers of a preparative nature are normally referred to only where 
they are relevant to a discussion of the mechanism. (This is not a 
severe restriction, as most of the reactions are rather obvious from a 
preparative point of view, involving either substitution of an acti- 
vated group, or addition at a specifically activated position.) 

One important aspect which i s  not considered here, as it does not 
usually affect the overall mechanisms which are the main subject 
of the chapter, but which is common to all the reactions, is the role 
of the solvent-in particular the use of dipolar aproiic solvents as 
resctinn media. 'I1he.se generally enhance the rate of siibstitution 
reactions involving an  ionic species and a neutral substrate which 
involve a transition state containing both moieties (which includes 
all the reactions considered here), and are of both preparative and 
theoretical interest. This aspect has been treated in reviews by 
Parker"-", Reichardj and in other publications6-11. 

Finally, the particular reactions and mechanisms which are pre- 
sented here are only part of a much larger field of study, and refer- 
ences which are review articles or which contain a large amount 
of general data are marked with an asterisk (*) in the reference 
section to facilitate additicnal reading. 

II. ATTACK AT SATURATED CARBON 

A. Birnolecular Reactions Involving Hydroxide and Alkoxide Ions 
Kinetically, the displacement of bromide ion from methyl bromide 
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by hydroxide ion in aqueous aicoliol'2 (equation 1) is found to bc 
second-order, first-ordcr in both rcactant and sulistratc, as are thc - 

HO- + CH3-f;r HO-CH, + Br- 

reactions of simple alkyl bromides with ethoxide ions in ethanol 
soIution13. These are typical of the reactions of simple n-alkyl halides 
with these two ionic species. 

The reaction is considered 14-17 to involve attack by the ion on 
the carbon atom from the side opposite the group to be displaced 
(equation 2). The reaction begins with the attachment of the nucleo- 

Ro--*x -> R%*i -> RO+ + x- (2) 

I Transition state 

phile to the smaller lobe of the sp3 orbital by which the group to be 
displaced is attached to the carbon atom and proceeds through a 
transition state, where both nucleophiles are attached to the opposite 
lobes of a p orbital while the remaining orbitals are spz hybridized 
and lie in a plane at right angles to these groups. I t  terminates by 
the re-establishment of sp3 hybridization of the carbon orbitals with 
the attacking nucleophile now attached to the carbon. 

I t  is implicit in the above equation (2) that there is inversion of 
the configuration of the attached groups in the product. If the re- 

obtain the enantiomer from the reaction. Thus, treatment of the 
optically active a-phenylethyl chloride with' ethoxide ion in ethanol 
yields18 almost pure, optically active inverted product (equation 3). 
Similar results are found for other substitutions involving the highly 
reactive alkoxide or hydroxide ions. 

~ c t i c n  + ccsrriAd cut x ~ r i t h  2~ cptir,?!!;. 2,ctjx.re r ~ h ~ t r ? t e  nne chntald , V-*V Y I I V U  

In  general, the S,2 mechanism is favoured for these strongly basic 
ions. One particular case of the S,2 mechanism involving alkoxide 
ions which is of synthetic importance is the base-catalysed formation 
of epoxides from chloi-ohydrins'g. The reaction is considered to in- 
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volve an internal S,2 displacemcnt of chloride ions by initially 
formcd alkoxide ion (equation 4.). 

?" I OH- ?-?, 

B. Unimolecular Reactions 

Although, as indicated above, the SN2 type of reaction is favoured 
for displacements involving the highly reactive alkoxidc or hydroxide 
ions, under certain conditions substitution can occur by a unimole- 
cuhr  mechanism to give products which have arisen from formal 
rep!acemeiit of X by OR or OH. This mechanism is favoured for 
solvolysis reactions involving actual attack by OH, and ROH. The 
reaction under these conditions is considered to involve an initial 
ionization to yield a carbonium ion (1) which is then attacked by 
the nucleophilic solvent (equation 5). Because the conditions favour- 

able for this modc of reaction are often 

solvolysis 1 RO--(.. (5) 

those involving solvolysis, 
kinetic evidence cannot be used to determine the molecularity of 
the reaction: and this derisi~-n- rr.n:t b~ ;;;;dc ficiii uiiier consiaera- 
tions. Very important is the stereochemistry of the reaction. Thus, 
implicit in the formation of the carbonium im 1 in equation (5) is 
the idea that, since the carboniurn ion is planar, nucleophilic attack 
can occur from either side to give a product which is a raccmic 
mixture, irrespective of the stereochemistry of the reactant 
(equation 6). 

.. 

Indeed, when optically active or.-plicnyletliyl chloride rcacts under 
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solvolysis conditions to give the alcohol, the prcduct is almost" 
100% racemizedla (equation 7). 

Ph Ph Ph 

49% 51 % 

Thus the overall substitution by hydroxide and alkoxide ions a t  
saturated carbon atoms can be considered as proceeding via two 
possible extreme modes of substitution. 

111. ATTACK O N  ALLYLlC SYSTEMS 

In  both structure and reactions20p z1 the allylic system 2 occupies a 
place intermediate between saturated and alkene systems. I n  some 
reactions, both the point of attack and the mechanism are those 

discussed above for reactions a t  saturated carbon atoms, and the 
main point of interest is how the presence of the C=C bond affects 
the rates of the reactions. In other reactions, however, attack can 
UCl;.Ul i;ic dG.ulu;c lUU.,d ;u g;.l.".e q.u;ic dl*yci.eiii p,.uducis* 

A. Bimolecular Substitution Reactions 
1. lnvolving attack at the  a-carbon -&.om -& 

This mode of reaction is exactly ana.logous to the Sx2 reactions 
of saturated systems, the nuclcophile attacking the saturated carbon 
atom at the side remote from the substituent X which is displaced 
in a concerted process (equation 8). 

H X 
'v Absolutely unambiguous results are rare. For a discussion of the complicating 

features see Refs. 14-17. 
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The most significant feature of the reaction is the effect of the 
alkene moiety on the rate of the reaction compared with that of the 
corresponding aliphatic substrate. In general, much faster reactions 
are observed, the increase in rate being reflected (Table 1) in a 
decrease in the activation energy of thc reaction. This is considered 

xi- 

! (3) 

to be due to stabilization of the transition state by overlap of the n 
orbitals of the double bond with thep orbital formed on the a-carbon 
atom in the transition state (3). The conjugation over the three 
atoms which is now possible lowers the overall energy of the system. 
The effect of substituents on the reactivity of these compounds has 
been reviewedzl. 

TABLE 1 .  Relative ratcs and activation encrgics for the reaction of allylic halides 
and thc corresponding saturated halides with ethoxide ion in ethanol solution 

at 44.6"Co. 

Substrates 
k,(allyl) ___- Ea (kcal mole-') 
X-,(alkyl) 

- .  

CH,=CHCH,Cl -27 20.6 
CH,CH,CH,CI 21.1 

CH,CH=CHCH,Cl -88 
CH,CH,CH2CH,Cl 

CH2==C (CH,) CH,C1 N 340 
CH3CH(CH,)CHzCl 

30.5 
21.2 

20.5 
22.4 

C.  A. Vernon, J .  Chcnt. Soc., 4462 (1954). 

2. Involving attack on the alltene moiety 
A second possible mode of bimolecular substituticn i s  available 

in ally1 systems because of the double bond. This attack can take 
place a t  the y-carbon atom (equation 91 to give, for any substituted 
alkene which is unsymmetrical with respect to the transition state, 
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a different product from that described in section I above. This 
mode of displacement is usually called Sx2’ and, in general, will 

be promotcd rclativc to tlic normal SN2 reaction where there are 
substitucnts on the a-carbon atom which tend to inhibit the normal 
Sx2 reaction by either stcric or inductive effects. 

Several reactions of this type have been documcnted for alkoxide 
ions, although this mode of reaction is not as favoured for charged 
as for uncharged nucleophiles. 

Thus, although a-methylallyl chloride with ethoxide ion in ethanol 
yields only a small quantity of the abnormal productzz, t-butylallyl 
chloride forms substantial amounts of ‘abnormal’ product with both 
e t h ~ x i d e ~ ~  and phenoxide ions 24, and a,a-dichloroallyl chloride gives 
exclusively the abnormal product with ethoxide ion“. 

The reaction is considered2l to proceed in an analogous manner 
t~ the Sx2 mechanism, i.e., via a one-step mechanism involving 
synchronous bond breaking and formation with a transition state 
such as 4 where there is stabilization from the overlap of the ( p )  
p-orbital with the (CX) and ( y )  ‘pseudo’ p-orbitals. However, the ex- 

(4) 

perimcntal evidence on this point is not coinpletcly conclusivc. 
Bordwell and co-workers20 have shown that the rates of reaction of 
3-h~ilomethylbenzotliioplicne 1,l -dioxides with thiourea in methanol 
wcre very dependent on the halogen atom, and had the same ratio 
of halogen activities as normal S,2 rcactions with the same nucleo- 
phile. However, although this elhinates mechanisms for this re- 
action in w-llich thc carbon-halogen bond fission is not the rate- 
dctermining stcp, it is equally in accord with a two-step mechanism 
whcre the second step is rate-detcrmining (some cases of aromatic 
substitution are l i n o ~ ~ l ~  where this is so). However unlikely this 
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might be considered for relatively unacti1:ated substrates, the mech- 
anism could be altered by the preseiicc of strong!y electronegative 
substituents on C, (e.g. CN, NO,, Ph, NO,) which would not only 
facilitate attack on C,, but would also tend to stabilize the possible 
resultant ion. 

6. Unimolecular Substitution Reactions 
The first step in allylic unimolecular reactions is similar to that in 

the aliphatic series (section 11) in so far as it involves ionization to 
yield a carbonium ion (5) (equation 10). 

However, thc carbonium ion formed is now mcsomeric by virtue 
of the initial double bond, and attack by the second nucleophile 
can now occur a t  either end to give, in the case of an unsymmetrical 
carbonium ion, different products. For example, the solvolysis of 
(CH,) ,C=CHCH,Cl in acetic acid-silver acetate yields the two pos- 
sible products (equation 11). That the isomeric (CH,) ,CClCH=CH, 

OH 
CH,C0014 I 

(CH3)2C=CHCH2Ci CH,COOAg ' (CH,),C=CHCH,OH 4- (CH3),C-CH=CH2(l 1) 

55'l/v As;< 

which should yield the same intermediate carbonium ion, in fact 
gives the same mixture of products,' is good evidence for the SSl 
mechanism. Electron-releasing substituents at  the a and y positions 
stabilize the intermediate ( 5 )  and lower the activation energy, 
thereby increasing the rate28. The effect of monosubstitution by an 
alkyl group in these positioiis in ally1 chloride increases the rate by 
a factor of (2-5) x lo3. Two alkyl substituents are roughly twice as 
effective as one in a given position. A phenyl substituent is somewhat 
more activating than a methyl group21. 

However, most of the data pertinent to this reaction come from 
solvolysis reactions such as that described above, and, in these cases, 
kinetic evidence for the molecularity of the reaction is missing. As 
the solvent is one of the reactants, 'first-order' kinetics will be shown 
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by both uiiimolecular and bimolecular reactions. Care must there- 
fore be taken in the interpretation of thc data in these systems, and 
the molecularity of the reactions decided from other factors. A com- 
plete discussion of these is given by DeWolfe and YoungZ1. 

A particularly interesting case of the above reaction is the sol- 
volysis of allylic alcohols. In  the case where the attack is 2t the end of 
the carbonium ion where the initial ionization took place, the start- 
ing material is regenerated. If, however, attack takes place a t  the 
other end of the carbonium ion, the net result is isomerization of the 
allylic alcohol (equation 12). Although the reaction is acid-catalysed, 
it comes within the scope cjf the present chapter because of the 
nucleophilic attack of OH, which actually represents the isomeriza- 

lsomerization 

tion process. The reaction can also be described in  terms of an S,i 
mechanism involving a cyclic intermediate of type 6. 

Although the reaction is again of the solvolysis type, and infer- 
ences as to the molecularity of the reaction must he made from 
sources other than kinetic ones, the evidence favours tlie inter- 
mediacy of a carbonium ion such as 5 or 6, and not a concerted 
bimolccular process. 

In  some cases, a decision between the S,l and the intramolecular 
SNi reaction can be made by using la0-labelled alcohol where, if 
the reaction is of the S,i type, the le0 should be retained in the 
product. In  the isomerization of a-phenylallyl alcohol in acidic 60% 
aqueous dioxane 2o and in 40:/, dioxanc-aqueous percliloric acid30, 
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the rearranged alcohol contains little of the of the starting 
alcohol, and the mechanism is considered to be S, 1. 

Eowever, a similar study31 of the isomerization of cis- and frans-5- 
mcthyl-2-cyclohexene showed that although the frans-isomer reacted 
by the S,l rncchanism, thc cis-isomer isomerizcd mainly by the 
intramolecular Sxi mechanism. 

IV. ATTACK ON CARBON-CARBON MULTIPLE 3ONDS 

A. General Comments on C=C Bonds 
The very high electron density in the double bond system of 

ethylenes makes direct nucleophilic attack unfavourable, unless 
there are one or more clectronegative groups present which can 
lower the electron density at the carbon atoms. Common activating 
groups are NOz, CN, COR. 

Fcr such electronegative groups, the rcsonance structures of the 
molecule arc: 

(7) 

The contribution of structure 7 depends on the nature of X, the 
net effect being the lowering of the electron density at the carbon 
atom p to the electronegative group, and nucleophilic attack will 
normally take place at this position. In  general, the attack of alkoxide 
and hydroxide ions on C=C bonds can be rationalized3?9 s3 in 
terms of a general first equilibrium reaction in which an anion (8) 
is formed by the attack of the nucleophile on the 8-carbon atom of 
the double bond (equation 13). According to the nucleophile and 

(8) 

the conditions, the further reaction of 8 can give rise to a whole 
variety of products. For hydroxide and alkoxide ions, reactions 
involving addition, decomposition and substitution are the most 
important and these will be discussed separately. As will be seen 
below, it is in some cases critical whether the nucleophile is hydroxide 
or alkoxide ion, the presence of the ionizable hydrogen on the former 
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giving rise to a quite diffcrent rcactioii path, although thc initial 
reaction is similar in both cases. 

B. Attack on C=C Bonds 
1. Attack by alkoxide ions: addition of alcohols 

In 1905, 34eiseiiheinier3" found that sodium mcthoxidc or sodium 
ethoxide added instantaneously and a t  room temperature to /I-nitro- 
styrene with the forination of an alkoxy derivative (3) .  

C H CH-CH,NO, ' ' I  
'GHSC =' '2 CH,ONa 

OCH, 

(9) 

This is found to be a general reaction of arylnitroalkenc~~~ and 
other activated double 

Thc kinetics of the cyanoethylation reaction between cyano- 
ethylene and various alkoxides in theii parent alcohols have been 
investigated by Feit and Zilkha36. Their kinetic analysis showed that 
the alkoxide ions and not the alcohols were acting as nucleophiles. 
The reaction was first-order in both cyanoethylene and alkoxide ion 
and proceeded according tc the scheme below (cquatior, 14). The 

first step in the reaction, :he formation of thc intermediate 10, is a 
particular case of rcaction (13). Feit and Zilkha also found that the 
sate of the rcaction was independent of the counterion for a given 
alkoxide, and within a series of alkoxides, was in the order 
OMe- < OEt- < n-Pro- < n-BuO- < i-PrO-, reactivity inversely 
proportional to the acidity of the alcohol. 

The same relative reactivities of alkoxides was found by Ferry and 
McQuillin3' for their reaction with CH,=CHCOCH,. The buten- 
one was formed in an initial, very fast reaction of the methobromide 
of 4-dimethylaminol~utan-2-one with base (equation 15a). The rate- 
determining step (equation 15b) is second-order, first-order in both 
base and substrate, and is thought to proceed in an analogous manner 
to equation (14) abovc. A similar mechanism (equation 16) was 
proposed by  Crowcll aiid c o - ~ o r k e r s ~ ~  for the basic methanolysis 
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Me,&CH2CH2COCHi fast-+ OR- CH=CHCOCH, 

of dibenzoylethylene. They found that a lincar Hammett 

OCH,- . 
PhCOCH=CHCOPh 4 PhCOcH-CH-COPh 

I 
OCH, 

/ fY HOCH, 

63 

( 1 5 4  

(1 5b) 

relation 

Ph CO C Hz- C H-C OPh 
I 

OCH, 

existed between the rates and the sum of the a-values of the pays- 
substituents in both rings. 

Alchough the stereochemical course of the reaction has not been 
investigated in detail, one can envisage different products depending 
on the lifetime of the intermediate ion 9. Thus, if the addition of H+ 
was very fast, giving a short lifetime to the intermediate, the addition 
of the alcohol would approximate to a concerted reaction, and one 
would obkain a product in which the elements of the alcohol were 
orientated irans. If, however, the intermediate ion 9 had a finite 
lifetime longcr than the time for rotation about the C,-C, bond, 
one would obtain a range of configurations. 

2. Attack by hydroxide ion or H,O: cleavage reactions 

Attack by OH- to yield a simple hydration of the double bond 
(equation 17a) is in accord with the attack by alkoxide ions dis- 
cussed in the previous section. However, the product (11) formed in 

U 

HOH Ho- ' >ry 

OH- >ic - \- 
H 

/-O + 
i17b) 



64 Colin A. Fyfe,< , 

this case differs from the corresponding alkoxy product in that it con- 
tains an ionizable hydrogen and, in general, further reaction occurs 
(equation 17b), giving cleavage to the corresponding carbonyl and 
active methylene compounds. There is no reported case of cleavage 
caused by alloxides alone. Steps (17a) and (17b) are essentially the 
reverse equilibria of the condensation reactions commonly used to 
prepare a l k e n e ~ ~ ~ .  

Reactions corresponding to step (1 7b) above can he investigated 
indcpendendy of the initial stages (equation 17a) in the above re- 
action mechanism40~ 41. Thus, Westheimer and Cohen40 studied 
the dealdolization of diacetone alcohol and found the reaction to be 
base-catalysed and to follow the reaction equation (18), with the 
rate-determining step the decomposition of the ioil 12. 

"F C H,CO C H OH- fast > H3cp CH,COCH, 

H3C H3C 

slow 
C H,C 0 C H, > CH,COCH, + EH,COCH, (18) 

(1 2) 

ZH,CCCH, > CH,COCH, + OH-  
HOH 

In  contrast, Rondestvecit and Rowley41 found that, in the cleavage 
of 8-hydroxy acids and esters of general formula 13, the results were 
best camelated iii terms OC a concerted mechanism in which the 
breaking of the C,-C, bond in 13 was essentially simultaneous 
with the breaking of the 0-H bond (equation 19), there being no 
significant build-up of an intermediate corresponding to 12. The 

competition between hydrolysis and alkene formation in similar 
systems has also been investigated*'. 
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The kiiictics of several complete liydrolyses havc bcen investi- 
gatedslz-47. The results can all be accommodated by the expansion 
of the reactions (17a, b) into the general scheme below, where the 
initial attack can either be by hydroxide ions 01' water molecules to 
form the ion 14. From this point, the two schemes are equivalent. 

Thus Stewartaz found that the yellow plicnolate (14) of 4-hydroxy- 
3-methoxy-~-nitiostyrene loses its colour in basic solvent owing to 
hydration. The kinetic analysis pointed to attack by hydroxide ion 
(equation 2 1). 

OH - 
NO, NO, 

H H 

A / (21) 

/ H 

Similarly, Walker and YoungJ3 found that the base-catalysed 
decomposition of mononitrochalcone; in aqueous alcohol was 
second-order, the rate = k'[chalcone] = k[chalcone] [NaOH], sug- 
gesting initial attack by OH- (equation 22j. 

(22) 

Patai and Rappoport44p 45 found that the hydrolysis of aryl- 
methylene mal.ononitriles could follow either equation (20a) by 
attack of hydroxide ions, or equation (20b) by attack of water, de- 
pending on the reaction conditions. Thus the base-catalysed 
hydrolysis in 95% ethanol3* indicated initial attack by hydroxide ion 
to form the intermediate ion (15) directly as in equation (20b) 
(equation 23). When the same hydrolysis was carried out in 95% 

C H30  

PhCH=CHCOPh + OH- PhCH--CHCOPh 
I 
OH 

(23) 
- / A  ArCH=CXY - ArCH-C 

I 'Y 

(1 5) 
OH 

ethanol in  the a-bsence of basc, the reaction scheme followed was 
equation (ZOa), the rate-determining step being the relatively slow 
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initial attack by H,O to give the ion 16 which then rcactcd to give 
15 as in equations (243, b). Evidence for this reaction scheme was 

ArCH=CXY + H,O --.> ArCH-EXY (244 
I 

OH, 

(1 6) 

ArCH-EXY + H,O ArCH-cXY + H p k  (24b) 
I I 

+OH, OH 

(1 5) 

that the rate depression by acids was dependentd5 on the concen- 
tration of the substrate. 

A similar dependence of mechanism on the reaction conditions 
was found by Crowell and Francis4a in the hydrolysis of substituted 
e-nitrostyrenes in aqueous solution. At pH 0-8-6-0, they found two 
consecutive, pseudo-first-order reactions, the first of which showed 
general base catalysis, and the second of wnich was pH-dependent, 
in agreement with equations (25a, b), involving attack by H,O. 

ArCH=CHNO, + OH, ArCH-EHNO, (25a) 
I 

+OH, 

- 
ArCH-CHNO, -t OH, ,- ArCH-EHNO, + H,Of i25b) 

I I 
+OH2 OH 

( i i j  

At higher pH, the cleavage occurred at  an enhanccd rate, and at  
pH 11, the primary step changed, attack being by OH- to form the 
ion (17) directly. 

3. Substitution reactions 
If there is a labile group attached directly to the double bond, a 

replacement reaction can occur after the initial attack by the anion 
(equation 26), by an ‘addition-elimination’ mechanism. 

There are several other routes which can give the substitution 

> &( i X- (26) ) A q P L O R  - P fl 
X X OR 

Addition-Eliniination (is) (1 9) 
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product (19). The most important of these is the 'elimination- 
addition' mechanism shown in equation (27) in which an acetylene 
is formed initialIy which then adds the elcments of the alcohol (see 
section 1V.C) to give 19. 

Elimination-Addition (1 9) 

The reactions (26) and (27) differ in several significant aspects 
which can, in principle, be used to distinguish between them. Thus 
in route (26) there should be no deuterium exchange with the sol- 
vent, but (27) shculd give complete exchange. Stereochemically, 
one might also hope to differentiate between the two reactions: 
(27) will give no relationship between the stereochemistry of the two 
isomers, as both cis- and trans-isomers will give the same intermediate 
acetylene. I n  equation (26), however, there is the possibility that 
the stereochemistry of the starting material will influence that of the 
product: thus if the ion 18 has a relatively long lifetime, there will be 
a distribution of the isomeric products depending on their thermo- 
dynamic stability, but if 18 is very short lived, approaching in the 
limit a concerted reaction, then one might expect a reaction where 
the stereochemistry of the reactant is retained in the product. How- 
ever, it is seldom that a clear-cut distinction can be made between 
the two schemrn (which m-zy, & ccsrse, scczr ~ ~ ~ . ~ ~ ~ ~ i x ~ ~ ~ l y ) ,  
owing to complicating features such as the possible cis-irans-isomer- 
ization and further addition to the double bond (section B.l above) 
which can obscure differences in stereochemistry. 

I n  general, mechanism (26) will be favoured for compounds with 
a low electron density on the P-carbon atom to provide the initial 
attack. Mechanism (27) will be especially favoured in cis-isomers 
where ther: is a favourable trans-disposition of the elements of HX 
[where X is the leaving group) to promote the elimination reaction. 
For a givcn substrate, the occurrence of the elimination-addition 
mechanism will depend on the proton basicity of the nucleophile. 
Since alkoxide ions are hiehly basic with respect to protons, in many 
instances, reaction (27) will compete with reaction (26). 

Thus, although the cis- and trans-isomers of P-chlorocrotonate 
undergo substitution by thiophenoxides with retention of configura- 
tion, only the trans-isomer is obtained in substitution by alkoxides48. 

? 



2. Nucleophilic attack by hydroxidc and alkoxide ions 69 

However, both thc cis- and trans-isomers of P-chloro-a-cyanoethylene 
react with alkoxides to give products of the same stereochemistry 
as the starting materialsqg, and the rcaction can be formulated as in 
equation (28) with the restriction that the intermediate ion 
must have a very short lifetime, or that the reaction proceeds 
concerted manner. 

H 
) q C '  > )+OR 

"Hm H 
-OR 

NC H NC H NC H 
(20) 

The competition between tlie two possible mechanisms for 
stitution has been investigated in detail for the reactions of aryl- 
sulphonylhaloethylenes (21) with methoxide ion by Modena and 
CO-workers50-64. 

R C OH as0 ZCR '=C R 'X 

(21 1 
1 

&SO,C=CRX ArSO,CH=CRX i- OCH, 

(either isomer) 

O C H j  

-\ 

1. I. 
ArS0,CECR 1- X- 

- /  1 -4 r s ",C !-! - f- - !? 
X 

Y 1 3  I 

Their results, some of which arc summarized in Table 2, are 
dkcusseds4 in terms of the reaction scheme (29). The additinn- 
elimination mechanism 1 , 4,5, under the restrictions discussed above, 
could give retention of configuration of both isomers, whereas both 
isomers would give !:he cis-product by the elimination-addition 
mechanism (steps 2 and 3 in equation 29), as both would give the 
acetylene and the stereochemistry of step 3 is known50' 54 to give 
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tlic cis-product. There is retcntion of configuration in the irans- 
komcrs, indicating that these react via 1, 4, 5, and thc lack of any 
element effect in two series of innis-compounds (Table 2) suggcsts 
that the breaking of the C-Hal bond is not rate-determining, in 
accordance with k, < k,. A critical case is compound IV (Table 2) 
where cc-elimination is not possible and reaction must be by addition- 
elimination. There is now no difference, either in rates or in activa- 
tion cnergies, between the four isomers. 

The cis-isomcrs behave quite differently, showing both greatly 
enhanced rates of reaction and also very strong element effects 
(Table 2). The large differenccs in the ratcs of reaction between 
compound IV (cis), where no elimination is possible, and the other 

TABLE 2. Rate coefficicn:s k, x lo3 (1 m-l sec-l) of reactions of substituted 
arylsulphonylethylenes (21) with niethoxide ion in methanol solution 

X = Br x = c 1  

R R1 R2 Temp. cis tram cis tram Ref. 

fi-NO?I H H 0°C - - 280 168 50 
P-Me I1 1-1 H 0°C 1780 5.35 9.6 6.4 51 

p-NO, H h,Ie (25°C) 7850 - 71.9 - 53 

13 Irr H 13 0°C 2600 8.8 18 10.5 51 
p-NO2 IV MC H (25°C) 5.05 5.26 5.40 6.22 52 

TABLE 3. Kinetic and thermodynamic parameters for the elimina- 
tion-addition (subscript e) and addi~ion-elimination (subscript a) 

reactions of cis arylsulphonyl ehl~roethylcnes~~.  

RC,H,-SO,CH=CHCI with methoxide ion in methanol". 

R Temp. k c / k a  E,  (kcal/niole) &, (kcal/mole) 

H 0 1.1 24 
'1.2 - 13 

25 3.0 - 

17 
- 

0 0.8 - 
13 1.0 24 

W J 3 3  

- 25 1.4 

- 
20 

u The estimated crrors arc ca lO'l/o for the rate coefficients and f 1 kcal/mole for the 
activation cnergics. 
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cis-isomcrs suggests the occurrence of thc competing addition- 
elimination rc-action (steps 2 and 3 in equation 29) which would be 
favoured in the case of the cis-compounds by a facile trans-elimina- 
tion of HX. 

Retention of configuration in the case of thc cis-isomers is ambigu- 
ous, as both routes would give the same stereochemistry (equation 
29). The exact rclationship between the two mechanisms in the 
case of the cis-isomers has recently been studied in details5. Direct 
cvidence was found for the occurrence of the elimination-addition 
mechanism (steps 2 and 3) in the dctcction of the intermediate 
acetylenc, both by isolation in cases of suitable kinetics, and by 
infrared spectroscopy in others. I n  a detailed examination of the 
kinetics, it was found possible to separate the kinetic parameters 
for thc two processes. These are summarized in Table 3. The activa- 
tion energy for the elimination-addition mechanism is larger than 
for the addition-elimination mechanism and the elimination 
mechanism becomes more important a t  higher temperatures. It 
was found to be significant at room temperature in all the cases 
studied. 

An extreme case of the difference in the reaction of cis- and tram- 
isomers, due to the tendency of the cis-isomer to react by elimination, 
is found in the reactions of the isomers of 4-nitro-P-bromo- 
styrene"Gt 578 583 and 2,4-dinitro-P-bromostyrene5~" with alkoxides. 
The cis-isomcrs react by a trans-elimination of HBr to form the 
corresponding acetylenes (equation 30)- I t  has been suggested that 

(30) RC,H,CH=CHBr __+ RC,H,C_CH + HOCH, + Br- 
OCH, 

TABLE 4. Rate cocfficients and thermodynamic parameters for the reaction of 
bromostyrenes of general forinula ArCX--CHBr with methoxidc ion in MeOH 

solutiorPa a. 

Compound Ar X Temp. k x lo3 E;' (kcal molc-'1 AS,,. 
("C) (1 ni-1 sec-l) (e.u.) 

I cis 4-nitro H 25 0.7 1 25 +8*8 
I1 cis 4-nkro D 25 0.32 
111 trans 4-nitro H 78.25 0.97 25.1 -2.8 
I11 trans 4-nitro D 78.25 0.98 
IV cis 2,4-dinitro D 25 1070 19.9 +6.3 

- L 

- - 

V trans 2,4-dicitro 13 25 720 18.9 -7.1 
- 

Similar results arc obtained ~ ~ O I I I  thc corresponding ci i loro-con~pounds~~~.  
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the elimination is by a concerted meclianism59. Howevcr, the trans- 
isomers react much more slowly to form the acetals as indicated in 
equation (31). The addition of the OCH, groups to the P-carbon 

(31) 
-OCH, 

R C,H ,CH=C H B r CH,O > RC,H,CH,CH(OCH,), + Br- 

atom is in accord with the occurrelice of the addition mechanism 
with subsequent addition of MeOH as in equation (32). 

A r  OCH, A r  OCH, A r  OCH, ArHH +OCH,-, ) q H , % H  -%%> 1 4 - H Q C H ,  

H Br H Br H H H H (32) 

That equation (30) was not important.in the case of the trans- 
isomers was shown58' by studies on the a-deuterated compounds 
(Table 4). Thcre is no isotope effect, and no exchange of deuterium 
with the solvcnt, eliminating equation (30). The isotope effect 
shown by the cis-isomers is in accord with the reaction proceeding 
complctely by elimination. By contrast, nucleophiles which are 
much less hydrogen-basic react with both the cis- and trans-isomers 
of these systems to give products with retention of configuration, 
indicatiw an addition-elimination mechanism for both isomers58, 'jo. 

Very similar results have recefitly been reported for the reactions 
of the corresponding chloro compounds 58b. 
1,l -d$/ien$et/ylenes. The possibility of a-hydrogen abstraction is rc- 
moved in the case of 2-halo- 1,l-diphenylethylenes, and these would 
seem to be ideally suited for kinetic investigations oI" alkene nucleo- 
philic substitution reactions. However, 1 , 1 -diphenyl-2-chloro- or 
-2-bromocthylenes react with basic alcoholic solutions to give, in 
addition to substitution of the halogen by alkoxide ions:. or, in some 
cases, instead of this substitution, rearrangement by a-elimination 
to give diphenylacetylenes as in equation (33) (Fritsch rearrange- 

? 

OW,- > A r - C F C - A r  + CH,OH + Hal- (33) 

(21 1 
ArHH Ar Hal 

merit", G 2 ) .  When t-BuO- is uscd as base, only a-elimination oc- 
cursG3, while other alkoxides give mixtures of the two mechanismss4. 
Replacement of the a-hydrogen with a methyl group does not give 
a clean substitution reactionG5. 

However, some suitably substituted derivatives do give clean 
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substitution reactions. Thus, Silversmith and SmithOG found that 
l,l-diphenyl-2-fluoroethylene rcactcd with OEt - in ethanol to give 
1,1-dipheiiyl-2-ethoxethylene. The reaction was first-order with 
respect to both reactants, and the authors concluded that the 
results were consistent with an  addition-elimination mechanism in 
which the first step was tlic formation of an ionic intermediate 
[(equation 34), with Ar = C,H, and Hal = I?]. 

H 
ei t t i  cr > A r H o i t  *RH Ar Hal Ar Hal Ar H a  I 

ArHrn- OEt ~ 

)===( 
Ar OEt 

Similarly, Beltrame and co-workers~7 found that p-nitro substitu- 
tion in the phenyl rings gave simple alkoxydehalogenation of the 
chloro- and bromo-derivatives. The reactions were again first-order 
with respect to each reactant, arid the results can be accommodated 
in equation (34) above (with Ar = p-NO,C,N, and Hal = C1, Br). 
The rates of reaction were lo6 x those of the unsubstituted corn.- 
pounds, and a correlation between the rates of reaction for a series of 
p,p-disubstituted derivatives and the sum of the Hammett parameters 
for the two substituents was found. A discussion of the theoretical 
approach of these authors to this reaction will hc given in 
section 1V.D. 

C. Attack on C e C  Bonds : Addition of Alcohols 

The addition of alcohols and phenols to acetylenes can be cata- 
lysed by both alkoxidesG8 and tertiary a m i n e ~ ~ ~ .  As with alkenes, 
reaction is greatly facilitated by the prescncc of electron-withdrawing 
substituents. The addition is genera1ly"Bt 713 considered to proceed 
by a trans mechanism. 

Thus Miller68 found that the reaction of phenylacetylene with 
sodium methoxide in methanol solution gave only one isomer, con- 
sidered to be the cis-form. The mechanism (35) (Ar = Ph) was 
suggested to account for this. 

Similarly, Modena and co-workers -i 9 7 2  have shown that the 
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> 
0CH.-  

Ar- C=C-H 

CH,OH I '* (35) 
J. 

* k O C H 3  + OCH3- 
H H 

methoxide-catalysed addition of methanol to p-tolylsulphonyl- 
acetylene gives the cis-2-aikoxy- 1 -@-tolysulphonylethylene [equation 
(35), Ar = p-tolyl-SO,]. 

The reaction, measured by the rate of disappearance of the 
acetylene by measurement of the k C  infrared stretching frequency, 
was fovnd to obey a first-order kinetic equation, as the alkoxide 
concentration does not change with time, but the rate depends on 
the first power of the alkoxide concentration as required by equation 
(35). As judged by the second-order rate constants for the reaction, 
cthoxide ion reacts faster than methoxidc ion. The activation 
energies for the addition of MeOH arid EtOH are vcry similar: 
E,(iMeOH) = 16.4 kcal molc-l, E,(EtOH) = 17.6 kcal mole-'. 

Although substitution of the acetylene hydrogen by a methyl 
group does not alter the kinetics of the reaction ~ignificantly~~, it 
alters the course of the reaction74, giving 2-methoxy-3-phenylsul- 
phonylpropene (22) as the kinetic product which then isomerizes to 
t:ms-2-methoxy- 1 -plienylsulphonylpropene (23) as in equation (36). 

PhSOpC =CCH3 - PhS02CH,C(OCH3) =CH2 

(22) 

I 
(23) 

The addition of alcohols to disubstituted acetylenes has been in- 
vestigated by Winterfeldt and co-workersGDB i"* 7 5 9  7G. I n  general, 
the rule of fmns-addition is borne out. Thus, addition of alcohols to 
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acetylene dicarboxylate gives mainly the compound 24, although 
additions a t  high temperatures lead to the cis-derivative. With 
dicyanoacetylene, however, the cis-isomers predominate, even 
although the reactions were performed at room temperature. 

ROOC 

R‘O HH COOR 

(24) 

In general, alkoxide-catalysed additions to triple bonds will be 
complicated by the possibility of the base-catalysed isomerization 
of the resulting alkene (3). Arguments regarding the stereochemistry 
of the reaction which are based on product analysis will be more 
valid when the thermodynamically less stable alkene predominates. 

D. Investigations Involving Intermediates 

In 1885, Friedlander” found that p-nitro-@-nitrostyrcne formed a 
complex which he formulated as 25 when it was treated with an 
alcoholic solution or potassium hydroxide (equation 37). The salt 
decomposed rapidly in the free state yielding the original com- 
ponents. This compound does not seem to have been investigated 
further, but recently intermediates correspocding to those postulated 

> p-NOzC,H4CH-CH=NOO-Kf (37) OEt-K+ 

EiOH I 
p-N OZC,jH,CH=C H NO, 

OEt 

(25) 

TABLE 5. \Vavelengths (mp) and cxtinction co- 
eficienls (1 rn-l cm-l) of thc positions of maximum 
absorption of substitutcd a-cyanostilbenes in basic 

DMSO-ethanol mi~tures’~. 

Stilbeiic 4,;,x E 

I 4-nitro 517 42,600 
I1 3’-chloro-4-nitro 547 43,700 

I11 4,4‘-dinitro 553 42,100 
IV 4cyano 402 47,400 
V 3‘-chloro-4-cyano 402 47,200 

VII 3-cyano 363 28,800 
VI 4.‘-Ntro-4-cyano 393 44,000 
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as the product of initial attack by alkoxide ions 0, general formula 9 
have been completely characterizcd in activated stilbene systems78-~0. 

Thus, the interaction betueen alkoxide ions and a largc number 
of substituted stilbenes in DMSO-methanol mixtures has Iiecri in- 
vestigated by Stewart and Kroeger using U.V. spectroscopy for the 
purpose of establishing an H- scalci6p The u.v.-visible spectra 
of these solutions (Table 5) are quite different from those of the 
parent stilbenes and show trends which are indicative of the nature 
of the species formed. 

Of the possible reactions (38-40), it was considered that", under 

Ar/3-CH=C(CN)ArCZ 4- OCH, - ---- Ar'wcN + CH,OH* 
p,ra 

(26) (38) 

ArP-Ch =C(CN)Ar" + OCH,- A r P n A ; C Z  (39) 

H *$&. (8) 

+ CH,OH a- ArP--Cli(OCH3)-- CH(CN)ArQ (40) 
H A r  

(27) 

the conditioiis of the cxperiment, the contribution from equztion 
(40) would not be significant. From the similarity in shape and 
position betwcen the U.V. spectra of the species formed from a-cyano- 
4-nitrostilbene and the anion of 4-nitrobenzyl cyanide, it was con- 
cluded that the colour-producing species was 27 and not 26 which 
could be formed by proton abstraction. Further support for the 
colour-producing rcaction being one of mcthoxide addition, rather 
than proton abstraction, comes from the general effect of su'usti- 
tuents in the two rings, both on the position of thc u.v.-visible 
maximum7s (Table 5) and thc equilibrium constant for the reac- 
tionio. In  gencral, substituents in the /3-pheiiyl ring (1-111 and 
IV-VI) have much less effect than substituents in the cc-phcnyl ring 
(I, IV, VII; 11, V; 111, VI) as would be expected from structurc 27, 
whereas 26 would give exactly the opposite trend. 

The interactions of anhydrous sodium methoxide with a serics of 
a-cyano-4-nitro-4'-X-stilbene.s have also been studied by n.m.r.80, 
and the intermediates formed in these cases characterized unam- 
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biguously. Because of the lack of abstractable hydrogens in the 
system, reaction (4.0) cannot occur. 

The n.m.r. spectra of the products of reactions corresponding to 
equations (38) and (39) for a-cyano-4-nitrrr-4’-X-stilbenes wodd be 
expected to be quite different and diagnostic: Thus the product (28) 
one would expect to have an n.m.r. spectrum consisting of a ‘normal’ 
aromatic spectrum for the P-phenyl ring and a spectrum closely 
corresponding to the spectrum of the anion of 4-nitrophenylaceto- 
nitrile (30) for the a-phenyl ring, but showing some variation with 
both nucleophile and substituents. There should be a large change 
in the chemical shift of I-?, from an alkene hydrogen at low field to 
a hydrogen attached to an sp3 carbon atom at higher field, whose 
chemical shift would be dependent on the nature of the nucleophile. 

The spectrum of compound 29 would be quite difikrent, a critical 
feature being the complete la,ck of an absorption corresponding to 
the abstracted alkene proton H,. If hydrolysis occurred due to small 
traces of water, then the a-phenyl ring should show exactly the 
spectrum of the anion of 4-nitrophenylacetonitrile (30) with the 
methylene hydrogen at  high field, and the /?-phenyl ring the spec- 
trum of 4-X-benzaldehyde, with the aldehydic proton at low fields 
and independent of the nucleophile. 

The addition of anhydrous sodium mcthoxide to a DMSO solu- 
tion of a-cyano-4-nitro-4‘-methoxystilbene gives an intensc violet- 
pink coloration (Amas 550 mpj and causes the broadening and 
eventual disappearance of the spectrum of the stilbene and the 
appearance of a new spectrum at higher fields (Figure 1). The new 
spectrum consists of an A A ’ X X  pattern centred at  8 = -6-95 (rel. 
intens. 4), two multiplets centred at 8 = -7.34, (doublet, rel. intens. 
2) and 8 = -6.38 (approximately a triplet with further splitting, 
rel. intens. 2), and a sharp singlet at 8 = -5.01 (rel. intens. 1). The 
spectrum is consistent with the formation of the intermediate 28 
( X  = OCH,), as shown in Figure 1. 
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FIGURE 1. 100 hiHz n.m.r. spectra of (A) X-cyano-4-nitro-4'-mcthoxystilbcne in 
DMSO solution and (B) this solution after the addition of anhydrous sodium 

mcthoxidc. 
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I t  is inconsistent with cither hydrolysis or the occurrcnce of re- 
action (38). Thus thc AA'XX' pattcrii can lic assigned to tlie four 
hydrogens on thc /I-plienyl ring and the singlet a t  8 = -5.01 to 
tlie H, proton. Tlie shifts of the other two inultiplets correspond 
very closely to those observed for the ring hydrogens of 4-nitro- 
phenylacetonitrile anion (Table 6 ) ,  although tlic multiplet structures 
are difl'erent, and can be assigned to the four hydrogens or' the 
a-phenyl ring. That they do not form a simple AA'XX' system sug- 
gests that, as in the case of the 4-nitrophenylacetonitrile anione1, 
there is restricted rotation around the a-phenyl-C, bond, the com- 
plexity of the resonance at  8 = -6-38 arising because JZ3 - ~ , , 8 ~ , ~ .  
This, and the very large changes in the chemical shifts of the 
a-phenyl resonances, suggest very substantial delocalization of the 
negative charge into the a-phenyl ring, so that the anion is probably 
more properly formulated as in 28, rather than with the negative 
charge localized on tlie a-carbon atom as is usuaily done. This is 
thought to be the case for all the compounds studied. Such a de- 
localization would be favoured by a planar rather than a tetrahedra! 
configuration at the a-carbon atom, and it is possible that this is the 
case for stilbenes with very electronegative groups In the 4-position. 

The sharpness of the H, proton would suggest that there is free 
rotation round the C,-C,, bond as required for such intermediates 
to take part in  the cis-tram isomerization of alkenes. The solutions 
are quite stable for several days. 

Similar conclusions can be drawn regarding the structures of the 
intermediates formed from a whole serics of a-cyano-4-nitro-4'-X- 
stilbenes. The n.ni.r. parameters (Table 6) are in close agreement 
with those described above, but show small differences which rulc 
out the formation of 30, as identical spectra for the a-phenyl ring 
would be obtained in this case. I n  general, the complexes seem to 
be quite stable (at least in solution). Tlie n.m.r. spectra reveal that, 
whereas there is free rotation about the 8-phenyl-C, and C,-C, 
bords, there is restricted rotation around the a-phenyl-C, bond in all 
tlie complexes and delocalization of the negative charge into the 
a-phenyl ring, suggesting perhaps the favouring of a planar con- 
figuration at this carbon atom. Although the above effects will, in 
general, be very dependent on the nature and position of substitueiits 
in the a-phenyl ring, it is thought that the results obtained from these 
more activated substrates may be of somewhat general applicability. 

Both the cis- and ttans-isomers of a-cyano-4-nitrostilbene give rise 
to tlie same n.m.r. spectrum on treatment with base. 
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€. Theoretical Approaches 
I n  1953, Gold82 discussed alkene nucleophilic substitution reac- 

tions in terms of the possible intermediates or transition states 31 
and 32. In 31, attack by the nucleophile occurs in the plane of t\e 
alkene so that in the transition state, the groups C,Y,R and X are 
all coplanar. Such a mode of displacement would give a change of 
configuration, and more recent work has eliminated this. The  
second possibility (32) where the attacked carbon atom assumes a 

R 

C' 
I 

Y...l ,.x 

/CT 
(31 1 (82)  

tetrahedral configuration, is more in accord with the experimental 
evidence. 32 could range from approximating to the transition state 
in a one-step mechanism to being a relatively stable carbanion. 

In  fact, the analogies between aromatic and alkene nucleopliilic 
substitutiom are very strong. The  activation cnergies and the effect 
of substituents in both cases are very similar, and during the reaction 
the attacked carbon atom must change its configuration from sp2 to 
sp3, either in a transition state or intermediate complex (equation 
41). I n  both cases, the existence of stable intermediates frGm suitably 
activated substrates can be demonstrated. 

CI OR 

(4 1 4 ___f 

CI OR 

- ,  > qR (41b) 
R' +R R' R' 

' ;$-R - 
(R is an electronegative group) 

I t  should be possible directly to extend thc semi-quantitative 
approach of Miller203 for aromatic substitution (see section V), 
using the same data, to, for example, the alkoxy dehalogenation of 
2-($-nitrophenyl)-l-haloethylenes. The transition states and inter- 
mediate complexes could be represented as I-\' in Figure 2. By 
analogy with the aromatic system (see on), these would give rise in 
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the general case to curves of the types A-C in Figure 2. Thus a 
useful qualitative guide could be got as to the activation energies 
and also to the life-time of the intermediate complex, and hence 
the occurrence of essentially concerted reaction and possible re- 
tention of stereocliemistry (curve C) or formation of the thermo- 
dynamicaliy more stable isomer (curve A). 

i '. 
C 

/-'- -.-...-- \ *  

I 

the general case to curves of the types A-C in Figure 2. Thus a 
useful qualitative guide could be got as to the activation energies 
and also to the life-time of the intermediate complex, and hence 
the occurrence of essentially concerted reaction and possible re- 
tention of stereocliemistry (curve C) or formation of the thermo- 
dynamicaliy more stable isomer (curve A). 

i '. 
C 

/-'- -.-...-- \ *  

I 

I II m IZT Y 
FIGURE 2. Possible energy profiircs of a bimolecular, 'two-step' alkcne substituhn 

reaction. 

Although therc is this close analogy with aromatic substitutions, 
there has been little attempt to accommodate alkene substitutions 
within the general theoretical approaches to aromatic substitutions. 
Recently, however, Simonetta and co-workersG7 have extended their 
delocalization approach (see section V) to the alkoxy dehalogena- 
tion of l,l-di-fi-nitrophenyl-2-haloethylenes. They considered the 
attacking alkoxide group to approach from above the plane of the 
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alkcne and to form a transition state of type 33 by attack a t  the 
a-carbon atom. 

02NCsH4 } a o ;  

02NCsH4 Hal 

(33) 

Thc lcaving and attacking groups wcce coilsidered togctlier as a 
‘pseudo-atom’ bonded to tlie residue by a ‘quasi-o’ bond to the 
a-carbon atom and by interaction with the x-electrons of the residue 
via a ‘quasi-n’ orbital and two electrons just as in the aromatic case 
(see on). On this model, differenccs in n-electron energies in the 
initial substrates and the transition states (33) were calculated. 
A correlation was obtained betwecn experimental AC: values and 
calculated dEn values, but tlie authors considered that tlie fact 
that tlie parameters which had to be chosen for the pseudo-atom 
were different from the corrcsponding ones in the aromatic and 
aza-aromatic series gave rise to doubts as to the applicability of the 
method to alkenc substitutions. 

V. ATTACK O N  AROMATIC SYSTEMS 

A. General Comments 
Because of the high electron density of the aromatic system, as 

with alkenes, nucleophilic substitution usually occurs only where 
there are m e  or more suitable electronegative groups (e.g. NO,, 
CN, COR) oriented ortho and/or para to the position of substitution. 
Thus, although the Dow process for the direct conversion of chloro- 
benzene into phenol by Na,C03 requires copper as catalyst and 
temperatures in excess of 3OO0C, ortho- and para-nitrohalobenzenes 
undergo relatively facile reaction with base. 

In general, the reactions are kinctically second-order, first-order 
with respect to both nucleophile and substrate, and are usually dis- 
cussed83-88 in terms of the ‘two-stage’ mechanism introduced by 
Bunnetts39 85  (equation 43.). In  this scheme, the displacement of, fgr 
example, chloridc ion from 2,4-dinitrochlorobcnzene by methoxide 
inn is thought to proceed via an intermediate (34) of finite stability. 
In  34 Loth leaving and attacking groups are covalently bonded to 
tlie carbon atom at the point of attack which is now of sp3 hybridiza- 
tion, and the negative charge from tlic attacking alkoxide ion is 

C l i C  D 



a 4  Colin A. Fyfc 

delocalized round the residue of the aromatic ring and on to the two 
nitro groups. The energy profile of the reaction will have a minimum 
corresponding to the complex 34. 

However, an alternative mechanism has been considereda9--9l 
(equation 43). I n  this, the reaction proceeds in om step, with 
synchronous bond making and breaking in an analogous manner to 
the aliphatic SN2 reaction discussed in section PI. There is no inter- 
mediate in this mechanism, and no dip in the energy profile of the 
reaction*. 

c H 3 0 - = Q ~ ~ 2  c'; CI, Q"" PCH,  QNO* OCH, 

0 + ci- (43) 0 .-_.' 
' NO2 NO2 NO2 

Transition state 

There are several general pieces of kinetic evidence in favour of 
the: two-step mechanism: (i) I n  reactions where the fission of a 
carbon-halogen bond is a rate-determining step, thc order of the 
rates of reaction is F < Ci < Br - I. Xn many aromatic substitution 
reactions involving halogens, the observed order is F >> C1 -Br ,189. 

This can be accounted for in terms of the two-stage mcchanism with 
k, < k, in equation (42), but is difficult to cxplain on the basis of 
equation (43). The reverse ordeP9. 9 z  can also occur, and can also 
be accommodated in the two-stage mechanism with k, > k, in 
equation (42). 

(ii) It is founda5 that the rates of reaction of a whole series of 
l-X-2,4-dinitrobenzenes with piperidine are within a factor of five 
of one another, i.e., independent of the strength of the G-X bond. 

* The structurc assigned to the transition siate in equation (43) should not be 
taken too literally as it is not entirely clear what type of structure is envisaged by 
those who have suggestcd this mode of reaction. 
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This again can be explained in terms of equation (4.2) with k, < kl, 
but like (i) above is difficult to interpret in terms OC the ‘one-step’ 
reaction scheme. 

(iii) Very convincing kinetic evidence for the existence of an inter- 
mediate is the general base catalysis observed under certain condi- 
tions when amincs are the nucleophiles. I n  terms of the intermediate 
complex theory (equation 44.), the intermediate 35 will have a labile 
proton on the nitrogen atom. Any process which can facilitate the 
loss of this proton will increase the rate of conversion of 35 into 
products, as NK, is a much poorer leaving group than +NHR,. I n  
the presence of a base, there will be the ‘normal’ conversion of the 
intermediate into products, and the faster ‘base-catalysed’ conversion, 
the overall effect being an increase in the reaction rate. 

H 
I 

F NR, NR2 

- k- k,  , ON02 -._.- -&+ Q-””. 
NO* k 0, NO2 

I 
(35) 

base catalysed. f 
kB.C.=-kZ 

Since the catalysis involves the decomposition of the intermediate 
into products, it should only be observed in systems where the 
decomposition of the intermediate is the rate-determining step, 
i.e., k, > k,, and will therefore be favoured by the presence of rela- 
tively poor leaving groups, and its occurrence and magnitude will 
vary as these groups are changed. I n  fact, base catalysis has been 
o b ~ e r v e d ~ ~ - ~ ~  in a variety of systems, and the general trends pre- 
dictedg3 by the two-stage mechanism are found. Particularly incisive 
is the observation of a variable 1sO/180 isotope effect in the substi- 
tution of 2,4-dinitrophenyl phenyl ether by piperidine, when 
catalysed by varying concentrations of hydroxide iono ’. The general 
mechanism for the base catalysis is consideredD4~ to involve a fast 
proton transfer, followed by a rate-determining removal of the 
leaving group by the moiety BH+ D8. 

Although any one particular case of catalysis could be accounted 
for in terms of the one-step theory by the postulate that the base 
intervened in the transition state, the differences observed with the 
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variation of substrate and nucleophile cannot reasonably be accom- 
modated in this fashion, and the above observations provide the 
strongest kinetic evidence for the 'two-step' mechanism. 

However, the cases which can kinetically be unambiguously 
assigned to the himolecular mechanism are relatively few (and must 
obviously involve amines), and the general acceptance of the 'two- 
step' mechanism is to some extent due to its more flexible character, 
and to the inferences which can be drawn from other studies (see on). 

5. Subdituticns lnvolving Alkoxide and Hydroxide lons 
1. 'Activated' substrates 

Displacement reactions involving attack by alkoxide and hydrox- 
ide at  activated centres have been widely investigated. Typical of 
these are the displacement reactions involving halogens, some illus- 
trative examples of which are given in Table 7. Activation by sub- 
stituents is generally in the order para > ortho when alkoxide or 
hydroxide ions are the nucleophiles, both when judged by rates of 
reaction and by activation energies. The  main effect of the substi- 
tuents is seen in the very large lowering of the activation energy 
from that of the unactivated substrate. 

The activating effects are not however additive (Table 7). T h i s  
the introductian of a second nitro group lowers thc activation energy 
by a much smaller amount than the introduction of a single group 
in either the ortho or para position. 

The relative activating effects of various substituents I:aw lxen 
found839 a5  to be in the order 

-hT2+ > -NO, > -S02CH3 > -i\TMe,+ > -CN > -CF, 
In general, the effects of substituents will he shown in the ground 
state, the transition state, and in the intermediate complex, all of 
which may determine the kinelic pattern of the reaction. Correla- 
tions can be obtained with the variation of one or more substituents 
within a series of closely related compounds, which may allow infer- 
ences to be drawn regarding the mcchanism. For example, Norman 

CI CI 

&""' bNoz 
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and co-workerP found that in tlie bimolccular reactions of both 
1 -cliloro-2,4~-dinitrobcnzene (36) . and 1,4~-dicliloi-o-2-nitrol~c1izene 
(37) with a series of substituted phenoxide ions, the rates corrclated 
with the 0-values of the phenoxide ion substituents, suggesting that 
in the transition state the phenoxide ion is appreciably bound. The 
parallel nature of the correlations for the two series suggested99 that 
the transition states for the two were similar, even though the 
reactivities were very different. 

TABLE 7. Second-order rztc coefficients (1 m-I sec-') and activation encrgics 
(kcal mole-') for the reactions of alkoxidc ions with some nitro-activated halo- 

benzenes. 

Substrate Conditions k, I?3 Ref. 

Chlorobenzene 
2-chloronitrobenzene 
4-chloroni trobenzerie 
4-chloronitrobenzene 
4-chloro- 1,3-dinitrobcnzene 
Fluorobtnzene 
4-fluoroiiitrobenzene 
4-fluoro- 1,3-dinitrobenzenc 

OMe-JMeOH (200") 
OEt -1 EtOH (90") 

OXe-IMeOH (0") 
OMe-1 MeOH (0")  
OMe-IMeOH (200") 
OMe-)MeOH (OD) 
OMe-IMeOH (0") 

OEt -1 EtOI-I (90") 

- 40.0 
3.97 x lo-.' 22.2 
9.63 x 20-1 

8.9 x 24.0 

- 34.9 
6.26 x 21.2 
1-74 x loo 13.5 

TO x 10-3 17.5 

105b 
218 
218 
204 
204 
0 

Y 

207 
', 207 

B. A. Botto, M. Liveris and J. Miller, J. Chetn. SOL, 750 (1956). 

As shown above, grmps ortho and f a r a  to nitro groups undergo 
facile displacement by hydroxide and alkoxide ions. This is true of 
nitro groups, and the ortho- and para-isomers of dinitrobcnzene as 
well as higher homo!ogues are subject to ready displacement of one 
group by base. I n  accord with the general characteristics of nitro- 
activated substrates, the relative rates are para > ortho, and the 
reaction proceeds faster with ethoxide than with methoxide ionsl00. 

-lo4, the product 
obtained is not the phenol, but the phenate ion. A typical example 
is the reaction of trinitroanisole with hydroxide ion. Gold and 
Rochester10" examined its rate of decomposition in weakly basic 
phosphate buffer solutions and considered that thc kinetics were 
consistent with the rate-dctermining step being the attachment of 
the hydroxide ion to form the intermediate 38 (equation 45). 
There are two pathways by which the phenate ion can now be 
formed from tlie complex. In  general, it will be very difficult to 
distinguish between them. 

In  substitutions involving hydroxide ionslo00J 



-CH,O- I 
OH 0- 

02N*N02 - - H +  , o*N*No2 

NO, NO, 

2. Non-activated c ~ h o t r ~ t e s  
8 Discussion of nuclec.philic aromatic substitution normally centres 
on the reactions of the so-called ‘activated’ substrates discussed 
above, where the activating groups are orientated ortho and/or para 
to the reaction site, and can stabilize excess negative charge in the 
ring in both transition state and intermediate complex. However, if 
‘activation’ is judged by the rates and activation energies of the 
reaction, then there is considerable activation in  substratcs where 
the activating groups are orientated meta to the site of rcaction. 
Thus, although the rate of reaction of m-nitrofluorobcnzene is 
approximately that of the ortho- or para-isomers, there is a 
considerable increase compared with the unactivated substratez2. 
If there are two nitro groups present (to give l-€luoro-3,5-dinitro- 
benzene), then the decrease in activation energy (cf. fluorobenzcne) 
is equal to that effected by a nitro group in the ortho- orpara-position. 
Since there can be no direct delocalization of charge into the nitro 
groups in this displacement, an intermediate of finite stability is un- 
likely and reaction probably proceeds in one step. Howcver, these 
reactions can be considered within a general formalism” involving 
an intermediate ccrresponding to those of the two-stage mechanism 
(equation 46). If the reaction involved the intermediate, then a 
considerably smaller activation energy might be rcquired than if 
the reaction proceeded directly from the aromatic substrate. The 

* Of which the reaction or trinitrobcnzcne with methoxidc ion is a special 
case. 
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H OR 

0 2 N p F  . OR- QF -F- :2NqoR 
-.. . 0 (46) ._.. 

N 0 2  NO2 NO2 
(39) 

reaction between trinitrobenzene and methoxide ion (see below) 
where there is some cvidence of the intermediacy of a complex 
corresponding to 39 is a special case of this gencral scheme where 
the displaced group is a nitro group. I n  fact, intermediates corres- 
ponding to 39 for a variety of halogen substituents can be observed 
in basic DMSO solutionloo, and it may be possible to investigate 
their possible role in the reaction mechanism. 

C. Investigation of Attack by OR-  and OH- leading t o  the Formation of 
Intermediates 

Under certain conditions, attack by hydroxide or alkoxide ions 
can lead to the formation of intermediates in large enough concen- 
tration for their detection, characterization and possibly isola- 
tionE8, lo7. This is achieved if the two-stage mechanism is stopped 
at  the intermediate complex, effectively making the substitution 
reaction an  equilibrium reaction involving the reactants and inter- 
mediate complex. T h e  two common methods are (a) by the direct 
attack of alkoxide or hydroxide ion on  an ‘unsubstituted’ nitro- 
aroinatic, where further reaction of the intermediate involves the 
energetically unfavourahlc elimination of H- and the reaction effec- 
tively stops at this point and (b) by attack of alkoxide ion on a nitro- 
anisole so that the complex is symmetrical with respect to both the 
attached groups, and any subsequent reaction must lead to the 
formation of the original reactants. Equilibria established under 
conditions (a) or (b) above, are then altered in favour of the complex 
by the use of dipolar aprotic sohvents such as dimethyl sulphoxide 
or dimethylformamide. 

1. Attack on nitro- and polynitro-aromatics 
a. Attack on 1,3,5-trinitrobenzene*. The interaction between TNB and 

alkoxides was investigated by several authors108-ll1 before the end 
of the last century. I n  1895 Lobry de Bruyn and Van Leent108c 
described the isolation of a solid complex by the action of KOH on 

* Hereafter referred to as TNB. 
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a methanolic solution of TNB. Similar observations were made 
by other workers1099 ll". De Bruyn showed that i t  was formed 
only in the presence of alcohol and had the empirical formula 
C,H,(NO,) ,.CH30K. The formulation 40 was suggestcd by analogy 

with the suggestions of kIeisenheimer for thc corresponding complcx 
with trinitroanisole (see on). More recently, the visible1', and 
infraredll3 spectra of this complex have been shown to correspond 
closely to thosc of thc dialkoxy Meisenheimer compounds. A very 
elegant confirmation that the compound has structure 40 was given 
by Crampton and Gold'14. The three equivalent protons in  TNE 
give rise to a single sharp absorption at  6 = -9-21 in DMSO 
solution, but the isclated product fiom the action of methanolic 
KOH on TNB shows two absorptions; a doublet at  B = -8.42 of 
relative intensity 2 ( J -  1 cps) and a triplet at  6 = -6.14 or 
relative intensity 1. These are in excellent agreement with those 
expected from Ha and H, respectively in 40. The large upfield shift 
in the resonance ascribed to H, is caused by the change from spz to 
sp3 hybridization in the ring carbon atom, and chemical shifts in the 
range 6 = -6.0 to -6.5 are characteristic of this environment'0'. 
A product analogous to 40 is formed by the action of ethoxide ion 
on TNB1l5. Solutions of 40 undergo very facile exchange reactions 
with ketoiies115~ llG, amines 117 and aliphatic nitro compoundsll8 to 
form the corresponding compounds 41 (R = CXYCOR', NR'R", 
CXYNO, respectively) by trcatment of a DMSO solution of 40 
with thc reacting species. N.m.r. measurements havc also been made 
on the 'in situ' formation of 40. If increasing amounts of methoxide 
are added to a solution of TNB in DMSO, the n.m.r. spectrum shows 
first the formation of 401159 119y lZo, followed by changcs at higher 
methoxide concentrations which may be indicativells. l m  of the 
formation of 42. 

Quantitative spectrophotometric studies havc been made on the 
interaction between TNB and alkoxides in alcoholic solution1211 1 2 2 .  

Gold and Rochester found a value of K = 15 1 In-1 for the equili- 
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H OCH, 

N 0 2  

91 

(42) 

brium constant at 28". Caldin and co-workcrsi29 studicd the rate 
of formatioii of the ethoxy analogue of 40 and the rate of its dccom- 
position by acids between -70" and -100°C. They found the 
activation energies for the forward and back reactions to be very 
similar, indicating considerable stability for the complex. At high 
ratios of alkoxide to TNB it has becn suggested that complexes of 
stoichiometry 2: 1 and 3 :  1 are formedl23* lZ4. Solutions of 40 in 
methanol are known to be unstable108~ 191* 124-12(i, a slow irreversible 
reaction yielding mainly 3,5-dinitroanisole and nitrite ion taking 
place. The reaction is first-order in the coinplex 40i91 but this does 
not necessarily mean that it is an interrnediatc in  the reaction. The 
reaction would seem to proceed through a t r ~ ~ ~ ~ i t i o n  state (43). Such a 

N 0 2  

(43) 
Transifion sfate 

species would have a wry low stability, as thcrc could be no dclocali- 
zation of the negative charge by the nitro groups by a mesomeric 
effect, and it must be emphasized that no evidence has been found 
for a stable species corresponding to 43 in any system. 

Attack by hydroxide ioii on T N B  in DMSO solution yields 

H OH 02N.yJ$02 H OH 0"-f3N02 H OH 

i l  

i44) (45) (46) 

441193 The n.m.r. spectrum of 44 is very similar to that of 40, 
showing absorptions of 6 = -8.2, (id. intens. 2) and 6 = -6.1, 
(rel. intens. 1). Compound 44 can also he made by treating a DMSO 

H - 
02N.QN02 -. -- *. OH HO H, OH 

Noz N 0 2  NO2 
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solution of 40 with H,01?7, giving an equilibrium mixture of 40 
and 44*. Compound 44 can be isolated as its sodium salt in quanti- 
tative yield by addition of a large excess of H,O to a DMSO solution 
of 40. The U.V. and i.r. spectra of 40 and 44 are very similar, and 
44 undergoes all the replacement reactions described above for 40. 

The formation of 44 by the action of aqueous alkali on TNB has 
been investigatcd spectrophotometrically by several ~ o r k e r s ~ ~ 8 - ~ ~ ~ .  
General agreement is found with an equilibrium constant of 
K N 2.7 1 m-1 when determined spectrophotometrically, but this 
differs greatly from the value of347 1 m-l found by a polarographic 
method135. At high ratios of hydroxide ion to TNB, it has been 
suggested that complexes 45 and 46 are 135. Again, 
solutiom of complex 44 are unstable, s!owly yielding 3,5-dinitro- 
phenol and nitrite ion with traces of 3,5,3',5'-tetranitroazoxy- 
benzene. Gold and l3" found the reaction to be light- 
sensitive, the apparent quantum yield increasing with the concen- 
tration of hydroxide ion and the rate being dependent on thc wave- 
length of light used, the excitation causing reaction being at  the 
longest wavelength absorption of the complex 44. These observations 
suggest strongly that 44 is in fact involved in the reaction which 
presumably proceeds via a transition state analogous to 43. 

Another reaction which probably involves intermediates analogous 
to 44 is the alkaline oxidation of nitro compounds to nitro phenol^'^^. 
Thus trinitrobenzene is oxidized to picric acid when boiled with 
alkaline potassium ferrocyanide (equation 47). 

H OH O-(H) 

O z N q  ""'%""QN02 P 

K,Fe(CN), [OI , 0 2 N + j N O ~  (41 ) _ .  . .. 

NO2 NO2 NO* 
(44) 

The reaction can be formulated as involving the oxidation of the 
intermediate 44. Apart from differences in formal charge, (equation 
(47) is aflalogous to reaction scheme (86) suggested for the alkaline 
oxidation of pyridinium ions to pyridones in section VI .B. 1. 

b. Attack on other nitroarornatics. I n  basic DMSO solution, 1,3-dinitro- 
benzene undergoes isotopic exchange, mainly in the 2-position. Thc 

* In fact, the spectrum of 44 formed by reaction of 40 with traces of H,O in 
DMSO solution was wrongly assigned a structurc involving attack by the DMS0115. 
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solutions also show a characteristic red colouration. From a detailed 
examination of the kinetics ol' the metlioxide-induced tritium ex- 
change in DMSO solution, Crampon and Gold137 concluded that 
the colour-producing species WZE Rot 47 fixmed by proton abstrac- 

N 0, 

(47) 
NO, 

(49) 

tion, a possibility considercd by Pollitt and S a u i i d e ~ s ~ ~ ~ ,  but was 
due to a complex of dinitrobcnzene which was inactive in the 
tritium exchange. These properties would be expected from the 
adduct 48'". The formulation of the adduct as 48 rather than 49, 
whcre attack has taken place between the two nitro groups, is sug- 
gested by the close correspondence of rhe visible spectrum 
(Amnx = 576 mp) compared to that of the corresponding compound 
from 2,6-dinitroanisole (Amnx = 584 m p )  . However, several workers 
have tried without success to measure the n.m.r. spectrum of 48. 
The difficulty is a t  least partly caused by the extreme ease with 
which anion-radicals arc formed in this ~ystem13~. These can ex- 
change with the urireacted dinitrobenzene and through this possibly 
affect the spectrum of the adduct. This effect is greatly reduced when 
the dinitrobenzene is present in relatively low concentration, so 
that as large a proportion as possible is present in the form of 
the adductlOG. The n.m.r. spectrum is consistent with the formu- 
lation 48 with H,, 6 = -8.36; H,, 6 = -5-43; H,, 6 = -5.35, 
J2 ,3  = 10 cps and J3,,, = 4.5 cps, in good agreement with the 
corresponding acetone adduct which has recently been reportedl4O, 
but it is inconsistent with the formulation 49 which would show oiily 
the thrce multiplets of an AB,X spectrum. 

Investigations have also been carried out on 1,3-dinitrobenzene 
systems which contain an electronegative group in the 5-position, 
making them more analogous to the case of 1,3,5-trinitrobenzene. 
However, there are now two possibilities for attack, namely 50 
and 51. Pollitt and Saunders141 noted that the visible absorption 
spectra of a number of 1,3-dinitro-5-X-benzenes in DMSO solution 
in the presence of certain nucleophilcs showed a series of two absorp- 
tion maxima, and concluded that species analogous to both 50 and 
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H OR(OH) 

N 0 2  No, 
(50) (5% 1 

51 werc prcscnt, each giving rise to a single absorption maximum. 
However, complex 40 formed from TNB where only one isomer is 
possible shows two maxima, and n.m.r. measurements 1 4 2  on 3,5- 
dinitrobenzonitrile and 3,5-dinitrobenzotrifuoride show only ab- 
sorptions ivhich can be attributed to complexes 50 (X = CN and 
X = CF, respectively) (Table 8). A similar situation is found with 

TABLE 8. N.1n.r. chemical shift parameters (-6, ppm) for the ring proton 
absorptions of complexes of gcneral formula 50 in DMSO solution. 

OCH, 8.42 8.42 6.14 
1 2 7  OH 8.20 8.20 6-15 
CN142 OCH, 8.08 7.35 5.40 

OH 8.2 1 7.52 5.50 

OH 8.15 7.3 1 too weak 
CF,Ia2 OCH, 8.02 7.13 5.44 

H ’ O G  OCH, 8.36 6.96 5.35 
(3 = - 5 4 )  

3,5-dinitropyridine (scction VI) . However, although the non- 
observation of species rules out the possibility that they contribute 
to the absorption it does not exclude the possibility that they are 
formed in the initial attack aiid then isomerize very quickly to the 
more stable isomers (50).  

N.m.r. studies suggest that stable adducts are also formed in 
nitropolycyclic aromatics143. Thus 9-nitroanthracene adds one 
equivalcnt of methoxide ion in DMSO solution to form L-he adduct 
52, and 1,3-dinitroiiaphtlialeiie sixnilarly gives 53. The adducts 52 

H OCH, H OCH, 

I -  

N 0, NO, 

(52) (53) 
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and 53 again undergo all the replacement rcactions described in 
section 1V.C. 1 a for the methoxy-adduct of TNB. 

c. dttack on 4,6-dinitroDen~ofuroxan. The formation of salts by the 
action of hydroxides on 4,5-dinitrobenzofuroxan (54) was described 
by D r ~ s t l ~ ~  in 1894, and investigated by several early w ~ r k e r s l ~ ~ - l ~ ' .  
Drost considered that a compound such as 55 was formed by proton 
abstraction (a similar suggestion had been made in the case of 
TNBloO). Jackson and Ear1clS3a suggested a structure of type 56 or 
57 involving attack by the basc. Recently, the simultaneous publica- 
tion of results from three different research groups has unam- 
biguously determined the structure of the species formedl48-l6O. 
Thus no deuterium incorporation was found 148-1s0 on treating the 

0- 
(54) 

0- 
(55) 

potassium salt with D,SO,, eliininating structures of type 55, and 
no 1 8 0  exchange with 180H, 150, eliminating structures of type 58 
where the heterocyclic ring has opened. The n.m.r. s p e ~ t r u r n ~ ~ ~ - ~ ~ O  
of the salt formed by hydroxide addition shows doublet absorptions 

0 0- 

(56) (57) (58) 

a t  6 = -8-73 and 6 = -5.94- in agreement with structure 56 o r  
57, but does not differentiate between them. However, Brown and 
Keys148 synthesized the 4,6-dinitrobenzofuroxaii with 50% deuter- 
ium in position 5. The n.m.r. spectrum of the hydroxide salt from 
this substrate shows a decrease in the low field absorption, hence 
H, is not attached to the sfi3 carbon atom, and the salt must have 
structure 56. 

2. Attack on nitro- and polynitro-anisoles 
a. Attack on trinitronnisole* atid l~omologues. The interaction between 
*Referred to as TNA. 
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TNA and alkoxide ions is one of the most amenable systems and has 
been the subject of intensive study from the early investigations of 
h.leisenheimer151 and Jackson and c o - w o r k e r ~ ~ ~ 2 ~  153 up to the 
present day. I n  an early definitive study'", Meiseiiheimer isolated 
red solid salts by treating trinitroanisole with potassium ethoxidc 
and trinitrophenetole with potassium methoxide. Both salts gave 
the same mixture of trinitroanisole and trinitrophenetole on treat- 
ment with mineral acid, and Meisenheimer concluded that they 
were in  fact identical and had structure 59*, representing the reac- 
tion as (48). 

OCH, CH,O OCH2CH3 

02N@No2 -0c";:":. - o " ' ~ N o '  - -OCH, . 02N 6''; (48) 

-_. H+ 

NO2 NO2 NO2 
(59) 

More recent work has complctcly vindicated Mcisenheimer's 
formulation, and complexes of this type are often referred to as 
'Meisenheimer complexes' (or adducts, or salts). Compounds of the 
general type 60 have several chxacteristic properties. The absorp- 
tion spectra show two maxima in the visible region a t  ca 420 mp 

RO OR' "yq -.. .*- NO2 

N 0 2  

(60) 

and 500 mp due to the trinitrocyclopcntadicnide rcsiduc j 4 - 1 5 6  

(Table 9, Figure 3) .  There is little variation within a series, and the 
absorption may be considered characteristic of these systems. I n  fact, 
the spectra of the differcnt compounds are so similar that the obser- 
vation of identical U.V. spectra from the two adducts originally 
isolated by Meisenheimcr is not proof that they are identical, as 
has been suggested, since the other possibility, that an equimolar 
mixture of 60 (R = R' = CH,) and 60 (R = R' = Et) is formed, 
would in fact give rise to an identical absorption spectrum (Table 9). 

:F Although formulated slightly differently with the charge localized on one 
nitro group. 
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FIGURE 3. U.v.-visible absorption spectrum of compound 
60 (OR = OR' = OCH,) in acetone solution. 

The solid complexes also show characteristic i.r. spectra157~ 158 which 
ape quite different from those of the parent ethers, and are in agree- 
ment with the general formulation 60. 'Thus, the increased negative 
charge on the nitro groups leads to a lowering of the N-0 stretch- 
ing frequencies from 1552 cm-' to 1513 or 1489 cm-l on complex 

TABLE 9. U.V. spectral parameters of compounds of general formula 60 in acetone 
solution. 

2.1 E l  3.2 E l  
OR OR' (mp) (1 m-1 cm-1) (mp) (1 m-: cm-1 ) Rcf. 

OCH, OCH, 420 29,000 494 19,000 169 
OCN, OCH,CH, 421 29,000 495 19,000 169 
OCH2CH, OCH,CH, 422 30,000 495 19,000 169 

OCH,CH,O 414 30,500 490 22,200 160 

formation. There is also a strong broad absorption between 
1040 cm-l and 1225 cm-l. Data on the crystal structures of the 
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caesium and potassium salts of 60 (R =; R’ -L= CH,CI-I,) have 
been prcsciited l f I 3 .  

A very direct dcmoiistratioii or the covalcnt iiaturc of thcsc com- 
pounds and the essential corrcctness of formulation 60 is obtained 
from the n.m.r. spectra of the isolated compounds150-1G1 . Thus the 
complex 60 (R = R‘ = CH,) shows only two sharp absorptions at 
S = -8.64 (rel. intens. 1) and 6 = -3.03 (rel. intens. 3). The 
relative iiitensitics are in agreemcnt with structure 60 in which both 
the two methoxyl groups and the two ring protons are equivalent. 
The methyl proton resonance occurs a t  a value corresponding to that 
of an aliphatic ether rather than an aromatic ethcr which would 
absorb 6 = -4.0 indicating the change in hybridization a t  the 
carbon atom to which it is attached. Thc position of the ring 
proton resonance is cliaracteristic107 of the trinitrocyclopentadienide 
system. Similarly, the ‘spiro’ compound 61 l o o p  162 shows only a 
single sharp absorption for the dioxolan ring protonsloo indicat- 

0 0  
n 

OZN +Q. - 0 2 

*. . . : 

NO2 

(61 1 

ing the equivalence expected froni structure 61. Many investi- 
gations by n.m.r. have also becn carried out on complexes gen- 

ethers. The most incisivc are those of S e r v i ~ ~ ~ ~ ’  lG5. The addition of 
sodium methoxide to a solution of TNA in dimethyl sulphoxide 
causes the disappearance of the TNA resonances and the appearance 
of two doublets of equal intensity at B = -6-17 and 6 = -8.42 
( J  - 2 cps) and a sharp resonance at 6 = -8-90 (Figure 4). With 
time, the single resonance incrcases in intensity at  the expense of the 
two doublet absorptions until these eventually disappear. The single 
resonance corresponds to the ring proton absorption in 62, and 
Servis accounted for the spectral changes in terms of initial attack 
by methoxide ion at the unsubstituted 3-position to yield 63 which 
then isomerizes to give :he thermodynamically more stable isomer 
(62) as in equation (49). The resonance at S = -6.17 ascribed to 
H, in 62 occurs at  a position characteristic of protons attached to 
sp3 hybridized carbon atcms in these systems. Since thcn, similar 

erated in Situ11:, l l G ,  119 ,  1‘3, 159, 1 0 1 - - 1 G G  from the parelit picry1 
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OCH, CH,O OCH, 
O 2 N q N o 2  -OCH, ~ O,N+ OH ._-,_ ... NO2 OyJOZ 

(49) OCH, - ...- '. a. 

NO2 NO2 NO* 
(63) (62) . 

! 

observations have been madc on complexcs from 1,3-dirnethoxy- 
2,4,6-trinitroben~ene~~~ and other systems (see bclow), and it appears 
that isomerizations of this type may be quite general. Ainscough 
and CaldinlG7* lri8 had investigated thc kinetics of the attack by 
-OC,H, on TN-4 at low temperatures, and found two kinetic pro- 
cesses; a very fast initial reaction, and then a relatively slow rcaction 
to form 60 (R = CH,, R' = C2H,. The initial fast reaction was 
interpretedlG7* lG8  as the formation of a charge-transfer or ion- 
dipole complex, but the absorption spectrum at low temperatures is 
characteristic of a Meisenheimer compound170, and S e r v i ~ ' ~ ~  has 
pointed out that the results are in accord with equation (49). 

Investigations of the interaction using U.V. spectroscopy have been 
made by several workers' 00-172. At high concentrations of methoxide 
ion in methanol solution, picryl ethers show an alteration in the 
visible absorption spectrum, which is attributedlGO to the presence 
of 1 : 2 and 1 : 3 complexes. (There is n.m.r. evidence'65 for the 
formation of a 1 : 2 compkx in the case of TNA + -OCH3.) The 
spectrum becomes that of a normal 1 : 1 hleisenheimer compound 
on dilution, and acidification of fresh solutions yields the picryl 
ether. On standing, irreversible changes take placels9. 

Estimates for the equilibrium constant for the formation of the 
1 :  1 complex of trinitroanisole and methoxide ion in methanol 
solution (equation 50) vary considerably, Abe' and co-workers 
report a value of K = 2.26 x lo3 1 m-l and s(410 mp) = 3.45 x lo4 
cmz m-1 and Gold and Rochester170 report values of K = 7.70 x lo3 
1 m-1 and (i' = 2.42 x lo4 cmz m-l. The latter value receives 
support from the values of the extinction coefficients quoted by 
other workerslGGI lG9. Fendler and c o - w o r k e r ~ ~ ~ ~  report a value of 
K = 1.7 x lo4 1 m-l, but note that, a t  methoxide concentrations of 

k i  
K+OCH 3- + TNA +TNA. OCH 3-K+ 

k-1 
1 0 - 2  M, the effect of increasing methoxide concentration is to in- 
crease k, and hence K*, so that differences in the values found by 

* A similar effect was found by B e r n a ~ c o n i ~ ' ~  in the action of methoxide on 
2,4-dinitroan isole. 
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various worlccrs may be due to differences in concentration ranges. 
All the values are, however, very much larger than the value 
found for the attack of methoxide ion on trinitrobenzene (sec- 
tion IV. 1 a above). i n  this system, the isomerization equilibrium 
found by Servis for TNA cannot occur, and the much larger equil- 
ibrium constant in the latter system may be due to the measure- 
ment being of two consecutive equilibria. The equilibrium has 
also been investigated by measurement of the methoxide-cata- 
lysed loss of 13C from 2,4,6-(N0,)3C,H,013CH, 174. The rate- 
determining step in the isotopic exchange was found to be the uni- 
molecular heterolysis of the complex, rather than the bimolecular 
formation of it, indicating that the complex is more stable than the 
starting ether, in agreement with the thermodynamic results from 

FIGURE 5. Energy profilc for ihe ;taction of TNA with mctiwsidc ion in 
mcthanol solution. 

optical measurements. (The technique of isotopic labelling has also 
been employed by Gitis and co-workers175, but no equilibrium or 
rate measurements were made.) 

There is general agreement between the thermodynamic para- 
meters obtained from a whole variety of methods (Table 10, 
Figure 5). The main feature is that the complex formed is in fact 
not only stable, but more stable than the original substrate, by 
2-7 kcal/mole. 

Solutions of trinitroanisole in the presence of methoxidc are un- 
stable when irradiated at  the wavelength of the absorption of the 
1 : 1 complcx, reacting by loss of a nitro groupl76. 
6. Attack on dinitro- and substituted dinitroanisoles. From both intuitive 

and theoretical177 points of view, complexes from dinitroanisoles 
might lie expected to be less stable than the trinitro-analogues. 
Although this has been verified experimentally, in fact it has still 
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TABLE 10. Thcrrnodynamic pararnctcrs (kcal molc-l) for the attack of inctli- 
oside: ion on TNA in methanol solution (Figure 5) as detcirr;iiicd by various 

methods. 

Systcin Mcthod E,  A H  Ref. 

T N A  + OEt- low T. 13 kcal - - 167, 168 

TNA + OCH,- U.V. 10.0 12.0 -2.0 171. 
TNA + OCH,- OWH, 120 19.4 -7.15 1 74 
TNA + OCH,- U.V. 13.5 19.0 -5.5 172 
TNA + OCH,- Miller 14.0 16.0 -2.0 203 

kin. (u.v.) 

Not determined directly; valuc by subtraction. 

been possible to observe and verify the structure of a large number of 
these compounds. Pollitt and Saunclers141 investigated the optical 
absorption spectra of a series of 2,6-dinitro-4-X-anisoles and 2,4- 
dinitro-6-X-anisoles. By analogy with the trinitro-derivatives, they 
concluded that the complexes formed were of the structures 64 
and 65. 

There is also a close correspoiidciicc between the absorptions of 
the adduct of 2,4,-dinitroanisole and methoxide ion of suggested 
structure 64 and that of 1-(2'-hydroxyethoxy)-2,4-dinitrobenzene 
where it is that the spirocompound 66 is formed. Measure- 

n n 

NO2 

(66) (67) 

ments of the n.m.r. spectrum of' 64 generated in situ in DiMSO 
soiution by the addition of sodium metlioxide fillly support the 
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structure suggested by Pollitt and Sauncicrs. 'i'he ring proton absorp- 

Tlicre is (Table 11) a close similarity between the different homo- 

Tmm 11. N.m.r. absorptions (-0, ppm) of ring protom of o-complcrcs of 
dinitrophenyl ethers in DMSO solution. 

Structure OR OR' HLX H, H, Rcf. 

tions occur at  6 = -8-52, H a ;  6 = -7.90, H B ; 6 = -5.36, H Y' 

2,4-dinitroanisolc OCII, - 8.75 8.57 7.64 
64 OCH, OCH, 8.68 7.26 5.09 107, 143, 119 
64 OCH, OCH,CH, 8.70 7-20 5.10 107, 143, 119 
64 OCH,CH, OCH,CH, 8.68 7.19 5-10 107, 143 
66 OCH,CH,O 8.52 6.90 5.36 107, 143, 180, 

181 

2,6-dinitroanisolc OCH, - 8.31 7.58 - 
65 OCH, OCH, 7.93 5.02 - 107, 143 
65 OCH, OCH,CH, 7.84 4.98 - 107, 143 
67 OCH,CH,O 7.67 5.09 - 107, 143, 180, 

181 

logues of 64 and the spiro compound 66, confirming thc assignment. 
Similarly, complex 65 can be generated by the addition of 

methoxicle ion to DMSO solutions of 2,6-dinitroanisole. The ring 
protons give rise to an AX, system consistent with formulation 65. 
The resonances occur at  6 = -5.02, H, and 6 = -7.93, Ha,  with 
J,Ia-lI, = 8 cps, the large upfield shift in H, occurring because it 
is nzeta to both nitro groups. Again (Table 1 l) ,  the spectra of homo- 
logucs of 65 are very similar to those of the spiro compound 67, 
givirig added proof of the structure. In both cases, there is eventual 
decomposition to the dinitrophenate ion (this is truc to some extent 
for the picryl compounds also). This may be due to reaction with 
trace amounts of H,G in the DMSO solvent, but there is growing 
evidence188 that phenate ion formation can occur by an S,2 dis- 
placement on the methoxyl carbon atom (equatj.on 51), so that at 

least traces of phenate ions might be expected to be present in all 
solutions containing intermediates of these types*. Complexes of 

'9 An analogous displacement involving an amiiie is an alternative explanation 
of the rcsults of Servisl?" on the action of triethylaminc on TNA. 
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type 64 have also been isolated as solid compounds178~ 179. Origin- 
ally they were obtaiiicd in a mixture with the phmate ion and were 
considered ~ i i s t a b l e ~ 7 ~ ,  but recently Griffin and cc-workersl70 have 
isolated them in a pure form, and demonstrated that they show 
considerable stability. This stability has been estimated quantita- 
tively by several workers from kinetic investigations. The results are 
given in Table 12 and illustrated in Figure 6. Although experi- 
mentally difficult to estimate an accurate value of the equilibrium 

DNA + OCH; DNA + OCH3- 

FIGURE 6. Encrgy profile for the reaction of 2,6-dinitroanisolc with methoxide 
ion in methanol solution, 

TABLE 12. Thermodynamic parameters (kcal/mole) for the attack of niethoxidc 
iori on 2,4-dinitroanisole in methanol solution as determined by various methods. 

Method El E,  AH (kcal/molc) Ref. 

- 1 74 Isotopic ( 16.8) - 
eschangc 

Tcrnp. jump. ( I  6.1-1 6.8) ( 1  1 '20-1 3.0)' (5.6-3.1)" 173 
Miller 19.5 12.5 7.0 203 

0 Valuc dcpcndcnt on OCH,- conccntration. 

constant for complex formati0n1~~, it is thought to be several thousand 
times less than that for the corresponding complex from trinitro- 
anisole. Fendlerli4 found that the rate of complex formation was 
the rate-determining stcp in the methoxyl crchange of 13C-labelled 
2,4-dinitroanisole, indicating that, unlike the case of trinitroanisole, 
the complex was less stable than the substrate. The activation energy 
(E l )  for this process was found to be 16.8 kcal/mole. Using the 
'temperature-jump' technique, Be rna~con i '~~  found a value of 
11.8 & 0.5 kcal/mole for the decomposition (E2) of the complex, 



2. I\Tu~l~opliilic attack by hydroxide and alkosidc ions 105 

comparcd .with a value of 12.5 kcal/molc predicted by Miller (see 
beiow). 

Several workcrs have investigated the complex formation of 2- 
zyano-4,6-dinitroanisole (68) -184 and 4-cyano-2,6-dinitroanisole 
(69)1GG, 1 8 3 ,  18.1. 

NC , 6 N o z  ozN+ OCH, Noz 

NO* CN 

(68) (69) 

The 1i.m.r. spectrum of the stable isolated complex formed from 
2-cyano-4,6-dinitroanisole indicated that it had structure 70183-184, 
but Griffin and co-wor!iers183~ showed that a rearrangement 
similar to that found by Servis in the case of trinitroanisole took 
place, the thermodynamically less stable isomer (71) being formed 
first which then rearranged to 70 (equation 52). They found a 

OCH, OCH, CH,O OCH,, 

CH,O- N c *Q - ;oz -- >N c .Q - N 0, (52) 

*. -._.-- 
*: OCH, 

(71 1 (70) 

NO2 NO2 NO2 

similar rearrangement in the case of 4-cyano-2,6-dinitroanisole 
(equation 53), and were also able to isolate the complexes 70 and 72 
as stable solids. 

NcQNoz 

(68) 

OCH, CH,O OCH, 
.zN\+Noz - CH,)-+ O~N+$,;OZ - 

02N-Q f : -  I. . : NO, (53) 
*._.- .? OCH, 

CN CN CN 

(69) !73) (72) 

I n  a detailed examination of the kinetics of formation of 70 and 72 
compared with the corresponding complex 62 from trinitroanisole, 
Griffin and co-workers18J found that the replacement of a nitro by 
a cyano group in trinitroanisole caused a 6-5-fold decrease for 
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replaccment in thc 2-position. These parallel csactly the relative 
activating eflects found for orllio- a i d  para-nitro groups in the 
methoxydechlorinatio~i of nitrochlorobenzencsl80. N.m.r. invcstiga- 
t ioii~' .*~ of the addition or mctlioxide ion to a solution of 9-nitro-10- 
methoxyanthracene confirm the suggestion of Pdeisenheimerl51 that 
attack takes placc at the 10-position to yield the complex 74. 
Similarly, attack takes place at  the 1-position in l-methoxy-2,4- 
ciixiitronaplithalene to yield the complcx 75l"3, The corrcspond- 

CH,O OCH, CH,O OCH, 

033 - 

@NO2 **. . a  *-. - 
- *  . I  

'.. <. ... ,.a .. _: 
.* . .  . .  . 

NO2 NO2 

(74) (75) 

ing spiro compounds to 74 l 8 7  and 75 18% can also be made. 
Measurements on the kinetics of the formation of 75 in methanol 
solution indicate that the complex is more stable than the anisole 
substratel86. The presence of the second aromatic ring causes an 
increase of approximately 250 times in the equilibrium constant 
for the formation of the complex compared with the analogous com- 
plex of 2,4-dinitroanisole, although the complex is still considerably 
less stable than the corresponding complex from trinitroanisole. 
The activation energy for the fcrmation of 75 is 13.8 kcal/moie186 
which is -3 kcal/mole less than that found1731 174 for the complex 
from 2,4-dinitroanisole and reflects exactly the trend found for 
methoxy-dechlorinations of nitrochlorobenzenes and  naphthalene^'^^. 

3. Relation of the observation of intermediates t o  the mechanism 
of substitution reactions 

I n  general, intermediates of the general type above which are 
postulated in the two-stage mechanism are not normally observed 
(as judged by colour formation) in normal replacement reactions 
involving hydroxide or alkoxide ioiis. As has been 88, 

there is no direct logical connexion between the observation of inter- 
mediates in equilibrium processes as described above and their 
possible participation in kinetically controlled substitution reactions, 
and any inferences must be made with caution. However, even if 
one were able to detect the intermediates in these reactions, and 
determine kinetically that the reaction was first-order with respect 
to the intermediate, the concentration of the interrncdiate could be 
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re-expresscd in terms of those of the reactants using the first equili- 
brium, aiid the participation of the intermediate in the reaction 
would always be an inference (however reasonable). 

The general acceptance of the two-stage mechanism has been 
effected to some extent by the observation of intermediates of the 
same structural type and electronic configuration as those postulated 
in the S&r2 mechanism. This ‘association’ of the two has become 
somewhat more valid in recent years with the observation and 
characterization of intermediates from less activated substrates as dis- 
cussed above, and the parallels found in the trends shown by the 
activation eiiergies for complex formation and replacement reactions 
for similar changes in substrate. Also the work of Miller (see below) 
has included both processes in a general treatment with considerable 
success. 

One promising possibility in the future may be the observation of 
intermediates in low concentrations and short lifetimes during re- 
actions by use of pulsed n.m.r. and flow systems. 

D. Theoretical Approaches 

Several authorsl~O-zOO~ have performed molecular orbital cal- 
culations to obtain parameters which can be related to the structure 
and reactivity of thc transition states and intermediate complexes 
of these substitution reactions. Most calculations employ thc 
‘Wheland model’lYO for the intermediate 76 where the structurc of 
the intermediate is that discussed in section C above. 

The carbon atom a t  the point of attack is removed from the 
calculation, only the residue (shown in dark lines) and any groups 
attached to it contributing to the n-electron encrgy of the system. 

Caveng aiid ZolIixiger191 have employed this model and method 
of calculation to calculate n-electron densities in a whole series of 
intermediates formed from polynitroanisoles aiid the parent sub- 
strates, and  have compared their results with those of the n.m.r. 
studies discussed in section C. Their calculations suggest that the 
negative charge in these complexes is inostly localized on the nitro 
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groups, and that there is relativcly littlc increase in thc n-electron 
density a t  the ring carbon atoms, a slight decreaJe being found in 
some cases. 

Very recently, howevcr, Hosoya, Hosoya and Nagakuras.14 have 
disagreed with both the results and the method of calculation used 
in this study. They consider that nitro compounds are beyond the 
limit of the HMO treatment, and have calculated the n-electron 
structures of the 1,3,5-trinitro-, 1,3-dinitro-, 1,5-dinitro-, 2,4-dinitro-, 
and 3-nitro-pentadienyl anions by thc 'method of composite mole- 
cules'. I n  this method, the electronic structure of the substituted 
pentadienyl anion is considered in terms of charge-transfcr inter- 
action between the MOs of the pcntadienyl anion and those of the 
nitro groups. A 'Pariser-Parr-Pople' type self-consistent ficld mole- 
cular orbital calculation with configuration interaction was also 
made for the 1,3,5-trinitropentadienyl anion for purposes of com- 
parison. I n  contrast to thc results of Caveng and Zollingerlg', they 
found that both methods predicted L nct negative charge in the 
ring in the 1,3,5-trinitropentadienyl complex. The electronic tran- 
sitions of the anions were considered as due to charge-transfer from 
the pentadienyl group to the nitro group, and the calculated values 
of both the transition energjes and the extinction coefficients were 
in good agreement with available cxperimental values. 

One very iniportant aspect considered by Caveng and Zollinger, 
but often neglected in calculations, is the possibility of distortion of 
the orh-nitro groups from the plane of the ring, thus lessening their 
capacity for delocalizing the negative charge. In fact, molecular 
models indicate that steric interactionsl66 can occur, and this will 
affect the substrate, transition states and intermediate complex. 
The nm-coplanarity of the nitro groups with thc ring can in fact 
be introduced very simply into the HMO calculation, and Caveng 
and ZollingerlS1 performed their calculations for rotations of the 
nitro group from the plane of the ring of 0", 30" and 60" in cases 
where distortion was possible. 

Direct estimates of this distortion can now be made in the picryl 
series from the recently published X-ray structures of trinitrophene- 
tole102 and its ethoxy complex (62)1S3. I n  the case of the adduct 
62 no significant distortioris of the two ortho-nitro groups were 
foundl03, and steric interaction in the case of tlic intermediate must 
be minimal. However, very considerable steric interactions were 
indicated in trinitrophenetole, the two oriho-nitro groups being ro- 
tated by 30" and GO" from the plane of the aromatic ringlg2. Since the 
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structure of the transition state will lie somewhere between these 
two extremes the possibility of distortion by steric interactions in 
this case will remain, to somc extcnt at least, an unknown factor in 
calculations. 

Correlation of parameters from molecular orbital calculations with 
activation energies from kinctic measurements is not so direct, how- 
ever, as the MO calculations are based on a Wheland type struc- 
ture which represents an intermediate, and the kinetic parameters 
depend on the energy of a transition state. The justification for this 
approach will depend on how closely the structure of the transition 
state resembles that of the intermediatc complex*. ?‘he activation 
energy calculated (E310) is related to the difference in atom 
localization energies (A,) of the substrate and intermediate (equa- 
tion 54). The term A includes differences in solvation er,ergies ofthe 

substrate and intermediate. Equation (54) also assumes that A S  is 
a constant. 

M ~ r t o ’ ~ ~  found reasonable agreement using this niethod of calcu- 
lation with the experimentally determined activation energies for a 
series of methoxydehalogenations of nitrohaloaromatics. He also 
found a correlation between the logarithm of the rate constants and 
the electron densities a t  the porition of substitution, indicating the 
importance of the charge density as a rate-determining factor in the 
reactions considered. Abc177 has used thc same model introducing a 
‘reaction parameter’ by which the values of the resonance integrals 
can be changed during the cbrlrse of substitution. His results suggest 
that Meisenheimer intermediates are more easily formed, and are 
more stable, with increasing number of nitro groups, in agreement 
with the trend found experimentally (section C). However, where 
direct comparisons can be made with experimental results, thc agree- 
ment is only qualitative. 

An alternative to the Wheland reprcsentation has been given by 
Simonetta and Carra 1959 19G as an extension of their treatment of 
tlic Fritsch rearrangement reactionl”. I n  this representation, the sp3 
hybridized carbon atom and its substituents are not removed from 
the calculation, and the leaving and attacking groups (e.g.  CI and 
-0CHJ are considered together as a ‘pseudo atom’. The orbitals 
of th,: oxygen and chlorine atoms of these groups can be combined 

En10 = AnAc + (54) 

* Some guide to thc validity of this approsirnation is givcn in thc calculations 
of Miller (sec below). 
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togcther to give a bonding orbital, rescmhling a (T orbital, whkh is 
symmctric with respect to the plaiic of thc ring (equation 55a), 

(55a) 
and an antibonding orbital which is antisymmetric with respect to 
the plane of the ring, resembling a Ti orbital yzI (equation 55b). 

Y n  = ( 1 /d% (Y’Cl - ?/44 (55b) 

The ‘sigma’ orbital v,, can combine with the $2 orbital of the 
attached carbon atom (Figure 7a) and  the ‘n’ orbital with its p L  
orbital (Figure 7b). This model is much more flexible than the 

= (1 /d2) ( V C ,  3- yo) 

CI  + t CI 

(a) (b) 
FIGURE 7. Bonding and antibonding molccular orbitals of the ‘pseudo atom’ in 

Wheland one, in that the total bond order between the pseudo atom 
and the bonded carbon can be grcater than 1. In  fact the parameters 
for the pseudo atom are evaluated from some experimental results, 
and, in this sense, the calculations may be thought of as applying 
to a transition state, although it may be difficult to obtain a physical 
idea of this from the parameters found. Carra and Simonetta have 
applied this method to methoxy- and amino-dehalogenation re- 
actions of benzene and naphthalene derivatives’”, and have obtained 
excellent correlations between experimental activation energies and 
calculated values of LIE,. The agreement is considerably better than 
that obtained for the same reactions using either n-electron densities, 
oip the Whcland intermediate. Some idea of the relation of the 
transition state to the intermediate complex is given in the calcula- 
tions of NagakuralS8. From a consideration of the relative electron 
affinities and ionization potentials of substrate and reagents’g’, 
Naga kura formulated the substitution process within thc framework 
of the general theory of charge-transfer interactions introduced by 
Mullicken201. Thus the reaction is seen as a progressive transfer of 
chargc from the reagent to the substrate, and a larger contribution 

an aromatic nuckophilic substitution reaction. 
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of the charge-transfer form y ~ ~ . ~ -  to the total wavefunction vroT 
v)ToT = a 7/’1L-,s + b y)n.s- (56) 

(equation 56). In  this context, in the initial state, (I > b, and in the 
intermediate complex, b >> a. Tlie transition state is thought of as 
the point where there is almost equal contribution from both y ~ ~ ~ - , ~  

and y ~ ~ - ~ -  to the total wavefunction”2, and can be considered 
as the point where the whole system transfers from the no-bond to 
the charge-transfer structure. (A similar treztment has been given by 

for electrophilic aromatic substitution reactions.) 

II 

N+ Nf  Nf N+ 

/ \o- o- / \  o- -o / \  o- -o / \o 
0- 

,N< 
’0 0 

I II m lsc P 

FIGURE 8. Energy for a bimolecular nucleophilic substitution proceeding via a 
‘two-step’ mechanism. 

A different approach, and one which is of very wide applicability, 
is that developed by Miller and co-~orkers~0~-’O~. The reaction 
(e.g. between methoxide ion and p-nitrofluorobenzene below) is 
thought of as proceeding according to the two-stage mechanism via 
structures I-V (Figure 8) where 111 is the intermediate complex in 
the Wheland representation. The energy levels of the reactants and 
products relative to the intermediate complex (El and E2 in Figure 8) 
are calculated by taking into account changes in bonding, electron 
affinity, solvation and delocalization energies in the dissociation 
of the intermediate complex to either thc reactants or products203. 
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Where possible, known thermodynamic values are used foi these 
terms, but somc must be approximated to, and othcrs estimated. 
(See Ref.203 for a full discussion of the approximations involved.) 
At this stage in the calculation one has obtained the same informa- 
tion as from thc IlMO calculations based on the Wheland model for 
the intermediate. 

+zyyy$.5 
t 

-3.5 \ 

F CZH, 

@ B  

C 

FIGURE 9. Energy profiles for aromatic nucleophilic substitution reactions 
involving the intermediates shown; from the calculations of J. MillerZo3. 

However, as discussed above, the kinetically measured activation 
energies are EaCr! or in Figure 8. Miller203 has calculated the 
activation energies E, and E,  for the activation of the intermediate 
complex to the transition states for its decomposition by employing 
a semi-empirical correlation between yo bond-dissociation energies 
and the exothermicity of the dissociation reaction*. Thus E, will 

* Although semi-empirical, the correlation is not arbitrary. If one accepts a 
connexion between activation energies and reaction thermicity, the application 
in the range encountered in these reactions does not involve large errors. 
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be a percentage of the C-OCH, bond energy depending on the 
energy difference El, and E ,  a percentage of the C-F energy depend- 
ing on the energy difference E,. In  this way, the kinetic activation 
energies E,(,, and En(b) can be calculated. The approach is quite 
generally applicable to all substitution reactions for which the 
releva.nt bond-dissociation energies are known, and it would be quite 
reasonable to justify the method solely on the basis of being a general 
qualitative interprctation. However, in spite of the approximations 
invoived, the agreement between calculated and experimental activ- 
ation energies is extrernel_y good (e.g. Table 13). Some representative 
schemes are shown in Figure 9. I n  no case is the Wheland inter- 
mediate a very good represcntation of the encrgy of the transition 
state. Of special note is the case of the stable complex (case C>, 
discussed in secrion C. The method of' Miller provides a strong direct 
link between these observable intcrmediatcs, and the general kinetic 
case. 

The  generally very good zgreement with experimental activation 
energies provides justification not only for the method of calculation, 
but also for the model of the two-stage mechanism involvcd in it. 

TABLE 13. Comparison of experimental activation encrgics with va.lues calculated 
by the method of Millerzn3 for the methoxydehalogenation of some activated 

halobenzcnes". 

Substrate &,(calc.) (kcal) &(exp.) (kcal) Ref. 

1 -F-4-nitrobenzenc 
1 -Cl-4-nitrobenzene 
1 -I-4-nitrobenzcnc 
1 -I?-2,4-dinitrobenzcne 
1 -C1-2,4-dinitrobcnzene 
1 -1-2,4-dinitrobcnzenc 
I-F-2,4,6-trinitrobcnzenc 
1 -C1-2,4,6-trinitrohenzcne 

21 
24 
25 
15 
16.8 
19 
8 

11.6 

21 
24 
25 
13.5 
18 
19 
10.5 
13.5 

203 
203 
203 
203 
194 
203 
194 
194 

~ 

Sec also Tablcs 1 I ,  12. 

VI. ATTACK ON AZA-AROMATIC SYSTEMS 

A. Pyriciine and Homologues 
I. Kinetics and mechanism 
a. General. Nucleophilic substitution reactions in aza-aromatic 

systems proceed much more readily than in the corresponding ben- 
zene analogues owing to the activating effect of the ring nitrogen 
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atom. For cxample, 2- and 4-halopyridines react readily with alk- 
oxides to yield the corresponding alkoxypyridines208, and with 
hydroxide ion to yield the corresponding pyridoneszog. 

In  general, second-order kinetics (first-order in both alkoxide and 
substrate) are found, and the reactions arc usually discussed21°B 511 

in terms of the intermediate complex theory introduced by Bunnett 
for aromatic substitution (section V). Thus the reaction of 4-chloro- 
pyridine would be represented as in equation (57). 

However, despite the extensive investigations of Chapman and 
othcr workers, much of the internal kinetic evidence for the SNAr2 
mechanism proposed for aromatic systems is missing in the hetero- 
cyclic series, and discussions on nucleophilic heterocyclic substitu- 
tions 210$ 211 have relied heavily on mechanistic evidence from the 
benzenoid series. There is also a lack of kinetic data on the reaction 
of alkosides with simple aza-substrates. 

The discussion is restricted to consideration of the simpler nitrogen 
heterocycles, particularly pyridines, to make comparison with earlier 
sections as direct as possible (the facile hydration of polyaza- 
heterocycles has been reviewed2129 313). The main points of interest 
in the kinetic investigations, apart from the establishing of the bi- 
molecular nature of the reaction, have been thc quantitative investi- 
gation of the activating eflect of the aza-nitrogen, both a t  various 
positions in the ring system and compared with thc commonly used 
nitro activating group in the henzenclid series. 

b. Activating egkct of the aza group. The activating cffect of the aza- 
nitrogen has been investigated in simple pyridine systems of several 
autliors21"-21Gt 2 1 * - - 2 2 2 .  Some relevant data214-217 are given in 
Table 14. In  general, the activating effect in the 4-position is some- 
what larger than that in the 2-position, giving larger rates of reac- 
tion and smaller activation energies for the rcplacernent of halogens 
by alkoxide ions. The activation encrgies for halogen replacement in 
unactivated aromatic hydrccarbons are considcredlo5* 2 1 * I p  2 1 6  to be 
in excess of 30 kcal/mole, and the activating effect of the aza- 
nitrogen relative to the unsubstituted hydrocarbon is reflected in the 
Iower activation encrgies observed in these cases, t!ie introduction 
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of an  azine nitrogen lowering the activation energy by roughly 
10 kcal/mole. A direct comparison of the rates of reaction can be 
made in the case of 2-chloro-naphthalene where the introduction of 
an aza-nitrogen in the 1-position (to give 2-chloroquinoline) in- 
creases the rate of reaction with methoxide ion by a factor of 
6.9 x 109 and the introduction of an aza-nitrogen in the 3-position 
(to give 3-chloroisoquinoline) by a factor of 1.3 x lo5. Other, less 
direct, comparisons can be made by comparing the effect of the 
insertion of an  aza-nitrogcn at various positions in a substrate already 
activated by an aza or nitro group218-222". I n  general, the aza group 
gives a very large increase in reactivity compared with the corres- 
ponding hydrocarbon. The activation at  various positions is in tlie 
order para > ortho > meta. 

TABLE 14. Kinetic and thcrmodynamic parameters for thc alkoxydcchlorination 
of chloropyridincs. 

Substituen t Conditions I t  x 106 4l AS Ref. 
(1 m-l sec-1) (kcal mole-') (e.u.) 

2-c1 OMe-, MeOH, 50" 3.31 x 28.9 -5.3 217 
3-C1 OMc-, MeOH, 50" 1.09 x 10-j 32.9 -9.2 217 
4-C1 OMe-, hCeOH, 50" 8.9 x 10-1 25.2 -10.4 217 
2-c1 OEt-, EtOI-I, 20" 2.2 x lo-" 2 6 4  -9.2 214, 215 
4.-Cl OEt-, EtOH, 20" 8.7 x 10-2 20.9 -22.3 214, 216 

The activating effect of the aza-nitrogen is often compared with 
tlic effect of the nitro group in benzenoid systems, and the two are 
very similar both in the preferred activation of positions ortho and 
para to the group and also in the magnitude of their effect. 

Direct comparisons have been made in some simp!:: systems by 
several a ~ t h o r s ~ ~ ~ - ~ ~ ~ .  The relative ratios for alkoxydechlorination 
in the simplest systems are shown below, where X = N or C-NO,. 

10 15.1 8.4 
kz nitm 

k,,, 
conditions 90"/OEt- GO"/OEt- 60"/OEt- 
rcfcrencc 214, 224a 2!4, 224b 2 14; 224c 

C H C  E 
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A large amount of data is also available in systems containing more 
than one activating groupz25. Although the exact relation between 
the two groups will depend on both the substrate and nucleophile, 
some generalizations can be made. Firstly, the difference between 
the two groups is often within an order of magnitude which is a 
small difference compared with the very large effect of either relative 
to the unsubstituted aromatic hydrocarbon. Secondly, in reactions 
with alkoxide ions, the relative activating effect of NO, compared 
with N is larger in the ortho than in the para position. These observa- 
tions are in substantial agreement with the early qualitative study 
of Mangini and Frenguelli"3. 

2. Evidence for intermediate complexes 
The detection of intermediatcs in thc nucleophilic additions of 

alkoxides to activated substrates in the benzenoid series is considered 
an important piece of evidence in favour of the more general applic- 
ability of the two-stage mechanism for attack by alkoxides and 
hydroxides (section V). 

The large activating effect of the aza group compared both with 
the unsubstituted hydrocarbon and with the C-NO, grouping 
(section VI.A.l) could suggest that the stabilization of some inter- 
mediates iri the pyridine series might be high enough to allow for 
their detection. 

I n  the convcrsion of 2-chloro-3-cyano-6-methyl-5-nitropyridine 
(77) into the corresponding alkoxy compound (78), Mariella and 
Hyalik2,6 noted that an intense colour was produced. A similar 
observation was made by Fanta and Steinzz7 in the treatment of 
2-chloro-3-cyano-5-nitropyridine with methoxide ion. I n  further 

(77) (78) (79) 

studies Mariclla and co-workers22 * concluded that both 2-chloro 
and 2-alkoxy pyridines containing powcrful electron-attracting 
groups in the 3- and 5-positions reacted with bases to produce 
intense colours, and that a probable explanation was the formation 
of a quinoid system analogous to the benzene series, for example, 79, 
for the colour-producing species formed in the interaction of 77 with 
base. Although more recent research in the benzene series might 
suggest alternative explanations for some of their observations, the 
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essence of their conclusions is undoubtably correct, and more 
recently intermzdiates of this type have been characterized by the 
n.m.r.lsG~ 229*  230. The n.m.r. and U.V. spectral characteristics of 
these systems are collected .in Table 15. 

TABLE 15. N.m.r. and U.V. spectral parameters of pyridine a-intermediates in 
DMSO solution. 

Structure OR X €I,(--d)Hg(---6)Hy(--3) A,,,, (mp) Ref. 

80 OCH, H 6.08 8.30 8.62 487 229 
82a or 82b" OCH, NMe, 6.05 8.20 - 448 229 

OCH, OCH, 5.99 8.59 - 455 230 
83 OCH,CH,O H - a.35b - 462 229 
84 OCH, 1-1 - 8.78 - 455 230, 166 

0 -4ssignment can be made in terms of either structurc. 
b Multiplct centre. 

Thus the addition of sodium methoxide to a solution of 3,5-dinitro- 
pyridine in DiMSO gives a bright red colouration and causes the dis- 
appearance of the 3,5-dinitropyridine resonances at 0.27 and 0.86~ 
and the appearance of three new resonances of equal intensity 
at 1.38, 1-70 and 13.922 ascribable to the intermediate 80 
(3R = OCH,)229. The shift to higher fields has been found to be 
characteristic of the cyclopentadienide system, and the resonance 
at 3.922 ascribed to the hydrogen atom on the sp3 carbon atom is in 
good agreement with those found in benzenoid aromatic systems 
(section V). There is no evidence for the formation of the second 
possible isomer (81) (OR = OCH,) and the solutions are quite 
stable with time. The corresponding hydroxyl compound can be 
made either directly by the addition of KOH, ar by solvolysis of 80 
(R = OCH,). Both of these compounds undergo replacement re- 
actions with diethylamine and acetone2Z9. When there is a substitu- 

HP "H OR(OH) HP aH OR 

H" 

(80) (81 1 (824 W b )  

ent in the 2-positionY e.g. NiMe,, then the intermediate is formed by 
attack at either position 4 or 6, giving either 82a or 82b (X = NhIe,), 
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but it is not possiblc to distinguish betwecii thesc two structures on 
the basis of the n.ni.r. spcctrum alonc22g. Similarly, Illuminati and 

02"N02 HB " , ' ) 3 " 0 2  RO OR 

- - 

'*'  N ,-' H P OR 
OR 

'H "N 

(83) (84) 

Steg~l2~0 found that thc initial product of the action of base on 
2-methoxy-3,5-dinitropyridine was a complex of the general type 82 
(X = OCH,, OR = OCH,). Again it is impossible to establish the 
point of attack from the n.m.r. spectrum alone. Further possibie 
reaction to form the dimethoxy intermediate 83 (OR = OCH,) 
was obscured by a demethylation reaction. A complex of this type 
is, however, formed by the action of base on 2-(2'-hydroxycthoxy)- 
3,5-dinitropyridine where the complex 83 (OR, OR=OCH2CH20) 223 
is formed. The dialkoxy intermediate 84 (OR = OCH,) is formed 
by the action of methoxide on 4-methoxy-3,5-dinitropyridine16G~ 230. 

It is not clear whether this is the initial point of attack or not. The 
complex can be isolated1661 230 and shows the general characteristics 
expected of a structure of this type (section V). 

Intermediates have also been found in the pyrimidine series2309 231. 

Illuminati and Stege1230 reported that attack by methoxide ion on 
the 2- and the 4-methoxy-5-nitropyrimidines occurs a t  a CH position, 
but it is not clcar whether rearrangement occurs to the more stable 
dialkoxy intermediates or not. 

Although the extension of the above observations of intermediates 
in highly activated systems to a consideration of the general applica- 
bility of the two-stage mechanism must be treated with the same 
reservations as in the benzenoid series, there is nevertheless a strons 
inference that this may be thc case, at lcast in activated systems. 

3. Theoretical approaches 
All the different approaches outlined for aromatic systems (sec- 

tion V) are, in principle, applicable to lietcrocyclic systems, but not 
as much work has been done in this field. Particularly interesting 
would be a comparison of results calculated by h/liller's semi- 
empirical method with experimental values. Recently, however, 
Simonetta and co-workers232 have compared the calculated para- 
meters for several diKerent theoretical approaches to the alkoxy- 
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dechlorination of a large number of halo-aza compounds with 
experimental activation energies. 

The methods used were the isolated molecule, localization and 
their own delocalization approach as described in section V. The 
different parameters used were the n-electron density at the carbon 
atom at the site of attack, thc Mlheland localization energy, and the 
difference in n-electron energy in the transition and initial states. 
When the activation energies werc correlated, the delocalization 
method gave the best results and the isolated molecule the poorest. 
When the free energy changes were used, the delocalization method 
again gave the best fit, though cot as good as with the activation 
energies. Again, the lack of suitable kinetic data for the alkoxydehalo- 
genation of siniplcr aza aromatics is a serious limitation. 

B. Pyridinium Ions 
1. Kinetics and mechanism 

A ready replacement of halogen by alkoxide occurs in the 2- and 
4-positions of 1-alkylpyridinium sa1ts2l 7 1  233. Kinetically, the re- 
actions are first-order in both alkoxide and substrate and are thought 
of as proceeding according to equation (58), involving an inter- 
mediate complex (85).  The activating effect of the quaternary 

P -OR 5 - -CI- 6 + CI- (58) c5 
N+ N +  
I I I 

CH3 C"3 CH3 
(85) 

nitrogen can be seen in a comparison of the rates of alkoxydechlor- 
ination of isomeric chloropyridines and chloropyridinium ionsz179 233 
(Table 16). I n  fact the activating effect of the quaternary nitrogen 
is so much greater than the aza-nitrogen that a direct comparison 
with a common alkoxide is not possible, the rates of reaction of the 
2- and 4-chloropyridinium ions with methoxide being too fast to 
measure, even at - 15°C. Somc idea of the difference can be obtained 
from the fact that even the rates of reaction of the pyridinium ions 
with the p-nitrophenoxide ion are still much larger than those of the 
corresponding pyridines with the very much stronger methoxide ion. 
The greater activating effect of the quaternary nitrogen, which has 
been estimated at x l o 7  to x depending on position, is aiso 
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reflected in very much lower activation energies. Tlic activating 
ef€ect is in fact larger than that of the NO, group, the kinetics of the 
reaction of 2- and 4-chloronitrobenzene with methoxide ion being 
quite measurable at 50". 

I n  the pyridinium ions, the relative activation at  different posi- 
tions is 2 > 4 > 3. The activation eiiergics for the 2- and 4-positions 
are very similar, and the reversal in relative rates compared with 
the pyridines is mainly due to a much higher activation energy for 
the 2-chloropyridinium ion. 

TABLE 16. Kinetic parametcrs for the alkoxydechlorination of isomeric chloro- 
pyridines and chloropyritlinium ions in methanol solution at 5OoC2li* 233. 

Pyridiuni ion Pyridinc 

Isomer Reagent k x loG k x 100 Ell 
(1 in-1 sec-1) (kcal/mole) (1 m-1 sec-1) (kcal/mole) 

~~ 

2-C1 -0CHS very fast 3.3 x 10-2 28.9 
-OC,H,NO~ 1.39 x 1 0 7  18.6 

-@CGH,N02 0.28 30.2 

-OC,HINO, 4.6 x lo5 17.6 

3-Cl -0CHS ca. 1 x lo2 1.09 x 10-5 32.9 

4-C1 -@CH, very fast 0.89 25.2 

Pyridone formation proceeds readily by the rep1 acement of alkoxy, 
halogen and cyano groups in the 2- and 4-positions in pyridinium 
salts23.'. The reaction is thought to proceed as shown in equation (59) 

0 (59) 
-HCN 

0 0:; I Q-- N CN 

-OH 

I I 
' CH3 CH3 CH, 

+ HCN 

by a scheme analogous to equation (58) above, cxcept that the final 
product is now a neutral species. 

Pyridone formation also proceeds readily by the action of hydrox- 
ide ion on pyridinium ions without a readily replaceable group if 
the reaction is carried out in the presence of an 0xidant2~~-,~7. 
Commmly used is potassium ferricyanide 23*. Although the pyri- 
dinium hydroxide salts can be prepared by the action of moist silver 
oxide on the pyridinium halides, they are normally generated in situ 
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by performing thc reaction in alkaline solution. A very important 
feature of the reaction is its specificity to the 2-position, no report 
ever having been made of the formation of a 4(y)-pyridone. The 
mechanism proposed239 for the reaction (equation SO) is analogous 

0 = O H -  OH 101 oo (60) 

I 
N i -  OH- 
I I 
CH3 CH, CH3 

(86) 

to those suggested [or tlie replacement of labile groups (58 and 59) 
and requires the formation of a ‘pseudo’- or ‘carbino1’-base (86) 
which is then oxidized to the pyridone. This mechanism is analo- 
gous to that suggested for TNB (equation 47). However, the mechan- 
ism does not really give a complete picture of the reaction, as it does 
not account for the absence of the 4-pyridone while the activating 
effect of the quaternary nitrogen is of the same magnitude in both the 
2- and 4-positions. The explanation may possibly lie in the actual 
mode of oxidation (see also below-). Pyridinium ions substituted in the 
3-position can give rise to isomeric products, Nicotinamide methiod- 
ideZ4O gives both the 2- and 6-pyridones, as does 3-ethylpyridin~*~’, 
but nicotinic acid yields only the 6 - i ~ o r n e r ~ ~ ~ .  

2. Investigations of intermediates 
The equilibrium between a pyridinium hydroxide or alkoxide and 

a pseudo-base formed by attack of the ion in the 2- or 4-position of 
the pyridinium ring represents the first step in equations (58-60) 
above. In  the case of unsubstituted pyridinium salts (equation SO), 
further reaction requires elimination of ihe very high energy hydride 
ion, which will be energetically unfavourable, and, in the ah. Jence 
of an oxidant, the reaction will not proceed further than tlie initial 
equilibrium. Investigation of this equilibrium should provide a model 
for the other two reactions. 

Such an equilibrium gives rise to a neutral species whose presence 
should be detectable by conductivity measurements. This approach 
has becn 230? but no change in conductivity which might 
indicate the formation of complexes corresponding to 86 was found 
<in basification of pyridinium salts with hydroxide. I t  was con- 
cluded that the oxidation must proceed through a very small quan- 
tity of- pseudo-base. 
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Howevcr, an equilibrium of this type will be very dependent on 
the solvating propertics and dielectric constant of the solvent, and 
pseudo-base formation can be observed with alkoxide ions in DivlSO 
solution1OS. The pseudo-bases are quite stable under the conditions 
of the experiment, and tlie isomers obscrved are very dependent on 
substitution in the ring. 

Thus tlie addition of anhydrous sodium. methoxide to a DMSO 
solution of pyridinium methiodide causes the disappearance of the 
resonances of the pyridinium ring, and the appearance of two new 
multiplets a t  much higher fields, consisting of a doublet 6 = -5.84 
and a multiplet 6 = -4.34. The latter can be resolved from the over- 
lapping absorption of the methyl group of the pyridinium salt by 
the use of N-trideuteromethylpyridinium iodide. These absorptions 
can be assigned to the 2,6 and 3,4,5 protons in the adduct 87. 

CH3 

(87) 

There are no resonanccs at any stage attributable to the isomeric 
complex 88. 

Similarly, the addition of methoside to 3-cyanopyridinium meth- 
iodide yields the adduct (89) formed by attack in the 4-position 
and a small amount of another isomer. 

. CH, 

(89) 

The relationship bctwccii adducts formed by attack at thc 2- and 
at the 4-positions can be seen from tlie results on 3,5-dichloro- 
pyridinium methiodide. Addition of methoxide to this pyridinium 
salt in DbISO gives rise initially to three resonances of equal inten- 
sity at 6 = -6-79, 6 = -651, 8 = -5-4.5 attributable to H(G), 
and H(?) respectively in 90, and two other less intense resonances at 
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6 ---z --646 (rel. intens. 2) and 6 =: -4-94 (rcl. intens. 1) correspond- 
ing to H(2,01 and H(4, in the small amount of the isomeric complex 91 
present. With time the composition of the mixture changes in favour 
of the thermodynamically more stable 4-isomer (Figure 10). 

The above observations suggest that thc 'pseudo-base' adducts of 

2',6' 

6 

i 
I 

2 

4 

CH3 

FIGURE 10. 100 MHz i1.ni.r. spectrum of a solution of 3,5-dichloropyridinium 
methiodide plus anhydrous sodium mcthoside after 30 niinutcs. 
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this gciicral typc arc quite stable spccies and can l x  produccd quanti- 
tatively, at  least in a very basic solvent. Howcvcr, thc fictors govern- 
ing which isomer is formed in a givcii casc arc not so clcar, In  tlie 
case of 3,5-dichloropyridinium mcthiodide it seems clear that it is 
the 2-isomer which is formed initially and then rearranges to the 
thermodynamically more stable 4-isomer. One could not argue from 
this, however, that this is the general case, as the factors which give 
the 2-isomer its stability (electronegative groups in the 3- and 5- 
positions) could also cause the attack in this position in thc first 
place. The experimental non-observation of 4-pyridones is in agree- 
ment with either the very fast oxidation of a preferentially formed 
2-zdduct before it can rearrange to the 4-isomer, or the very specific 
preferential oxidation of the 2-adduct (perhaps by participation of 
the ring nitrogen in the oxidation step), cvcn though it may be 
present in only a relatively small concentration. More experimental 
work is required to settle these points. 
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3. Free radical and clectropliilic hpdroxylation 

1. GENERAL 
Some important indirect methods of introducing a liydroxyl group 
into a molecule iiivolvc attack by an clectrophilic reagent as one of 
niany steps in chc synthesis. However, in this chapter only the dircct 
hydroxylation of organic cornpounds by frer radical and electro- 
philic reagents is considercd. In commoii with many electrophilic 
reagents, the reactions with aromatic compounds have been thc most 
extensively and intensivcly inwstigated. 

The attacking reagents are uncharged or positively charged 
hydroxyl or hydroperoxyl cntities'i' and they may be free cx com- 
plexed to a metal ion. They may be produced chemically by reaction 
between two reagents, photochemically by ultraviolet light or radio- 
lytically by high energy ionizing radiation. 

In  recent years, the use of flow systems to produce a stationary 
state concentration of short-lived species in the cavity of electron 
paramagnetic rcsoiiance equipment has lcd to a greater undcr- 
standing of the action of the chemical reagents. In many cases the 
short-lived transient intermediate species have been characterized. 
At the same time, application of pulse radiolysis techniques has 
enabled the early radioiytic species to be identified and their reac- 
tions to be followed. The development of sensitive separation aiid 
identification techniques, has made possiblc the identification of the 
products. 

Direct elcctrophilic hydroxylation is not favoured as a synthetic 
method. I n  uiisaturatcd compounds, free radicals can initiate side 
reactions such as po1ymerizatio:i or hydrogen abstraction. In aro- 
matic compounds, the phenolic products are furthcr attacked-par- 
ticularly at  the activatcd ortho- aiid larn-positions-Siving secondary 
products. 

The rcactioii mechanisni must therefore bc studied under con- 
ditions where a small fraction of the original matcrial is coiivertcd 
into products. The use of dilute solutions is a further simplification. 
These conditions arc not satisfactory for practical synthetic methods. 

The attacking species is known and well Characterized for radio- 
lytic hydroxylation by high energy ionizing radiation and for photo- 
lytic hydroxylation by ultraviolet light. On  the other hand, rather 
complex interactions are involvcd for the chemical hydroxylating 
reagents. Much more is known about radiolytic hydroxylation so 
this method will be considered first". 

* The impact of recent research in radiation chemistry on the study of organic 
reaction mcchanisms has been rcviewed by Fendlcr and F ~ n d l c r ~ ~ ~ .  

135 



136 D. 1:. Saugstcr 

Quantitics will, in general, be expressed in S.I. (Systemc Intcr- 
national) units as well as thc morc familiar units. I.U.P.A.C. recom- 
mended abbreviations are used. 

1 eV (electron volt) = 0.16 aJ (attojouie = 10-’8 J) 
mole/litre is used in prefcrence to M to dcnote solution conccntration. 
1 nm (nanometre) = I mp (millimicron) = 1OA (Angstrom unit) 
Molar decadic (logarithm basc 10) extinction coefficient ( E )  is de- 
rived from the equation E .1 .c = Ig (I,/I), where 1 is the optical 
path length and c is the concentration of solu te reducinglightofinten- 
sity I, to intensity I. The units of E are 10 M - ~  cm-l = I m2/mole. 

Ig = common logarithm or log,, 
s = second 

Second-ordcr rate constant, k, is in units, M-’ s-l or litre mole-l s-.l 
E dm3 mole-’ s-1. 

I I .  RADIOLYTDC H Y  DROXY LATI ON 

A. Introduction 

Hydroxyl products rcsult when aqueous solutions of certain 
organic solutes are exposed to high energy ionizing radiation- 
y-rays, X-rays, /3-particles, a-particles, etc. 

Thc following‘ will assist readers not familiar with some of the 
radiation chemistry terms used in this section. 

Thc extent of chemical reaction in any system exposed to ionizing 
radiation depcnds on thc dose-the energy absorbed by unit wcight 
of the matcrial. A dose of onc fad corrcsponds to the absorption of 
100 erg per gramme of material (6.242 x 10l3 eV/g or 10-2 J/kg). 

The amount of material changed, of reactive species produccd, 
or of product scparated is usually expresscd as the radiation chemical 
yield or G-value-the number of molecules altered for e*/ery 100 eV 
(1 6 aJ) of energy absorbed. I t  follows that one Megarad (1 Mrad 
or 1000 krad, which is equivaient to 2.4 calories/g) makes a change 
of G x 1.04 x mole/kg irradiated. G lies betwecn 0.1 and 10 
for many reactions. 

Many products are formed within a millisecond. Those which are 
present a few minutes after the end of the irradiation are called 
‘prompt products’. Those that appear subsequently without further 
exposure to ionizing radiation are called ‘post-irradiation products’. 
A wavy arrow is often used to indicate a radiation chemical reac- 
tion. 
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I t  should bc ilotcd that some of thc literaturc referciiccs arc to 
reports, ctc., produccd by or on bchalf of Atomic Energy Com- 
missions. h4ost of thcse arc listed in Cfietnicnl Abs~rncts or Nuclear 
Science Abstracts and are available from libraries of corresponding 
authorities. 

!. The reactive species 

TO date the main task in aqueous radiation chemistry has been 
to determine what are the primary species formed during the radi- 
olysis of water and how much of each of these species is produced 
for i?. given input of energy. This task has proved to be a very difficult 
one, and even now that the main features appear to be clear, some 
details are incomplete. 

The primary species are the hydrated electron, the hydrogen atom, 
the hydroxyl radical, molecular hydrogen, molecular hydrogen per- 
oxide and the hydronium ion. 

H 2 0  -w.t e-,,, H', OH', H2, H202,  H,O+ (1) 

Radical species will generally be indicated by a dot (R'). 
In  Table 1 the experimental radiation chemical yields (G-values) 

are given. The amounts of the reducing radical species (enq and €3') 
available in acid or in alkaline solution are greater than in neutral 
solution. 

TABLE 1. Radiation chemical yields (G-valucs) 
for primary species in aqueous solution. 

C-value (molccules per 100 eV) 
PH 0 -2 4-1 1 13-14 

2.7 
0.55 

3.1 
0.5 

OH' 2-95 2.8 2.9 
H 2  0.45 0.45 0.45 
H,O, 0.8 0.7 0.7 

Accounts of these species and of their reactions are given in general 
textbooks on radiation chemistry1V2. Some of the older  text^^-^ give 
excellent accounts of earlier theories and of experimental results but 
were written before the discovery of the solvated elcctronO. The 
interpretations advanced in thcse texts must be modified accordingly. 

The primary radiation chemical species undergo reaction with 
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solutes (sometimes called 'scavengers') to give the observed pro- 
ducts. Thus, except iii concentrated soiution, the radiation does not 
act directly 011 the solutc. The action is indirect via the solvcnt water. 

While the essential nature and amount of the primary species 
was being established, and especially during recent years, radiation 
chemists have investigated the reactions of thcse species. 

2. The hydroxyl radical 
It has been shown that tlic primary oxidizing spccics formed in 

thc radiolysis of aqueous solutions is unchargedi and is identical 
with that formed in the photolysis of hydrogcn peroxides. Hydroxyl 
groups have been found in the polymer produced by irradiation of 
acrylonitrile in aqueous solutiong. The electron paramagnetic reson- 
ance spectrum of hydroxyl radicals has becn found in irradiated 
icelo. It seems ccrtain that the chemical entity involved is the 
hydroxyl radical (OH'). 

I hz radiation chcmical yield of hydroxyl radicals can be almost 
doubled by dissolving nitrous oxide in the solution before irradiation. 
The  hydrated electrons which might otherwise interfere with the 
course of hydroxyl radical reactions are converted and then partici- 
pate in those reactions. 

e a q +  N,O --+ N, + OH' -I- OH- (2) 
Similarly, in hydrogen peroxide solutions the reducing primary 

radical species (eaq and H') may be converted into oxidizing radicals. 
H202 4- eaq, H -+ OH: 4- OH-, H,O (3) 

In these ways and under suitable conditions, ionizing radiation 
is a 'clean' way of making hydroxyl radicals. Their reactions may 
be studied with relative freedom from intcrfering species. 

3. The hydroperoxyl radical 
The hydroperoxyl radicals (HO,') or their ionized form (02'-) 

are secondary products formed by reaction between hydrogen atoms 
or hydrated electrons and molecular oxygen dissolved in water 
which is exposed to air or an atmosphere of oxygen. 

H' -t Oz+ HO; (4) 
eaq 4- O,+ 0;- (5) 

HO,' -+ H + t 0,'- pK3  = 4.4 (6) 
Hydropcroxvl radicals are also formcd by reaction between 

hydroxyl radicals and hydrogen peroxide. This rcaction can become 
important when solutions of hydrogcn pcroxide are irradiated. 

HtO2 f OH'+ HO,' -i- H,O (7) 

rp 



3. Frce radical and clcctrophilic liydrosylation 139 

Although theii. identity has been established l1 - 14, the reactions 
of radiolytic liydroperoxyl radicals with organic solutes have not 
been extensively studied. I n  general, they are much less reactive 
than hydroxyl radicals and often react with each other to give a 
radiation chemical yield of hydrogen peroxide grcater than the 
primary molecular yield (C = 0.7). 

2 HO,'+ HZOZ 4- 0, (8) 
They must not lie overlooked in  any discussion of' liydroxylating 

species. 

4. Pulse radiolysis 

Since much of our detailed knowledge of the early radiation 
chemical reactions comes from the application of pulse radiolysis, 
a brief outline of this technique will be given. 

Pulse radiolysislJ,lG is the radiation chemical analogue or" flash 
photolysis. Briefly, high energy electrons in a very short pulse 
(microseconds or nanoseconds) at  over a million volts are fircd 
from an electron accelerator into the chemical system under study. 
The chemical species present after the pulse are followed by detec- 
tion methods with fast response times. 

Although polarographic, conductometric and electron spin reson- 
ance detectors have been used, the OlieS most frequently used are 
spectrophotometric. A beam of light is passed through the chemical 
system and into a monochromator. The changes in intensity, as 
registered by a photoelectric cell, are displayed on a cathode ray 
tube. In this way, the appearance and changc in concentration of 
an absorbing spccies can be followed with time. Also, the absorption 
spectrum of such a species can be found. Thus its kinetic behaviour 
can be followed and some idea of its nature or identity can be 
obtained. 

5. Hydroxyl Radical Reactions 
Hydroxyl radicals have been shown to undergo four different 

typcs oi' reaction with orSanic compounds-addition, hydrogen 
abstraction, electron transfcr and displacement reactions. 

1. Benzenoid compounds 
a. Emb studies. Weiss, Stein and co-workers1i-2" studied the 

radiation chemistry of aqueous solutions of henzene17* l 8 ,  .benzoic 
acid173 2 2 ,  nitrobcnzene", 2 1  and chlorobenzene*.*. One result was 
to demonstrate that the oxidizing species was thc hydrosyl radical 
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in that its reactions rescmbled those of the reactive entity in Fenton's 
reagent (ferrous ion and hydrogen peroxide-see section 1V.B.). I t  
was proposed that hydroxyl radicals abstracted ring hydrogens from 
the solute aromatic molecules to give the corresponding phenyl 
radicals (XC,H,'). Association of two of these radicals gave substi- 
tuted biphenyls which had also been isolated from Fenton's reaction. 
Alternatively, each phenyl radical was thought to add another 
liydroxyl radical yielding the range of isomeric hydroxy compounds 
(phenols) which were found among the products of the radiolysis. 
Subsequent workers ps--56, using improved nicthods of product separ- 
ation and identification, made more refined measurements, irradi- 
ating aqueous solutioiis of various aromatic compounds, but mostly 
benzene. 

It was clear that in aerated solutions the yield of phenolic products 
was greater than half the GoIp value. (It is now known that h>-droxyl 
radicals react so rapidly with thc solute that under the conditions 
used it is extremely unlikely that the short-lived radicals, which are 
present at  very low steady state concentrations, will react with a 
second hydroxyl radical as required by the proposed mechanism.) 
Further, oxygen isotopic studies showed that all the incorporated 
oxygen came from radiolysis of water. I t  was therefore proposed by 
several workers26> 3 2 9  3 3 1  J1, particularly Russian workers364o> 4 7 9  jp, 

that the OH' radical must first add to the aromatic ring in the same 
way as many other organic substituting reagents which give a 
benzenium structure. Acceptance of this mechanism had to await 
its proofj7, 6 8  by pulse radiolysis techniques. 

b. The definitive experiment. Using pulse radiolysis techniques, Dorf- 
m.an, Taub and BiililerS8 were able to show in a strikingly direct way 
that the hydroxyl radical added to the aromatic ring of benzene 

(1 1 

(equation 9) to give an absorption spectrum with a maximum a t  
3 13 nm corresponding to the hydroxycyclohexadienyl radical 1. 
The identity of 1 was further established by showing that the rate 
constant for reaction (9) was greater than that for any hydrogen 
abstraction reaction. This would have given C,H,'. Furthermore, 
onc would expect hydrogen abstraction by hydroxyl radicals from 
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fully dcuterated benzene to take place a t  about one third -the rate 
of that from C,HG. Experimentally, no such kinetic isotope effect 
was observed when C,D, in aqueous solution was irradiated. 

The fate of this radical depended on whether molecular oxygen 
was present in the solution. I n  deacrated solution, 1 disappeared by 
second-order processes giving dimers which slowly decomposed to 
biphenyl (G = 0.3 molecules/100 cV), phenol (G = 0.23) and other 
products (equations 10 and 11). 

2 HOC,H,,' 3 dimers --f C,H,C,H, -k 2 H,O (10) 
2 HOC,H,'+ C,H,OH + C,H:OH (11)  

The adduct CGH,', which had been formed by reaction between 
benzene aRd the hydrogen atom, also reacted with 1 (equation 12j. 

HOCGH; -1- CGH,'+ 2 COHO + HZO ( J 2 )  
Also mentioned was the possibility of 1 reacting with solute 

benzene to give dimer hydroxylated products but these were not 
sought by analysis. 

In  aerated solution, 1 reacted (equation 13) with oxygen giving 
a spectrum with a maximum at a lowcr wavelength which could 
be attributed to the peroxy derivative 2. The final product was 

\ 

0,' 
(2) 

phenol, with an immediate radiation yield of G = 1-9 (equation 14). 
Fifteen weeks after removal from the radiation field, G (phenol) 
was found to be 2.3. The additional amount was thought to have 
been formed from the decomposition of unstable products such as 
peroxides. 

HOCOHGO; + HOCGH, -1- Hop' (14) 
2 HO; + H 2 0 2  + 0, ( 8 )  

At high pulse intensities, 2 disappeared by second-order pi ocesses 
in competition with reaction (14), presumably giving peroxides or 
hydroperosides: 

2 HOC,H GO 2. -+ peroxides (15) 
HOC,HGO?' +- HO?' + hydroperoxides (16) 

The yield of phenol decreased with increasing pulse intensity, i.e., 
with increasing concentration of 2. High coilcentration favoured 
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second-order reactions (equations 1 E and 16) rather than rcaction 
(14). At thc highest pulse intensity used, where the niaximum con- 
centration of 2 was 9 x mole/litre, G(phcno1) was 0.19. Post- 
irradiation production of phenol with G = 0.3-0.5 was observed. 

c.  Transient species. Spectra similar to that of 1 werc obtained for 
substituted 1 formed following the pulse radiolysis of aqueous solu- 
tions of clilorohenzene, bromobenzenc, iodobenzene, toluenc, 
phenol", bcnzoic acid", benzoateG0, nitrobcnzenee', etc.62. 

Although the transient species can be followcd for but a fraction 
of a millisccond, their absorption spectra resemble closely60 those 
of the carboniurri ions formed when aromatic compounds are ring- 
protonated by concentrated sulphuric acid or by Lcwis acid-hydro- 
Sen halide complexes. 

Tlie molar decadic extinction coeficient has been estirnatcd in 
several cases. For 1 it is 3500 M-' cm-' (350 m2/mole)58. For the 
lmizoate-0-' adduct at  pH 13 it i s  3100 Go. 

d. Kinetics of OH addition. Because the hydroxyl radical absorbs 
weakly63-66 in the short ultraviolet region ( E  = 530 M-' cm-' or 
53 m2/mole at  about 230 nm with another broad maximum below 
200 nmSo), it is not possible to dctermine second-order rate constants 
for its reactions with solutes by following its rate of disappearance 
as can be done for rcactions of the hydrated electron6* 1 4 9  16. Never- 
theless, a considerable body of data is available07 from the applica- 
tion of competition methodssa7" and from following the appearance 
of the transient adducts 1 t9* 7rG7i .  

The rate constants for the reactions cxprcssed by equation (17) 
have been reported by Neta and Dorfmaii" to range between 

1.4 f 0.3 x 1O'O M-I s-l (dm3 mole-'s-') for phenol (X = 0H)iS  
and 3.2 f 0.4 x lo9 ~ 1 - l  s-l for nitrobcnzene (X =NO,). An 
independent determinationiG of the rate of formation of the nitro- 
benzene-hydroxyl radical adduct gave a value 4-7 f 0-5 x 109 M-1 

s-l.  Further, the values determined" for benzoate (X = COO-) 
show a slight downward trend with increasing benzoate concentra- 
tion. Further study is needed. 

Using a series of rate constants obtained by competition methods 
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for reaction between hydrosyl radicals and substituted benzenes, 
Anbar, Meyerstein and Neta72 showed that there was a reasonably 
good correlation using Hammett's7s op relationship for electrophilic 
substitution (cquation 18). 

o denotes the Hainmett substituent constant and p thc reaction con- 
stant. Since data on the isomeric yields were not available for the 
whole range of compounds measured, it was not possible to evaluate 
the reaction rate constants for attack at positions ineta or para to 
the substituent. As a near approach to the problem the over211 
reaction rate coilstant was used in equation (18) in conjunction with 
both u,,~~,, and u,?,,~~,, values for deactivating substituents and a,,,, 
values only for other substituents. (It has been established that there 
is little or no attack meta to ortho-para directing substituents as would 
be expected from such an electrophilic reagent as the hydroxyl 
radical.) 

The value found for the series of substituted benzenes, p = -0.41, 
was the same 2.s that found when rate constants for OH' reaction 
with para-substituted benzoate ions were plotted in a similar fashion. 
The 0 values in disubstituted benzenes are therefore additive. This 
value of p is much lower than that for most other electrophilic 
reagents and this is attributed to the high rcactivity of hydroxyl 
radicals, which makes them less susceptible to the directing influ- 
ences of substituent groups and, incidentally, also makes them less 
selective. Using the absolute rate constants determined from pulse 
radiolysis, Neta and Dorfman7' obtained a value p = -0.5 in good 
agreement with that obtained from competition rate data. 

The total reaction rate constants which have been used in these 
linear free energy correlations include contributions from OH' re- 
action with the side chain, elimination of substituent groups and 
addition at the ortho position as well as the additions at  meta- and 
para-positions. The partial rate constants for additions at  each of 
these two positions should be separated from the overall reaction 
rate constant in order to test whether they reflect the electron 
distribution in the aromatic conlpound as expressed by the o func- 
tions. The chemistry of the side reactions which affect the yields of 
isomeric products must be studied before this can be done. On the 
data now availableslt 8 5 ,  126 it would appear that the electron distri- 
bution in the ring is perturbed on thc approach of the strong dipole 
of the hydroxyl radical. 
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E. Spectral correlations. The spectra of a number of 3 structures havc 
been determined by pulse radiolysis techniques. Cliutny70 has shown 
that there arc good correlations between these spectra and those of 
the corresponding aromatic compounds. The relative bathochromic 
shiF; of the primary bznd absorption maxirnuni ::aused by substitu- 
tion can be expressed as (vc4~,oII - . J ' ~ , ~ ~ , ~ ~ ~ ~ ) / ( Y ~ , ~ ~ ~ ~ ~ ) .  Y is the 
frequency of the absorption maximum. This was compared with the 
relative shift due to the same substituent in benzene. This ratio was 
found to lie between 0.71 and 1-12 and to be on the average 0.92. 
An exception was the benzoate-OH' adduct (3 where X = COO-) 
for which the ratio was 0.48 and this w2.s attributed to the influence 
of the negative charge on the substituent group. 

The constancy indicates tha.t the transient species have similar 
structure and the correlations may be used to predict absorption 
spectra of unknown species. Neta and Dorfman77 have determined 
the spectra of other OH' adducts, including those derived from some 
disubstitutec! benzenes, and have found fair agreement with Chutny's 
results. 

Since it is probable that the hydroxyl group is attached to the 
cyclohexadienyl structure by sigma bonds (se? section 1I.B. 1.h) the 
observed spectrum in each case is an envelope of the contributions 
of the possible isolineric structures and of the various fragments re- 
maining from side chain and substituent group elimination. 

f. Reactions of the transient species. The rates of reaction of 3 with 
oxygen (equation 19) and with itself (equation 20) have been 

XC,H,OH' + O2 --f XC,H,(OH)O,' (19) 
(4) 

2 XC,H,OH' + products (20) 

measured by CercekeO for various substituents X. He  found that, 
except for the adducts with benzene, toluene and ethylbenzene, the 
linear free energy relationship'' of equation (21) held for reaction 
with oxygen. 

p = -1.0 and G = -1.4 

A corresponding relarionship held for k(BHOCaH,X3 where 
p = -0-75 and C = 0-3. Activation energies for the second-order 
decay (equation 20) were also determined. The activation energy 
(kcal mole-') was found equal to (50 + 2.5) for electron-withdraw- 
ing substituents and (70 + 5-5 )  for electron-donating substituents. 
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This difference can be cxplained by assuming that electron-donating 
substituents give rise to a greater dipole rcpulsion between the two 
aromatic rings in the activated complex. Once again, the three 
aromatic hydrocarbon adducts did not correlate well but lay be- 
tween the two groups. Since it seems unlikely that these react in a 
way fundamentally different from that of the other adducts, an 
explanation was sought in entropy effects. These may be caused by 
the absence of a lone pair of electrons in the side chains -CH3 and 
-C,H5. This would inhibit hydrogen bonding with the water 
molecules. The result is that these adducts are twenty times more 
likely to react with oxygen and one fourth as likely to undergo 
biradical dimerization or disproportionation as would be expected 
from their u constants. 

Once again, such linear frze energy correlations can be used to 
draw together and explain data and to predict rate constants. They 
could be refined if it were possible to separate the contributions 
from individual isomers. I t  is known for instance that of the three 
adducts formed during radiolysis of aqueous nitrobenzene solutions, 
that giving finally o-nitrophenol behaves quite differently from that 
giving meta- and para-productssl. 

g. Formation of hydrox3,l products. In deaerated solutions of benzene, 
the radiolysis products contain in addition to biphenyl (equation 
lo), bicyclohexadienyl compounds5s (G - l)36 formed by diradical 
reactions (equations 22 and 23). 

2 HOC,H,'-+ (HOCeHJ2 (22) 

HCCGH,' -1- CSH,' + HOC,H,CeH, (23) 

At low dose rates, i.e., in steady radiolysis where the radical con- 
centrations are much lower than in pulse radiolysis, 1 might react 
with the benzene substrate giving hydroxyphenyiation pr0ducts5~. 
I t  should be notcd that thcse diradical reactions are speculative as 
thcre is no report of a cornplcte analysis of the radiolytic products 
from any aqueous aromatic solutions. Sitharamarao (quoted in 
Rcf. 82) has found dihydroxybiphenyl (G = 0-8) from irradiation 
of deaerated salicylate solution a t  pH 6.3 and no other hydroxylation 
products. In  acid and alkaline solutions he found other products- 
clihydroxy-benzoic acids, benzoic acid, phenol and catecho168. 

Cercekso has considered the possible structures of 3 and concludes 
that one need only consider the structures shown overleaf. 
Structure 7 is not applicable when X is an electron-donating sub- 
stituent. Rcactions between these species would be expected to give 
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products containing two aromatic rings joined together predomin- 
antly at  the meta position relative to the original substituent. 

In aerated solution of most aromatic solutes, reactions are thought58 
to follow equations (1 7), ( 19) and (24), giving a phenol. The amount 

XC,H,(OH)O; + XCGHdOH f HO,' (24) 

of hydrogen peroxide found (G = 2.2) in iieutral solution can bc 
accounted for by such a scheme in conjunction with equation (8) 
but more detailed evidence is lacking. 

When X = NO2, the peroxy derivatives of structures 5 and 6 are 
stabilized against unimolecular decomposition (equation 24) by 
forming a six-membered ring by hydrogen bonding between the 
out-of-plane hydroxyl radical in the orlho position and an oxygen 
of the nitro groups1. At moderately high dose rates (10 krad per 
minute and higher) the diradical reaction (equation 25) predomin- 
ateS81r 83-85. 

2 OZNC,H,(OH)O.,'+ O2NCGHIOH + O,FiC,H, -I- HZO + 2 0, (25) 

The yield of o-nitrophenol is half that at very low dose rates or that 
in the presence of 0-2 mmole/litre dichromatc ion which presumably 
acts as a one-electron oxidizing agent. 

Land and Ebertr5 showed that, when the substratc is a phenol, 
3 (X = OH) is able to eliminate water in a unimolcculw reaction, 
giving a phenoxyl radical, C,H,O'. A special case is hydroquinone 
which gives a semiquinone radical HOC,H,O' 8G. Fendler and 
Gasowski85 suggest that this may be a general reaction lcading to 
the elimination of substituent groups, NO2, C1, OMe from the ring. 

Cercek and Ebcrt8' have shown that the hydroxyl radical does 
not attack the ring of p-nitrophenol. Since G(2-hydroxy-4-nitro- 
phenol) = 2.95 in good agrcement with GO=, one would not have 
suspected from steady radiolysis studies888 8B that anything unusual 
was happening. 

The nitro group is strongly electron-withdrawing and is assisted 
by the phenolic hydroxyl group which is an electron donor to oriho- 
and /mra-Fositions. Hence the nitro group in this compound is more 
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ttiixil usually electron-rich and is attacked by the hydroxyl radical in 
preference to the ring. 

HOC6H4N02 -k OH'+ HOC,H,NO,H' (26) 

8 was fouiid to have an absorption maximum at 295 nm whereas a 
maximum would be expected at  about 420 nm if the ring were 
attacked to give a substituted 3 structurca7. S is a wcak acid 
(pKa = 5.3) and ioiiizcs in neutral solution giving HOC,H,NO,-'. 
I n  deaerated solution this species undergoes an interzsting first-order 
rearrangement (equation 27) whcreby the hydroxyl group is trans- 
ferred to the aromatic ring giving B species absorbing at  400 nm. 
Thc rate constant for this rearrangerncnt (kZ7)  was found to be 

(8)  

14 & 2 s-1. 

0, /o\ 

- 5 

1 2  

OH 

C i i C - F  
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by a first-order process but 160 times faster than by reaction (27). 
Each hydroxyl radical gavc one molecule of hydroxylated productee. 

Other examples have been found of compounds whose aromatic 
ring is not attacked by hydroxyl radical or only to a minor extent. 
In the case of nitrcsobenzeneO0 and phenylhydroxylamineo' there 
is no subsequent transfer to the ring and no hydroxylation. Com- 
pounds in which the side chain is liydroxylated will be considered 
in section II.B.2.b. 

It. Isomeric yields. Thc yields of possible isomeric products following 
aromatic substitution reactions do not necessarily reflect faithfully 
the proportion of reaction at  the respective positions of the aromatic 
ring. Apart from various side reactions such as have been noted for 
the hydroxyl adducts with nitrobenzene and phenol, there is always 
:he possibility of a rearrangement resulting in migration of the OH 
group to another position on the ring. 

Volkcrt and Schuite-Frohlindegz irradiated benzoic acid in 
nitrous oxide-saturated solution and measured a yield of G(1iydroxy- 
benzoic acids) = 5-3. This total remained constant when ferri- 
cyanide ion was present during irradiation but the G(ortho) : G(metn) : 
G(para) yields changed from 1.6 : 1.7 : 1-5 a t  zero to 2.3 : 2-0 : 1.1 at 
2 mrnole/litre of ferricyanide ion and above. Allowing for enhance- 
mect by the addition of N20,  the ratio of yields is comparable with 
that of 0-74: 0-4.2 : 0.33 found in aerated 51. The change 
in the relative proportions of the three isomers must be due to 
tautomerism between the possible structures. I t  was suggestedg2 
that the OH' radical might form a charge-transfer complex as has 
been observed for C1-atomsg3. This seems unlikely as does the possi- 
bility of 3 (X = COOH) remaining, or reverting to, a n-complex. 
There is the possibility of a prismane or benzvalene structure being 
formed9L98 although these are usually associated with some form of 
excitation9' in the case of substituted benzenes. Cercek80 discounted 
the possibility of formal bonds between non-neighbouring carbon 
atoms on the grounds that this required a greater amount of energy 
than thc other structures 5, 6, 7, etc. Nevertheless, 3 is already non- 
planar and formation of one of these structures may be easicr for 
cyclohcxadienyl radicals than for benzenes. Rearrangement from 
ortho adduct to para precursor can be explained by either invoking a 
Dewar-type structure or by assuming that the hydrogen atom associ- 
ated with the hydroxyl group on Ct2) can ionize allowing the 
C(l+(F) bond to be broker, by rearrangement through a prismane 
or similar intermediate. Conversion from metn to para precursor is 
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COOH 

H-OH H -01 
(28a) 

readily explained via a benzvalene intermediate. The phenomenon 
may not be general. There appears to be no rearrangement in the 
case of the nitrobenzene-OH' adduct. Here the ortho adduct is rela- 
tively long-lived81 and would be expected to have time to rearrange 
before reacting with oxygens0 if such rearrangement were favoured. 

I t  seems that, with a sufficiently high concentration of oxidizins 
agent present-ferricyanide ion9?, dichromate ione1, molecular 
oxygen, etc.-there are fewer uncertainties. The isomeric ratios 
determined in aerated solution are usually considered to reflect thc 
position of attack on the ringg9* loo. By careful choice of the right 
mixture of nitrous oxide and oxygen, it is possiblc to eliminate inter- 
ference by the hydrated electrons, to increase the available amount 
of hydroxyl radicals and to obtain oxidized product ratios reflecting 
the initial positions attacked. Further, 02-., H,O,, and other species 
which might interfere are not introduced in significant amounts. 
This gives a clean source of hydroxyl radicals indeed. 

Until recently, there has been some doubt whether nitrous oxide 
and hydrated electrons do give hydroxyl radicals on reaction 
(equation 2). There is no physical evidence that N,O-' has a finite 
existence but 0-' might have to react with H,O to gi\.e OH' before 
reacting with many solutes. Nakken, Brustad and HansenlO1 have 
measured the G-values for the yields of isomeric hydroxy acids 
from the radiolysis of benzoate solution and of the 3-hydroxy and 
5-hydroxy derivatives from anthranilic acid. They found differences 
between oxygen, nitrogen and nitrous oxide-saturated solutions and 
conclude that nitrous oxide on reaction with hydrated electron gives 
a species similar to, but not identical with, the hydroxyl radical. A 
complete chemical study and a full product analysis might be mces- 
sary to decide this point. The author has carried out some com- 
petirion experiments with para-aminobenzoic acid and has been 
unable to find evidence for a separate species102. 

Some unexpected results were obtained by Nakken and co- 
workers'ol when hydrogen peroxide was added before irradiation. 
Hydrogen peroxide also increases the amount of available hydroxyl 
radical (equation 3) but introduces other reactions (equation 7). A 
more complete chemical study is required. 
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I n  most illustrations of peroxy radical structure, 2 or 4, the 0, 
fiom aerated solution is drawn attached to the ring location of the 
radical spot or is represented as attached to any reasonable location. 
There is tlie possibility of its being in a transaiiiiular position as has 
often been found in photocheinical attachments. 

Zhikharev and Vysotskaya 103, using oxygen- 18 isotope, found 
that the water was the source of most of the oxygen in the phenol 
formed by radiolysis of aqueous bcnzcnc solution". A small amount 
originated from the dissolved oxygen, but, siiice tlie dose used was 
a high one for mechanistic studies (2.1 Mrad), it is probable that all, 
or very nearly all, the oxygen was incorporated in the phenol via 
hydroxyl radical attack and originated fiom the solvcnt water. 

p-Nitrosodimethylaniline has a strong absorption band with a 
maximum at 44G nm. The effect of added solutes on the bleaching 
of this absorption has been used in the determination of a wide range 
of hydroxyl radical-solute reaction rate constants using competition 
methods G D ~  ' 2 9  7% l04-lo6. One of the main products of 013' re- 
action with this compound is the nitro derivative1oG as would be 
expected from studies with nitrosobenzenego but some liydroxy 
isomers could also be formed106. 

I n  the early days of radiation chemistry the radiation bleaching 
of aqueous solutions of very many dyes was investigated in the 
search for a radiation dosimeter39 lo7* lo8. Pulse and steady state 
radiolysis studies have continuedlOD-llS but although hydroxylation 
of the aromatic ring is probably iiivolvcd in some of these, the actual 
products have not been identified for certain. 

I n  addition to the studies already described, ben~ene~'9-~2?, 
benzoate123 or benzoic acid12,', p-aminobenzcic acid1zs, anisolel", 
fluorobenzenel9'* l a *  and compounds reldted to tyrosine (p-hydroxy- 
phenylalanine) 120-131 have been investigated recently in aerated 
aqueous solution and the isomeric yields determined at the low to 
moderate dose rates of steady state radiolysis. I n  some cases, dose 
rate, p H  and other effects have been studied in order to arrive at a 
better understanding of detailed reaction mechanisms. The yields 
in acratcd or oxygenated solutions probably rcflect the ratio of 
attack at  tlie possible isomeric positions, and hence partial rate con- 
stants can be calculated. In  deaerated solutions or those containing 
nitrous oxide (but no oxygen) different ratios are found. These may 
be attributed to differences between the rates of diradical reactions 
(equations 22 and 23) for tlie diffcrcnt isomeric forms of 3. 

The gcncral reaction scheme outlined abovc and the exceptions 
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described explain most of the phenomena observed in the radiolytic 
hydroxylation of aromatic biochcnlical compouiids 120-13 l. 

i. Efect ofadditives. Ifferrous ion is added to benzcne solution before 
irradiation the G-value for phenol production is incrcased to 
6 3 4 9  3 G 9  or, under favourable conditions, to 14 13"-133a. This indi- 
cates a chain reaction involving rcduction of 2 (equation 13) by 
ferrous ion to a hydroperoxyl derivative HOOCGH6OH which is 
further reduced to OC,H,OH' (9). This can then react (equation 29) 
giving phenol and more 1 to continue the chain. 

Hot '  and H,O, are also made available as oxidizing agcnts by 
reaction with ferrous ion. G(Fe3') was found to be 65. Substantial 
post-irradiation production of ferric ion, phenol and mucondialde- 
hyde was found. I n  the presence of ferrous ion, the isomeric ratio 
(-/)(ortho) : G(meta) : G(pnra) hydroxy benzoic acids was 1-9 : 3.1 : 1.6 
(compare section 1I.B. 1 .h) in irradiated benzoic acid solution13J. 

These high yields of phenol from bcnzene have attracted attention 
to the industrial possibilities of the process because a chain reaction 
often has potential for increasing yields even further. Studies have 
been made in thc presence of ferrous ion or cupric ion or inorganic 
oxides and at high temperatures (up to 200°C or It is 
thought that at high temperatures above 130°C, a chain reaction 
sets in. Also HO,' Ixcomes effective as a hydroxylating agent even 
in the absence of metal ions. G(pheno1) is more than 30. This has a 
bearing on the autocatalytic decomposition of aqueous solutions of 
I~enzene or toluene at high temperat~res'4~- ls". 

Irradiation of naphthalene 153 produced predominan tiy 1 -naphthol 
with an  apparent G = 1-44 up to 130°C. Beyond 140°C the yield of 
1-naphthol decreased whereas that of 2-naphthol increased. Once 
again it was thought HO,' became an effective hydroxylating agent 
beyond 140"C, thus giving a differcnt distribution of the isomeric 
phenolic products. 

Irradiation of benzene dissolved in aqueous solution containing 
0-5-1-0 mole/litre nitrate ion gave nitration as well as liydroxyla- 
tion15;, 155- At pH 2, G(o- and p-nitrophenol) totalled 1.5 and 
G(pheno1) = 1.5. At higher pH lower yields wcrc found. Higher 
yields we -e found when oxygen was excluded. Similar effects have 
been found in radiolysis of othcr organic compouiids in nitrate 
s o l u t i o ~ i s ~ ~ ~ ~  * No dctailcd mcchanism has been proposed for this 
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hydroxylation-nitration process. The absence of nz-nitrophenol in the 
products suggests that phenol is formed first and is then nitrated. 

i. Other conditions. I n  alkaline solutions the hydroxyl radical is 
iinized (equation 30) 157--180. 

(30) 

Very little study has been made of the reactions of 0-' with organic 
compoundslje but it appears to be relatively unreactive towards 
benzoatelOz, chlorobenzene47 or benzene103. It combines with oxygen 

Irradiation of a gaseous mixture of benzene and oxygen gave 
phenol but no chemical mechanism was established Gz. Hydroxyl 
radicals arc well known in gas phase radiolysis but little is known 
about their reactions with organic compounds. A novel form of 
hydroxylation occurred when a mixture of benzene and nitrous 
oxide was irradiated'cg. The nitrous oxide captured electrons to 
give 0-' which attacked the benzene to give phenol with G = 
23.6. 

k. Conclusions. To summarize, the early s teps in the reaction between 
hydroxyl radicals and benzenoid compounds are fairly well under- 
stood. The final reactions in solutions containing an oxidizing agent 
such as oxygen, particularly those reactions going from4 to the stable 
phenolic product, remain to be elucidated. The most probable course 
might be that represented by equations (31)-(36), as an alternative 
to equation (24). The disappearance of HO,' (or O,-.) by reaction 
(8) is slow enough to enabic a reasonable concentration to be 
built up. 

OH' + OH- % 0-' -t- HtO ( P K  = 11.9) 

to give 03-* 1 2 .  100,  161. 

XC,H,(OH)O,' + Ot-' -+ XC,H,(OH)O,- -t- 0, 
(4) (10) 

This is similar to the reaction proposed by Daniels, Scholes and 
Weiss32 and Loeff and Steinl'l except that in equation (31) the 
reducing agent is not H' or e,? but the much more probable HO,' 
or 02-• hrmed by their reaction with oxygen (equations 4 and 5 ) .  
Although HO,' and 02-. are stoichiometrically identical, they may 
react at  different rates with 4 GI- with its protonated form. Compound 
10 or its protonated (un-ionizcd) form might react in diiTercnt ways 
depending on what its substituent group X is and according to 
conditions. Equations similar to (32) and (33) can be written for 
the ionized form (10). Equation (32) is the general one giving 
equivalent amounts of the phenol. The hydrogens can be considered 
as in the cis configuration. I n  the t m z s  configuration, equation (33) 
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(32) 

gives mucondialdcliyde which has been four,d in irradiated benzene 
solutions1?'. G = 1.5 in acid and 0.8 in neutral solutions but see 
Ref. 163a. 

These equations cannot apply to radiolysis in the presence of a 
mixture of N,C> and 0, of such proportions that almost all the 
electrons are captured by the N,O. Here there is no 0,-' available 
for reduction according to equation (31). At both high and low 
dose rates nitrobenzene gives the expected yield of o-iiitropheno1102. 
This indicates that 0,-• is not necessary for the reaction to proceed 
in that particular system. 

I n  the presence of a one-electron oxidizing agent (Ox), phenols 
are formed (equation 34 and, less probably, equation 35). 

(34) 
(35) 

In  the case of the precursors of o-nitrophenol, an alternative to 

XC,H,(GH)O,' + Ox+XC,H,OH + HOx 4- 0, 
XCOH,(OH)O,H + Ox+XC,HaOH + HOX -I- HO,' 

equation (25) is equation (36). 

'Table 2 lists values for tlie hydroxylation products from radiolysis 
of aerated aqueous solutions ol' selected aromatic solutes. The iso- 
meric distributions can be considered as reflecting most nearly the 
attack by OH radicals at the respective ring positions. However, 
account must be taken of side reactions following OH' addition to 
the ring, such as that producing mucondialdehyde (G = 0.8) from 
benzene121. The differences in each case between Go, which is 2-8 
(Table 1) and tlie total G (isomeric phenolic products) are due to 
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rezctisns cf OH radicals with tlie side cliaiiis or at the substituted 
carbon atoins or other reactions at ring positions which do not yield 
isomeric phenolic products. 

TAULE 2. Isoineric yields arid rcactioii ratc constants for radiolytic hydroxylation 
in neutral acratcd solution. 

Reaction ratc constants 
Absolutc Relative Rcfs. 

Solute C-valucs Rcfs. 

1 molc-1 s-1 0 1t1 I -- 
Beiizcnc 2.3 

1.9 

Bcnzoatc -0.67 0.37 0.37' 
062  0.32 0.26 
0.49 0.31 0.39 
0.66 0.34 0.31 

Nit mhcnzcnc 1.03 0.48 0.51 

Ariisolc 0.19 0 0.32 

Fluorobciizene 0 0.2 0.32 

Chlorobenzene 

58 7.8 x lo9 
121 1 . 1  

123 1 
101 
102 

48 (5.0 

81 4.7 
3.2 

0.5 

126 12 

128 

1 . 1  

77 
102 

77 
68, 102 

76 
77 

102 

77 

68 

Values for oveidl absolute and relative rate constants for the 
reactions (solute + OH') are also given in Table 2. Partial rate 
constants for reaction leading to an isomeric product can be obtained 
by multiplying the o\wall rate constant by the ratio G(isomer) : Go=. 

2. Non-benzenoid compounds 
a. Saturcted compounds. The rates of reaction of hydroxyl radicals 

with aliphatic compounds have been measured by Anbar, Nleyer- 
stein and Neta104. In parallel with aromatic compounds, the ap 
correlation shows that the attack is electrophilic. The predominant 
reaction is hydrogen abstraction which leads to dimerization or 
peroxy, hydroperoxy or aldehyde compounds. I n  the case of aerated 
aqueous solutions of acctic acid a small yield (G = 0.1) of glycollic 
acid, CH,(OH)COOH, has been found1Gg. The radiolysis of solu- 
tions of amines gave oxirneslGj with a G-value about 0.4. Aqueous 
solutions of cyclohexane gave cycloliexanol and cyclohexanone10". 

b. Unsaturated compounds. With organic chemical compounds con- 
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taining a doublc bond, OH' addition reactions prcdomiiiate over 
the slower hydrogen abstraction rcactions. For aqueous solutions 
of cthylenclGG-l 7 5  thc following rerictioii schcme (equations 37-40) 
has been proposcd for deaerated sol~it ions~~0J 1 7 ? 1  1 7 4 .  

2 HOCH,CH,'-+ CH3CHO -I- C,H,OH 
CHZrzCH, 4- OH'+ HOCHZCH,' (37) 

(38) 
HOCHZCH,' 1- C,H,+ HOCdH,' (39) 

(40) 

The radiolytic hydrogen atoms also add to ethylene to give ethyl 

CHZ=CHZ -1- H'-+ CHaCHZ. (41) 

HOCHZCH; -t. nC,H,+ HOCIi,(CH$)h+I' (42) 

(43) 

2 HOC,H,'+ C,H:CHG -t- CJHBOH 

G(C,H,OH) and G(C,H,OH) werc both about 0.5. 

radicals174 which do not result in any hydroxylation products. 

Some of thc radicals were able to initiate a polynierizatioii chain. 

Reaction (43) also cccurred to a small extent. 
OH' + C,Hd+C?H3' -t H20 

I n  aerated s o l ~ t i o n ' 7 ~ ~  lY3 

I-IOCH,CH,' I 0, + HOCH2CH,0,' 
(11) 

CH,-CH' 1- 02+ CHZCHO?' (45) 
CH,CH,' i 02-+ CH,CH,O,' (6) 

CH2=CHZ + HO,'+ HOOCH,CH,' -+ HOOCH,CH,O,' (47) 

Compound 11 corresponds to 2, which is formed in thc case of 
benzene. Interactions bctween the four peroxy compounds gave the 
observed product yields: G(glycolla1dehydc) = 2 4 ,  G(forma1de- 
hyde) = 2, G(accta1dehyde) = 1 and G(hydrogei1 peroxide) = 2.6. 
At very low doses G(glycol1aldehyde) was about 30 and the reason 
for this is unknown. 

The  early parts of the rcaction scheme have bccn coilfirmed by 
pulse radiolysis measurements17i* 17;. The reaction rate constants 
measured are k,, = 1 x lo9 h i - l  s-l  (1  mole-'^-^), k38 = 6.3 x lo8 
and k,, = 6-6 x lo9. The last value is about ten times that mcasured 
for the corresponding rcaction for benzene5** 8O (equation 13). 

I n  parallel with aromatic solutes, ferrous ion was found to increase 
the product yield-in this case, formaldehyde and acetaldehyde. 
The system is complex but the species, HOCH,CH,O' which corres- 
ponds to 10 for aromatic solutes has Ixcn proposed17-' as formed by a 

and HO; also appcared able to add on to ethylene. 
0, 

(12) 
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siniilar rcaction. Anothcr possibility is that ferric ion is prcsent in 
two complexed forms which react differcntly'7'. 

HOCH,CH,' 4- FeSO,++ CH,CHO 1- Fez-'- + HS04- (48) 

(49) 

Various other unsaturated compounds have been investigated. 
Propylenc and ally1 alcohol have been found to give mainly organic 
peroxides incorporating a hydroxyl group' 7 6 J  7. Acrylamide also 
adds OH' a t  the doublc bond178. Styrene and a-methylstyrene are 
attacked mainly at the aromatic ring but 20-40y0 and 15-30y0 
respectively of the OH' radical adds on at  the side chain double 

Acetylene in aerated aqueous solution gave glyoxal in yields indi- 

The double bonds of olefinic acids are hydroxylatedlel. 
c. Biochemical compounds. The rates of reaction of hydroxyl radicals 

with a number of organic chemical compounds found in living 
organisms have been mea~ured6~* 709 7 ' 9  i4. 

(1) DNA bases 
Identification of the site of radiation damage to the cell nucleus 

has led to the study of the radiolytic behaviour of the components 
of DNA. The pyrimidine and purine bases have been found to 
undergo hydroxylation18"-'f13a in aqueous solution. 

Pulse radiolysis techniques have now been applied in these 
studies18"-le8~ and some of the reaction rate constants are known. 

I n  neutral solution thymine (pK 9.8) is in the undissociated form. 
Hydroxyl radicals add on at the 6-position (equation 50)1899 loo, 
although there is also the possibility of addition a t  position 5 (the C 
atom to which the CH, group is 

HOCH,CHi + Fe(OH)?++ HOCH,CH20H + Fez+ 

bond17j9 179.  

cating a chain reaction under some conditions180. 

4- OH' - d A N  H N k H 3  OH H (50) 

H H 

The overall rate for the (thymine + OH') reaction has been 
measured186 as 7.4 x loo 1 mole-' s-l. Even allowing for other 
rcactions, this is high for attack at  one position only and comparable 
to the rate constant for (benzene $- OH') where all n electrons are 
available. This doublc bond is a chromophoric group so its destruc- 



3. Frcc radical and clcctrophilic hydroxylation 157 

tion is easily followed in either pulse radiolysis or steady radiolysis 
studies G (  -double bond) = 1.9. 

Oxygen, if present, then adds on a t  the 5-position. The radical is 
reduced by 02-*. 

0 

-totz H N 3 c H 3  02. I\ + O r  H N k ;  02- (51) 
OH -02  o,J,N 

n 
OAN H 

OH 

H H 

0 

ci 3) 

In this case the 6-hydroxy-5-hydroperoxytliymine (13) is stable 
euoug5 to be isolatedl77. G = 1.05. 13 is formed with a lower yield 
below pH 5. Perhaps HO,' (pK 4.4) is not as effective as 02-* as a 
reducing agent or, alternatively, one of the intermediates is less 
stable in acid solution. 

In  neutral solution, OH' adds to either the 5- or the 6-position 
a t  the double bond of uracil. In aerated solution, uracil and di- 
mcthyluracil also give hydroxyhydroperoxides. However, the cyto- 
sine hydroperoxide, though detectable at low pH, decomposes in 
ncutral solution and is not stable enough to be isolated. This suggests 
that a hydroperoxide of this form may be an intermediate between 
the aromatic solute-hydroxyl radical-oxygen adduct (4) and the 
final product, a phenol. I n  the case of aromatic solutes, as for 
cytosine, the hydroperoxides might be mutable and decompose 
giving hydrogen peroxide and hydroxylated product. Between cyto- 
sine and uracil therc may be compounds of structure like 13 which 
have a gradation of stabilities. Neutral aerated irradiated solutions 
of pyrimidine bases 011 acidification give 5,6 diols probably from the 
decomposition of 13. 

At pH 11, thymine is in the singly ionized form and the site of 
attack is changing to thc methyl group itself (equation 52), despite 
there being two conjugated double bonds in the compound. G( -5,6 
double bond) -- 1.3. Since uracil has not a methyl group there is no 
corresponding change in its reactions as t ! ~  pH is increased. 
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At still higher pH, the ioiiization of the hydroxyl radical to 
0-' is manifest and therc is no longer any clectrophilic hydroxyla- 
tioii. 

At the highest pH studied, thymine is doubly ionized (pKz > 13) 
and the pyrimidine ring is aromatic. Thc reaction is hydrogen 
abstraction from the methyl group and thc identified hydroxylation 
products are not formed directly. 

The purine bases adeninc and guanine appear to be more resistant 
to radiation than are the pyrimidinc bases1823 183. Hydroxyl radicals 
appear to add at  the 4,5 central double bond but no hydroxylation 
products have been found. 

In  the double helix conformatioii the DNA bases are protected 
somewhat from attacklg'. At physiological pH, the major reaction 
is OH' attack on the peiitosc part of DNA. 

(2) Steroids, vittiinins, etc. 
The effects of radiation 011 aerated aqueous solutions of other bio- 

chemicals lia\:e been sumixarizcd by Swallow3. In  some of the 
earlier investigations no attempt was made to distinguish between 
the reactions and interactions of the various primary radiolytic 
species. The action, if any, of the hydroxyl radical, alone and with- 
out interfering reactions, is usually apparent in dilute aerated solu- 
tion a t  low doses up to 30 krad. I n  the light of subsequent investiga- 
tions with simpler model compouiids, one must doubt the validity 
of reaction schcnies in which the solute-OH adducts react with 
HO;. It is far more likely that they will first react with oxygen 
which is present a t  higher concentrations. 

3. Use in synthesis 

There are very few examples of the radiolytic hydroxyl radical 
being used in organic synthcsis. Merger and Grasslin'D2, have re- 
ported the synthesis of the hitherto unknown 1,2,3,4-tetrahydroxy- 
nitrobenzene with G = 1-41 by irradiation of aqueous 4- or 5-nitro- 
pyrogallol. Davison193 prepared the 0-, nz- and p-hydroxybenzoic 
acids from benzoic I4C-acid. The metn derivative, in particular, is 
more difficult to prepare by conventional methods. 
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C. Hydroperoxyl Radical Reactions 
1. General 

The radiolytic production, spectra and subsequcnt reactions of 
the hydroperoxyl radical, HO,', and its ionized form, 02-. (pK, 4.4) 
have been characterizcd (see section II.A.3) 11-13, lo.*, lo5. I t  is 
almost always formed in dilute aerated aqueous solutions and its 
rate of disappearance is low (kIIOp.+HOI. = 0.7 x log, kIro2.+o2-. 
= 3-0 x 107 and /c~,-.+~:-. = 1.2 x lo7 1 mole-ls-1) 105 compared 
with some other reactions. Therefore it can reach significant con- 
centrations, and figures in many reaction schemes described in 
section 11.13 particularly in reaction with other radicals. Virtually 
no studies have been made of its reactions with organic solutes. 

2. H ydroquinoaes 
I n  general, HO,' abstracts hydrogen from the hydroxy group of 

a hydroquinone and no hydroxylation results'"9 lg7. Hydroxylation 
of the ring has been observed on irradiation of lY2,4-trihydroxy- 
benzene, fi-hydroquinone, toluhydroquinoiie and monochloroquin- 
one19SI l39. Such hydroxylatioii did not occur iii the absence of 
oxygen but it was not established that ring attack was initiated by 
€30,'. More recently, Bielski and .411en109 have found that HO,' 
adds to the ring of semiquinone radicals, which have becn formed 
either by hydrogen abstraction or by OH' attack on the ring followed 
by water eliminatione6. 

The G-value for productioii of 14 depended on the oxidation reduc- 
tion potential of the hydroquinone. Where R = C1, G(14) = 1-41. 

Plienols probably undergo a similar reaction but the product 
remains in the o-quinone form. 

3. Ethylene 

(equation 47) lT3. 

convertcd into glycollaldehyde. 

Basson and du Plessis consider that HO,' radicals add to ethylene 

Compound 12 forms a ring peroxide which, in acid solution, is 
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CH2-Cl-12 CH2CH0 

0--0 OH 
(54) 

- 0: 
2HOOCH2CH20,. --H,o, > 2 1  . I ' 2  I 

4. Dyes 

Schulte-Frohlinde and co-workersZo0 have shown that some dyes 
are bleached by HO; radicals. No product analysis was carried out. 

111. P H  QTOLYTIC H Y  DROXY LATlQ N 

A. Production 

If  an aqueous solution of hydrogen pcroxidc is exposed to light 
of wavelength 370 nm or lcss, hydroxyl radicals are formcd?O1, 202. 

HZO, 4- h~ + 2 OH' (55) 
Hoclianadcls showed that the species formed was identical with the 
radiolytic primary oxidizing radical and was OH' uncontaminated 
by other species. Quantum yields (molecules changed per quantum 
of light absorbed) as high as 80 have been reported202. Obviously 
a chain reaction is involved. At higher light intensities the quantum 
yield falls t c  a steady 1.0-1-4 203. Further reaction of OH' with 
hydrogen peroxides produces HO,' (equation 7) so in that sense it is 
a mixed system20.1. At wavelengths less than 242 nm the photo- 
dissociation of water becomes energetically possible (equation 56) 205. 

H,O + hv+ H' +- OH' (56) 
The hydrosyl radicals produced by photolysis can hydroxylate 
benzenoid, olefinic and heterocyclic compounds. I n  some cases the 
hydroxyl radicals can be preparcd free of other interfering species. 
Sometimes the organic solute is raised to an excited state by the 
light and can then react with water adding, for example, H and OH 
groups to a double bond1s3a. The final product is often a hydroxyl 
compound but, because a frce radical mechanism is not involved, this 
type of hydroxylation reaction will not be considered in this chapter. 

Another system involves photoexcited electron transfer in the 
Fe3'OH- complex in aqueous solutions of ferric ion. I t  was con- 
sidered that free hydroxyl radicals were produced20Gs 207 (equa- 
tion 55). 

Fe3-OH- + Fe2'OH -+ Fez+ + OH' (57) 
Similarly the hydroxy ion, OH-, on illumination releases an 

electron leaving a hydroxyl radical (equation 58). 

(58) 

has 

hi. 
OH- --+ e,, -I- OH' 
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0. Benzenoid Cornpocinds 

Compounds related to naphthalene were irradiated in aqueous 
hydrogen peroxide solution with ultraviolet light by Boyland and 
Sims208. Phenols were the main products found. Bcnzoic acid, for 
example, gave the three isomeric hydroxybenzoic acids. The o h 0  : 
meta :para ratio was 2 : 1 : 1 approximately. 

Loeff and Stein48 studied the photodecomposition of hydrogen 
peroxide solutions at various concentrations with benzene as a solute. 
Phenol, mucondialdehyde and pyrocatechol were found to be the 
major products. 

Jcfcoate, Lindsay Smith and Norman have recently investigated 
the photolysis of hydrogen peroxide-toluene and hydrogen peroxide- 
benzene mixtures20'33. 

Norman and Radda"OB found that anisole under ultraviolet irradi- 
ation gave ortho : meta : para derivatives in the ratio 84 : 0 : 16 whereas 
fluorobenzene gave the ratio 37 : 18 : 45. 

Omura and iMatsuura210 found that ultraviolet-irradiated mix- 
tures of phenols and hydrogen peroxide in aqueous solutions gave 
predominantly o-dihydroxy compounds. Smaller quantities of pax-  
derivatives were also formed but there was no substitution meta to 
the existing OH group. p-Carboxy- and p-methoxy-phenols gave 
hydroquinones in addition to the usual catechol derivatives. 

The percentage conversions of starting materials were rather too 
high in these experiments for firm conclusions to be drawn regarding 
the detailed mechanisms. The proposed attack of a second hydroxyl 
radical on each phenoxyl radical (XPhO') to give the phenolic 
product cannot be considered the general mode of formation of the 
phenols. 

Pacifici and Straley2*Oa have observed hydroxylation of the aroma- 
tic nuclei of polyesters exposed to ultraviolet light. 

C. Unsaturated Compounds 

Milas and co-workers"1 studied the photolysis of mixtures of un- 
saturated compounds and hydrogen peroxide. Ally1 alcohol gave 
glycerol, cro tonic acid gave dihydroxybutyric acid, rnaleic acid or 
diethyl maleate gave mesotartaric acid and ethylene gave di- 
ethylene glycol or, in oxygenated solution, aldehydes"0b. 

K r a I j i ~ ' ~  has used the bleaching of p-nitrosodimethylaniline~~ by 
the photolytic hydroxyl radical as a basis for determining relative 
rate constants for reaction of solutcs with OH'. The agreement with 
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rate constants measured for radiolytic 013' is said to he satisfactory. 
Fluoresccin is also b1eachcd2*O". 

The results obtained in all thesc cases can be explained rcadily in 
terms of the rcactions described for the radiolytic hydroxyl radical 
(equations 17, 19, 24, ctc.). 

The photolysis of hydrogen peroxide has been used as a source of 
hydroxyl radicals for electron paramagnetic resonance studics211p ?lZ. 

Because of the technical difficulties encountered when liquid water 
is introduced into the e.p.r. cavity, many of these studies have been 
conducted in frozen aqucous solution at low temperatures or with 
strong hydrogen peroxide added to an organic liquid. Ultraviolet 
light is directed into the cavity itself. Although product determination 
does not normally form part of such invcstigations, valuable informa- 
tion regarding intermediate species is obtained. Strangely, ally1 
alcohol21l- 2123  does not add hydroxyl radicals but undergoes hydro- 
gen abstraction giving 'CH,CI-ICHOH. Oxygen, if prcsent, adds 
to the radicals giving peroxy radicals. 

D. Irradiation of Complexes 
Bates, Evans and Uri'06 showed that 300-400 nm ultraviolet 

irradiation of ferric complexes such as Fe3+OH-, Fe3+Cl- and 
Fe3+F - gave a species which liydroxylatcd aromatic compounds. 
Benzoic acid gave the o-, m-, and p-hydroxybenzoic acids in the 
statistical ratio 2: 2 :  1 ?07. SaIdick and AllenZ1l3 showed that the 
hydroxylating species was definitely the free radical OH' and not 
an activated complex, such as (Fe3 +OH). With benzoic acid present 
as substrate thc products were the liydroxybenzoic acids which 
were further attacked on continued exposure213. 

Benzene solutions were studied by Baxendale and MageeZlZ1. 
They found that Fe3+ ions could be replaced by Cu2+ ions. 

Solutions containing (U022+H20)  and (Ce+ OH -) have been 
reported by Stein and M'ciss?15 as giving free OH' capable of 
hydroxylating aromatics. has investigated aqueous 
Ce(rv) solutions. Yandell and Stranks217 have shown that the action 
of light on (T13+OH-) solutions liberates hydroxyl radicals. This 
list is by no means exhaustive. 

Hydroxyl radicals have also been reported218 as being formed by 
the action of the radical cation of 9,lO-anthraquinone-2-sulphonate 
(A). The radical cation is formed horn a photo-excited state 
(equation 59). 

A' -I- A + A ' -  + A.++A 1- OH' (59) 
OH- 
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E. Gas Phase 

Bhotolysis of watcr vapour and of hydrogcn peroxide vapour also 
gives hydroxyl radicals but very little is known ahour thcir rc- 
actions 2 1% 32 13- 

f. Conclusions 

To summarize, hydroxyl radicals produced by the action oF ultra- 
violet light on water, hydrogen peroxide or metal-hydroxy complexes 
appear capable of hydroxylating aromatic or olefinic compounds in 
the same way as do radiolytic hydroxyl radicals. Very little work 
has been done on these systems. The better experimental techniques 
now available and the better understanding of the general reactions 
suggest that considerable progress would ensue from a renewed 
attack on the problems of the system. 

IV. CHEMICAL FREE RADICAL HYDROXYLATION 

A. Introduction 
The study of chemical methods of generating radicals capable of 

hydroxylating organic substrates has received considerable impetus 
from the similarities of the products found to those formed during 
metabolic hydroxylation in biological processes. The reactive en- 
tities in vivo are one-electron oxidizing agents and demonstrate the 
same elecrrophilic character combined with lack of selectivity attri- 
buted to free radicals. Hydroxyl and perhydroxyl radicals have both 
been considered possibilities. 

There are broadly two types of systems2??? 223. The first, based 
on hydrogen peroxide togethcr with a metal ion of variable valexy, 
is typified by Fenton’s reagent (ferrous ion and X202),  titanous ion 
and H,O, and Hamilton’s system (ferric ion, catechol and H202). 

M”+ + H,OZ--t M(”+’)+ + OH- -i- OH’ (60) 
The second type is based on oxygen and is typified by Udenfriend’s 
reagent2249 ?z5. In the presence of ferrous ion, EDTA (ethylene- 
diaminetetraacetic acid) and ascorbic acid, molecular oxygen is able 
to hydroxylate many compounds. Initially, it was thought that 
hydrogen peroxide is formed first as an intermediate. Evidence 
now shows that this is not so. 

Udenfriend’s reagent behaves as a ‘mixed-function oxidase’Z2G and 
is therefore considered to resemble closely in many details the pro- 
cesses obtaining in biological systems. Expressed simply-a mixed 
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function osidase is able to reduce molecular osygeii and to convert 
it into a form so that one atom of each molecule of oxygen is reduced 
and the other appears in the product in a new hydroxyl group (in 
the cases we will consider). 

Two hrther reactions (equations 7 and 61) can give rise to HO,' 
radical. 

M ( n + l ) +  + HnOZ+Mn+ + H +  4- HO,' (61) 
The evidence for the radical nature of the active species and reviews 
of their reactions are given in papers by Norman and co- 
workers229-222b and by Staudinger and c o - ~ o r k e r s ~ ~ ~ .  It should be 
pointed out that not all authors agree that these species are the free 
OH' or HO,' radicals. Some consider OH' and HO,' are com- 
plexed to the metal ions. 

Each of these reagent types is now considered in kirn followed by 
peracids and the other methods of hydroxylation which have been 
used. 

6. Fenton's Reagent 

1. General 
Fenton's reagent, a mixture of ferrous ion and hydrogen peroxide, 

has been known since 13Y4227. Haber and Weiss228 proposed a 
series of reactions in which thc hydroxyl radical was the 2eactive 
species. Baxendale and c o - ~ o r k e r s 2 ~ ~ - ~ ~ ~  and Kolthoff aiid NIed- 
alia232, 333 proposed some modifications to the Grigilial scheme but 
OH', and to a minor extent HO,', remained as essential fcatures 
(equations 62-65). 

(62) 
(63 ) 

Fez+ -I- H 2 0 1 +  HOz' 4- H +  i- Fez+ (64) 
HO,' $- Fe3++ 0. i- H + + Fez+ (65) 

The kinetics of the system were recently investigated by Grinstead234. 
The arguments for the radical nature of the reagent are summarized 
by Norman and Lindsay Smith223y 235, 

By adding EDTA23G or other chelating- agents2353 3379 338  to the 
system, the ferric ion is complexed. This means that the reagent may 
then be used over a far greater pH range. ICralji~7~ has found that 
the radiolytic OH' radical reacts about as readily with EDTA as it 
does with benzene and other aromatics. This could complicate the 
reaction scheme considerably. Ascorbic 339 also increases 

FeS+ + H 2 0 2 - +  Fe3+ -1- OH' + OH- 

OH' and hydrogen peroxide react giving HO,' (equation 7). 
OH' -!- F e 2 + - - t O H -  4- Fe3+ 
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the yield presumably by reducing the ferric ions to ferrous ions. 
Ascorbic acid reacts with OH' radical. Thc rate constant a t  pH 1 
is listed"* as 7-2 x lo9 1  mole-'^--^. 

The relative rates of reaction of Fenton's OH' with a variety of 
solutes were measured by Merz and Watcrs""0-212. I n  the light of 
present knowledge, the values they obtained for aromatic (non-chain 
reaction) compounds rcust be doubled to allow for a modification to 
their reaction schemeG8. Uri202 criticized Merz and Waters' treat- 
ment on other grounds. Kraljic73 has used p-nitrosodimethylaniline 
to evaluate some relative rate constants. Norman and Radda2'Je 
have also measured the relative rates of sonic reactions by a com- 
petitive me tlw d. 

2. Benzenoid compounds 

Hydroxylation of the aromatic ring by Fenton's reagent was 
found for benzeneZ?'* 2359 2 4 2 ,  2.18, nitrobenzene209 2429 944, benzoic 
acid or benzoate236, 2399 2.151 2.16, 247, benzamide"2, phenylacetic 

dirnethylanil i i~2~~, chlorobenzene24~ 23% 214, fluoro- 
benzene222+ 24.1, phenolZ3~ 2.10, anisole')44, p-cresol248, naphthalene2Q7, 
toluene (also some hydrogen abstraction from the side chain) 2 3 5 3  244 

and a~etanil ide~2~3 236. 

The course of reactions is considered to be the same as for thp: 
radiolytic OH' radical and equation (7), followed by equation (19), 
has been applied under aerated conditions. Since there is a rather 
highcr concentration of radical 3 than in steady radiolysis and a 
greater likelihood of anaerobic conditions, there is a greater chance 
of biphenyls (equation 10) being formed. Lindsay Smith and 
Norman935 showed that 3 was oxidizcd by ferric ion to phenol 
(equation 66). 

(66) 

A lower amount of phenol was formed if the ferric ion was re- 
moved by complexing it with fluoride ion or by replacing Fee+ with 
Ti3+ which gives Ti";, a weaker oxidizing agent than Fe3+. More 
phenol was formed if an excess or' fen;(; was added. Alternatively, 
3 reacts with oxygen (equation 19). Another possibility advanced 
was reaction with a second OH' radical. O n  competition kinetic 
grounds, this can be discounted for small conversions of starting 
material. 

Although no isotope effect could be detected in the formation of 3 
there was an isotope effect when chlorobenzene was present. Less 

XC,H,OH' + Fe3;-+XC,H,0H -+ Fez+  + H +  



166 D. E'. Sangstcr 

phenol was formed from deuterated benzcne than from proto- 
bcnzene. This was explained by a crossed disproportionation betwecn 
the two adducts present in the solution (equations 67 and 68- 
compare equation 1 1). 

C,D,OH' + CICBH,OH' + CGDSOH -1- CIC6H5DOH (67) 
C6DGOH' 4- CIC,H,OH' 4 CIC,H,OH + CODOHOH (68) 

Reaction (67) will be slower than for the corresponding proto com- 
pound because a deuterium atom must be transferred. 

3. Effect of additives 

Staudinger and c o - w o r k e r ~ ~ ~ ~  related the greater effectiveness of 
certain metal ions (Cuf or V3+ in place of Fez+) with their rcdox 
potential and the speed of their reactions with molecular oxygen. 
EDTA, then, increases the phenol yield because it lowers the 
Fe2+/Fe3+ redox potential. Ascorbic acid reduces the oxidized Fe3+. 
Other reducing agents, such as ene-diols, would also be effective 
provided that they were not radical traps. Thesc authors also gave 
consideration to the role of HO,' radicals. I t  was not appreciated 
a t  that time that these are considerably more stable and less reactive 
than are OH' radicals. 

G r i n ~ t c a d ~ ~ ;  has suggested OC,H,COO -* as an intermediate in 
thc attack or Fenton's reagent on salicylate ion. This corresponds to 
the phenoxyl radical found in the pulse radiolysis of phenols (sec- 
tion 1I.B.g) 7 6 9  80. Consequently the subsequent reactions with either 
02, H,O, or OM' to give the products 2,3- and 2,5-dihydroxybenzoic 
acids cannot bc taken as necessarily applicable to the action of 
Fenton's reagent on aromatics in general. 

4. Olefin?c compounds 
showed that the Fcnton's radical 

added on to either side of the double bond of acrylonitrile and 
methyl methacrylate. Bccause of its industrial application as a redox 
initiator for olefin polymerization, there was considcrable icterest in 
Fenton's reagent in about the year 1950. Most of tliesc investigations 
do not throw much light on its Ixhaviour as a hydroxylating agent. 

5. Heterocyclic compounds 

compounds has been reviewed by Norman 2nd Raddaz49. 

Baxendale, Evans and 

The literature on the action of Fenton's reagent on heterocyclic 

Hydroxylation of furans has been investigated recently?533o. 
Scholes and iVciss studied thc dcgradation of nucleic acids and 
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DNA bases by Fenton's reagent. Breslow and Lukeiis'39 showed 
that quiiioline gave 3-liydroxyquinoline. Cier, Nofre and co- 
w o r k e r ~ ~ ~ ~ - ~ ~ ~  used Fenton's reagent modified by addition of pyro- 
phosphate to complex thc ferrous ion, to study purine and pyrimidine 
bases. In recent years emphasis has shifted to Udenfriend's and 
similar reagents as more nearly resembling enzymic action. 

4. Fenton-type reagents 
Almost any metal ion of variable valency may be used in place of 

ferrous ion in a Fenton-type reagent and much the same series of 
reactions will be found. One of these, titanous ion, has been so useful 
that suficient investigations have bcen done on it to merit separate 
trea-tment. Ceric ioiis will also be dealt with separately because the 
reactive species behaves quite differciit!y from that in Fenton's 
reagent. 

Other metal ions which have been studied in a mixture with 
hydrogen peroxide are listed by Walling254. The energetics of OH' 
radical production is discussed by UriZ03. An interesting one is 
cupric 9 * 1 4 9  z46  which increases the radiation chemical yield 
of hydroxylated products (section 1I.B. i .i). Ferrocyanide has also 
been 

The osmium tetroxide-catalysed addition of a hydrosyl group on 
each side of the double bond of an olefin (Milas reaction) has 
recently been reinvestigated by Norton and The main 
product is the glycol. 

C. Titancus System 

1. General 
Titanous ion reacts with hydrogen peroxide by a one-electron 

reaction (equation 69) and has becn reportcd as procceding more 
readily than the corresponding reaction of ferrous 256 

(Fenton's rcagent). 

Ti3+ -t- H , 0 2 + T i s i  + OH - 4- OH' (69) 

Dixoii and Normanzs7t 2 5 8  found this sytem superior to the Fcnton's 
ferrous system in flow experiments whereby the radicals could be 
observed in the cavity of an electron spin resonance spectrometer 
less than 0.02 second after the reactants were mixed. This technique 
has since been used extensively on many chemical compounds. 
Generally studies have been confined to e.s.r. spectra measurements. 
Being in a liquid system much greater resolution can lie obtained 
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than in a solid. (Ultraviolet irradiatim of a low temperature glass 
of the compound mixed with hydrogen pcroxide is another way o f  
trapping transient radical species so that they can be studied.) From 
such spectra the structure of the radicals formed can be deduced and 
quantitative ideas on the distribution of the unpaired electron can 
be obtained?zzb. 

2. Benzenoid compounds 

Using such a flow system with benzene as the substrate Dixon and 
Norman2s5" were able to show unequivocally the presence of 1 
formed by reaction (9) and to resolve the question of the primary 
step in the action of hydroxyl radical on the aromatic ring. Thermo- 
dynamic calculations had indicated that the elimination of water 
from XC,H,OH' was quite probable. They demonstrated con- 
vincingly that this adduct was, in fact, reasonably stable. This left 
no doubts as to the validity of Dorfman, Taub and Buhler'ss8 con- 
clusions arrived at from pulse radiolysis studies (section 1I.B. 1 .b). 

Dixon and Normanzs* found that phenol gave the phenoxyl 
radical, PhO', and concluded that hydrogen abstraction from the 
OH group was more facile than from CH. Pulse radiolysis studies75 
have shown that in a two-stage reaction the hydroxyl radical adds 
to thc ring and then water is eliminated (section 1I.B.l.g). 

Lindsay Smith and Norman23s showed that the titanous system 
and Fenton's reagent behaved similarly in the hydroxylation of 
aromatic compounds such as fluorobcnzene and chlorobenzene, and 
was unaffected by the addition of EDTA. Armstrong and Hum- 
phreys2G0 found that the titanous system gave a bigger yield of 
radicals from reaction with amino acids but otherwise behaved 
similarly. For both reagents, addition of EDTA made no difference. 

The radicals formed by attachment of OH' to a number of 
aromatic compounds have been characterized9m3* 259, ?G1-2G3. 

3. Olefinic compounds 

Dixon and Norman"8 showed that ally1 alcohol gave a spectrum 
corresponding mainly to HOCH,CH'CH?OH and a weaker onc, 
corresponding to HOCH,CH(OH) CH,'. This is in accordance with 
the greater reactivity of the unsubstituted methylene group in an 
olefin CH,=CHX, a5 compared with the substituted carbon atom. 
Smith and co-workers?G"* Z G 5  observed the same phenomenon also 
for acrylate esters. Oximes add an OH' radical to the carbon atom 
of the C-N 2 G 7  but losea hydrogenatom togive a nitroxide. 
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Malcic acid, fumaric acid a i d  crotonic acid add OH' a t  tlic double 
bondzG8. The reagent demonstrates clectrophilic cliaractcr's6a. 

4. Heterocyclic compounds 

Pyridine does not react with this reagent266. 
Ormerod and SinghZGg found that thc titanous reagent did not 

react with purines but attacked pyrimidine bases to give rcsults in 
good agreement with radiation chemical results. At pH 1, OH' 
added to the 6-position of thymine six times more readily than to 
the 5-position. Surprisingly, with EDTA present at pH 2, there is 
no addition at position 6 and the concentration of radicals with 
OH in position 5 is enhanced 24 times. Myers and co-workerslS6 
have also studied this system. 

Furans are hydroxylated at position 5 or 4253:1. 

D. Hamilton's System 

Hamilton and co-workersZog-~7~ , during an investigation of Uden- 
friend's reagent, tried the effect of replacing ascorbic acid by other 
ene-diols. They found that catalytic amounts of catechol, ( 
mole/litre) or other 1,2-dihydroxy- or 1,4-dihydroxy-aromatics and 
of ferric ion or less efficiently cupric ion enabled H,02 to liydroxylate 
aromatic compounds. 

Z-sing competition kinetic methods the ratio of the rate constants 
anisole : benzene : chlorobeczene : nitrobenzene was found to be 
1.4 : 1 : 0.6 : 0.6 which agrees fairly well with that for the radiolytic 
OH' radical. The isomeric distributions do not agree so well. 

The scheme on the following page was proposed where HX is per- 
chloric acid and C,H,Y is the substrate which is hydroxylated to 
HOC,H,Y. The reagent is regenerated. 

The system has been shown to be capable of hydroxylating a 
number of aromatic compounds. An attractive feature is the low 
concentration of catechol or other catalyst and of ferric iron that is 
necessary. This introduces less interpretative complications than are 
found in some other systems. 

E. Udenfriend's Reagent 

1. Mechanism 
The best known of the systems that employ an electron donor to 

make dissolved molecular oxygen available as a hydroxylating agent 
is that proposed by Udcnfriend and co-workers22,*p ? 2 5 .  The reagent 
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consists of ferrous ion, EDTA, ascorbic acid and oxygen. I t  was 
suggested that the oxygen was first reduced to hydrogen peroxide 
which then formed hydroxyl radicals. Norman and Kaddazog 
showed that the distribution of isomers following attack on anisole 
and chlorohenzene was different from that of Fenton's reagent. 
HO,' had been proposed as the radical in Udenfriend's reagent but 
by itself this reagent is not reactive enough. The attacking species .is 
more selective than the radiolytic hydroxyl radical and is also 
electrophilic. I n  all, it is considered to he a better model for bio- 
logical processes than any of the other systems. 

Norman and Lindsay Smith222 reported that the system is com- 
plex, and they have experienced difficulties in unravelling the 
mechanism. The molecular oxygen adds to the ferrous ion to give 
an ion, Fe2+OZ, which is much more effective if EDTA is present. 
This acts as a bridge for electron transfer between the ascorbic acid 
and the aromatic ring and back again, being reduccd itself in the 
process (equation '7 1). 
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C HOPI) 
0- 0 \  

In  liigli concentrations of metal ion, Fez+OzFez+ is formed and 
this gives a preponderance of meta-substitution, presumably because 
Fe is first attached to the activated ortlio- orpawposition and thereby 
the meta-position is made more accessible to nucleophilic attack by 
oxygen (equation 72). Fluorobenzene gives a high proportion of 

X X X 

Fe3’0H- 

(72) 

meta substitueiit evcii at low ferrous ion concentrations. Catechol 
and quinol are also found. 

2. Systems 
Some alteriiativc complexing agents, but not all of them, and 

other mctal ions such as titanous and copper ions276--ziG~ can be used 
in place of ferrous ion, and other reversible electron donors can be 
used in place of ascorbic acid. An ascorbic acid to ferrous ion ratio 
of about six is an  optimum, but hydroxylation will proceed very 
slowly even in the absence of an clectron donor. 

These studies have a bearing on the mechanisms obtaining ir? the 
autoxidation of aromatic compounds and, in particular, that of 
phenol. They are tliereforc of somc technological significance. 

Among the compounds studied with Udenfriend’s reagent are a 
number of biochemicals and these are often hydroxylated if they are 
benzenoid, olefinic or heterocyclic C O ~ ~ O U R ~ S ~ ~ ~ ~ ~  2iGC. 

Smith and Hays277 have recently compared the effect of X-radia- 
tion on uracil with that of ascorbic acid-FeSO,. They found many 
similarities. 
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F. Ceric System 

peroxide to give the hydroperoxyl radical (equation 73). 
Baer and Stein277" showed that ceric ion reacted with hydrogen 

(73) H,02  f C e a + +  HO,' -I- H +  -I- Ce3+ 

HO,' reacted with an excess of Cc4+ giving oxygcn (equation 74) 

(74) HO,' 4- C e 4 + + 0 ,  i- H -1- Ce3+  

Tlic kinetics or these reactions were investigated by Baxendale"'", 
Siglcr and Masters28o, anc! Czapski, Bielski and Sutin28l. They found 
that equation (73) was reversible. AnbarzsZ propostd that an inter- 
mediate complex Ce"'-OOH was rormed and existed for a finite 
time. 

Using a flow system Saito and B i e l ~ k i ~ ~ ~  determined the electron 
paramagnetic resonance spectrum of the radical HO,'. In  the pres- 
ence of an excess of cerous ion, there was a significant decrease in 
signal strength. There was good agreement with the spectra of HO,' 
obtained by other methods283. Bains, Arthur and Hinojosa28** found 
that addition of Ti"+ ions produced a narrowcr stronger signal, 
indicating that the radical species produced in the ceric system was 
less stable than its titanic analogue. 

The radical species does not appear to hydroxylate benzene?35 
and is generally not very reactive. I n  these respects it resembles the 
radiolytic hydroperoxyl radical. 

C. Peracids 

1. Genera! 

radicals: 
Peracids can undergo eithcr liomolysis giving free hydroxyl 

RCO-0-OH 4 RCOO' -I- OH' (75) 

or heterolysis giving hydroxyl cations: 

RCO-0-OH 3 RCOO- + O H +  (76) 
Both of these species appear to be capable of acting as electrophilic 
11 ydroxyl a ti iig a gents. 

Uri203 calculated that there should be a small amount of OH+ 
present in equilibrium in hydrogen peroxide solution: 

(77) H,O, 4- H + +  ti20 + O H +  
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Dcrbyshire and Waters 2 8 5  chose mesitylene to demonstrate this. 
Mesitylene on hydroxylation with hydrogen peroxide in acetic acid- 
sulphuric acid mixtures gave mcsitol. In this compound the positions 
activated by the OH group were blocked against furthcr attack by 
more reagent so complications due to secondary reactions were 
minimized. 

A Lewis acid such as boron trifluoride may be used in placc of 
thc acetic acid-sulphuric acid mixturcz8fi. 

2. Pernitrous acid 

oxide are mixed (equation 79). It is unstable. 
Pernitrous acid is formed whcn nitrous acid and hydrogen per- 

HZOZ -1- HNO, + ONOOH + ONO' -t- OH' (79) 

Halfpenny and Robinson"79 2 8 8  concluded that the OH' radical 
added almost always ortho or pa7a to any existing substituent group 
in the benzene ring. This was followed by nitration in the meta- 
position giving either l-hydroxy-2-nitro or 2-nitro-3-hydroxy deriv- 
atives. The incoming groups occupied adjacent positions in all the 

' because in 1 the unpaired electron was 

-HCO 

(equation 80). Compound 15, which is 

X X 

products found, probably 
localized in that position 

+OH' - 
not unlike 4, was thought to decompose by elimination of either 
water, nitrous acid or hydrogen or the substituent as HX. 

The products found from benzene are nitrobenzene, o-nitrophenol 
and smaller quantities of biphenyl, p-dinitrobenzene, phenol, other 
nitrophenols and some tar. Several other benzoid compounds were 
investigated but the presence of tar and dimers among the products 
casts doubt on the validity of deductions from thc isomeric distribu- 
tions of the products. It is always possible that the pernitrous acid 
does not dissociate until it reacts with thc aromatic compound. 
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x X 

3. Trifluoroperacetic acid 
a. General. Derbyshire and Waters285 suggested that other peracids 

might give OH+. The hydroxylating action of perhenzoic and per- 
acetic acids was known but owing to secondary reactions giving 
quinones this action was not always recognized. In trifluoroperacetic 
acid (16) the fluorine atoms attract electrons from the 0-0 bond 
thus facilitating the fission of this boiid280: 

CFaCOO-OH + CFaCOO- f O H +  (82) 

Once again decomposition does not necessarily290 take place giving 
free OH+. The reagent may act as in equation (83). 

6- J+ 

(16) 

X 

Evidence that 16 may d 

&:H + OOCCF, (83) 

compo 

X 

e in this way is given by th 
r e a ~ t i o n ” ~  with tetrame;hylethyl&e (equation 84). 

The reactions of 16 are described in several texts and re- 
viewszz2p 2s2, 233. It has proved to be a \very useful electrophilic 
hydroxylating agent. 
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b. Benzenoid compounds. The reaction with some aromatics has bcen 
studied by Davidson and Normanz94. The isomeric distributions 
obtained were quite different from thosc obtained with Fenton's 
reagent. More importantly, published values for radiolytic hydroxyl 
radical reactions1?6r l2* show quite a different distribution. Thc 
conditions are not strictly comparable but there seems little doubt 
that the attacking species is not the hydroxyl r a d i ~ a l ~ ~ ~ a .  The reagent 
can be considered as an electrophile of low selectivity but more 
selective and less rcactive than the OH' radical. 

The presence of a substituent nitro group in an aromatic com- 
pound does appear to inhibit the attack of 16; although, since con- 
siderable amounts of tar were formed, the evidence is not clear291. 
In  radiolytic hydroxylation nitro compounds are attacked quite 
readily (section 11.13). 

Oxidative cyclization can also bc thc result of attack by 16 
(equation 85) 2g4. 

H, OOCCF, 

W 7 A H  &OH -H+  

Attack a t  a ring carbon 011 which there is already a substituent 
sometimes induces methyl migration by a Wagner-Meerwein re- 
arrangement. Prehnitcne gives a variety of products including 
isodurenolcgl (cquation 86). 

NHAc NHAc NHAc 

0 D 

C F,C 0,H 
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An analogous rearrangement has been observed for deuterated 
acctani1ide”S (equation 87). 7.5% of the product is that deuterated 
in the %position. I t  is suggested that hydrogen migration might be 
a common reaction for phenolic cations. 

c. EJect of additives. Usually hydrogen pcroxide and trifluoroacetic 
acid are mixed to prepare 16 in situ. The effectiveness of 16 may be 
increased by carrying out the reaction in methylenc chloride. Also 
effective is addition of boron trifluoride, a Lewis acid, which has 
been used by Hart, Buehler and \VaringZD1 to obtain high yields of 
products. The Lewis acid coordinates with one of the oxygcns not 
used in the hydroxylation and thus facilitates decomposition. Iodine 
in conjunction with 16 has been used by Hey and co-workers2S6 to 
hydroxylate steroids. 

4. Other peracids 
Hydroxylation has been reported following the action of peracetic 

acid, perbenzoic acid and persuccinic acidz979 29ia .  The presence of 
acid assists reacti0n~~3 (equation 88). Smith and Fox2G8 found that 

Ti3+ and peracetic produce a specics which reacts 
radical. 

(88) 
YC,H,OH 

like the OH’ 

Inorganic peroxy acids such as persulphuric acid and peroxy- 
chromic acid have been observed to effect hydroxylation298 but 
hydroxyl radicals are not necessarily involved. 

5. Peresters 
Diisopropyl peroxydicarbonatc has bcen shown by Kovacic and 

Morneweck2j3 and by Kovacic and K ~ r z ~ ~ ~  to give a reasonably 
good yield (about 50%) in the hydroxylation of aromatic compounds 
to produce plienols. Reaction was carried out in the presence of‘ a 
Friedel-Crafts catalyst and gave essentially no undesirable side 
reactions. This is a considerable advantage over those methods in- 
volving hydroxyl radicals. The initial electrophilic attack was 
thought to be by an oxonium cation to givc a phcnol ester-alumin- 
ium chloride complex which resists flirther attack by the reactant. 
O n  hydrolysis this yields the phenol. 
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H. Other Systems 

There are other systems in which the action of hydroxyl radicals 
has been postulated in order to explain the results obtained. 

Benzene is converted into o-nitrophenol by the Baudisch reaction 
(hydrogen peroxide, hydroxylamine hydrochloride and cupric ion). 
The first step iiivolves liydroxylation"s* 300. 

I n  the analogous system morpholine, copper salt and oxygen, 
phenols are oxidized to quinones301. Since known scavengers have 
no effect, OH' radicals are most probably not involved. 

Heckner, Landsberg and Dalchau302 concluded that alkaline 
permanganate oxidized toluic acid and malonic acid through an 
intermediate OH' radical which existed in equilibrium in solution303 
(equation 89). 

Mn0,- 4- OH-+  Mn0,'- i OH' (89) 

Relative reaction rates were determined and agreed well with pulse 
radiolysis values779 

Powdered silica has some OH groups on the surface. If an organic 
compound is ground up with it, some hydroxylation results304. It 
would be interesting to know the isomeric distribution for the product 
from some monosu.bstituted benzenes. 

An electrical discharge in water vapour produces OH' radicals305. 
This should be a worthwhile source of such radicals. If an  electrode- 
less discharge is used then no contaminants or catalytic metals are 
introduced. Hydroxyl radicals are also produced from hydrogen 
peroxide vap0ur305~. 

Hydrogen atoms are readily produced in the gas phase. By rcac- 
tion with oxygen, HO,' radicals are produced306. 

Hydrogen peroxide can be homolysed by pyrolysis. Hydroxyl 
radicals result. 

Ultrasonic waves can break up water, and one of the products 
is the OH' radical3219 3 9 9 .  

V. CGMPAbC1SON O F  REAGENTS 

A. I fentity of Species 

E.:cept where there is clear evidence to the contrary, the hydroxyl- 
atin: species produced by chemical reagents have been called 
hydroxyl radicals in each case throughout this chapter. Nevertheless, 
since the hypothesis was first advanced in 1934 there has been 
speculation whether the hydroxyl radical is, in fact, formed by 
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Fenton's reagent. This spcculation continues today and is also 
applied to the other reagents. 

It was hoped that the e.s.r. spectra of the species would resolve 
these questions, but either the spectra are not exactly what would be 
expected on theoretical grounds for the frce radicals or the radicals 
are perturbed in some ways by the components of the reagent system. 
Methods are now available"7 for finding the e.s.r. spcctra of short- 
lived radiolytic species so these points may soon bc rcsolved. 

There is now reasonable agrcement that the radiolytic and photo- 
lytic species arc free OH' radicals and are electrophilic reagents. 
Howevcr, only rzcently have techniques been available to study 
them without interferencc from other species and other reactions. 
The cliemiczlly produced species are undoubtedly similar in thcir 
behaviour. Some investigators have suggested that the reactive 
species may be complexes containing metal ions. Identification of 
a reactant with a known species can only follow when both kinetic 
data and product distribution are seen to vary together over a range 
of changing conditions. 

Frequently one finds a categorical statcment in the chemical or 
biological literature that one or other of thc chemically generated 
species is known to be the hydroxyl radical. O n  tracing back one 
finds that such statements are based on the authority of a hypothesis 
put forward before the hydroxyl radical had been discovered for 
certain and its properties and reactions investigated. Furthermore, 
the necessary experimental equipment and techniques had not been 
developed at that time. At the present time, there is insufficient 
evidence to decide which, if any, of the chemically produced species 
are free OH' radicals. Some of the considerations that must be taken 
into account will be summarized. I n  many cases ccr_ditions are 
different 2nd the chemistry not understood. 

B. Some Discrepancies 

Livingston and Zeldes2111 found that photolysis of 2llyl 
alcohol-H,,O, mixturcs gave a spcctrum quite different from .hat 
obtained by Dixon and Normaii"jS using the flow system. Atkins 
and Symons308 pointed out that since OH' reacts so readily ',vith 
H,O, giving HO;, a more stable radical, it is difficult to bel'sure 
what species one is studying in ultraviolet-irradiated hydroger. per- 
oxide solutions. Similarly, they consider HO; or possibly (TiOO') 
to be the active species formed from titanous salts and hydrogen 
peroxide. 
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From product yields using the corn-petitive method, Norman and 
Raddazos havc found relative rates for Fenton‘s radical in the ratio 
anisole: benzene: chlorobenzene: nitrobenzene of 6.35: 1 : 0.55: 0.14. 
This should be compared with the radiolytic values 1-5: 1 : 1 : 0.4 O 8 ?  77. 

Myers and co-workers180 found that the radiolytic OH’ added to 
carbon atom 6 of thymine whereas the titanous radical also added 
to position 5 on the other side of the doublc bond. Ormerod 
and SinghzGs noted a difference in site of attack between pH 1 and 
2. 

Thcre is plenty of evidence that ferrous ion forms complexes with 
many anions3Ogt 310. This influences its rate of reaction with H,O,. 
There appears to be no reason why OH’ should not remain com- 
plexed to the iron. Shiga31l found that Fenton’s reagent attacked 
the hydrogens on the o carbon atoms of alcohols whereas the titanous 
reagent attacked the a position. The radiolytic and photolytic OH’ 
radical attack the a position. He  concludes that Fenton’s radical 
may be a complex, such as Fe-EDTA-H,O,. In a subsequent publi- 
cation Shiga and c0-workers~~2 distinguished between the electro- 
philic titanous reagent and nuclcophilic (sic) Fenton’s reagent. On 
the other hand Smith and found that by varying the con- 
centrations of the reactants it was possible to obtain radicals corres- 
ponding to hydrogen atom abstraction from all sites of the alkyl 
part of alcohols. 

Staudingei-”3 found different isomeric ratios for the hydroxylation 
products resulting from the action of Fenton’s reagent and titanous 
system respectively on acctanilide. The reactions with cellulose are 
different for the two reagentss13n. 

Chiang and c0-workers3~~ and Armstrong and Humphreys260 
consider that in the titanous system a complex [Ti(H,O),OH 
(substrate)I4+ is formed. T o  react, a substrate must be able to form 
this complex. I f  this is so, the dependence of yields on pH should 
differ fi-om that in thc radiolytic system. Norman314 states that it is 
now apparent that the titanous reagent is Car more complex than 
was at  first thought. 

Turkevich and co-workers3 5, Fischer3 IG, Florin, Sicilio and 
Wal1317 and M i c k e w i ~ h ~ ~ ~ ,  have considered the e.s.r. spectra of the 
titanous radical as well as its growth and decay. They conclude that 
it is some form of cornplcx, perhaps ( T i 0 0 ) 3 +  which is essentially a 
complexed 02-*. Such a complex does not nccessarily behave like 
02---. 

The difficulty in finding an e.s.r. spectrum for OH’ radical 
C I I G  ci 
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in Fenton's system may be due to its very short life vis-A-vis dimer- 
ization (kon+op = 5 x lo9 lmole-ls-l). M'henscavengers are present 
the time sca.lc IS very short in terms of most experimental techniques 
and thus the species is not readily detectable. During pulse radio- 
lysis experiments in the presence of 1 mmolc 1-1 benzoate all 
hydroxyl radical reactions are more than 99% complete in -1 
microsecond60. 

Sicilio, Florin and Wal1319 and Takakura and Rinby320 were 
able to resolve two peaks In the e.s.r. spectrum of the titanous 
reagent. These were attributed to HO' and HO,' and both were 
thought to be coordinated with Ti(1v) ions and possibly other species. 

Bains, Arthur and Hinojosa2S4 mixed H,O, with pairs of metal 
ions (Fez+, Ti3+ and Ce4+). From the changes of the e.s.r. spectra 
with relative concentrations they deduced that Ti4+ forms stable 
complexes with the radical species gznerated in these sysiems but 
Fe3+ and Ce3+ do not. 

There are sufficient discrepancies between results for doubts to 
arise. Some of these discrepancies are due to making comparisons 
between experiments conducted under quite different conditions. 
For example, in most comparative tables one finds listed the pioneer- 
ing radiation chemical results of Weiss, Stein and c ~ - w o r k e r s ~ ~ - ~ ~  
obtained twenty years ago; both experimental and interpretative 
techniques have advanced greatly since then. I t  is interesting that 
only recently did new information appear, published by three 
independent groupsGsp 7% 8 6 s  90, on the aqueous radiation chemistry 
of solute nitrobenzene-a key compound in the study of directive 
effects of substituents in thc benzene ring. I t  is quite apparent that a 
greater understanding of the chemistry of the systems is necessary 
before valid comparisons can be madc. 

The systems are complicated-much more complicated than the 
simpler radiolytic or photolytic ones-and only very recently has 
the understanding of these model systems progressed to a point of 
reasonably universal agreement. The species are very reactive, so 
their existence is transitory and special methods must be used to 
detect and identify them and to follow their reactions. They react 
to give other very reactive species, and several reaction steps may 
occur before the formation of a stable product which can be separ- 
ated, Often there is a chain reaction so that results are difficult to 
replicate and there is uncertainty regarding what reaction is affected 
by a given change in experimental conditions. Further, these diffi- 
culties are compounded by the variety of the substances added in the 
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practical systems. These substances may increase the yields of desired 
products but do not nccessarily increase the chances of being able 
to sort out the mechanistics of even the basic processes. Without this 
knowledge the practical system is unapproachable. 

C. Important Factors 

Radiation chemical studies have demonstrated the importance of 
oxygen, low conversions, solute concentration and dose rate in some 
cases3Z1. Addition of ferrous or copper ions introduces a chain re- 
action and increased yields result. Radiation chemical studies have 
an advantage over photochemical studies in that, within limits and 
certainly for dilute solutions, the rate of production and amount of 
liydroxyl radicals can be controlled with fair accuracy while other 
conditions are varied over a wide range. I t  should be possible to 
derive kinetic data for the interaction of many of the species. These 
data can be used, by means of computer programmes, to calculate 
product yields which can be compared with experimental values. 
Only when an evaluation has been made of a rezctant’s kinetic 
behaviour as well as the isomeric distribution of its products, can its 
identity be established with any certainty. 

I n  the meantime, even without this knowledge, the practical 
chemist can still make use of these reagents to effect electrophilic 
hydroxylation in a single step. 
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1. INTRODUCTION: OXYMETALLATION AND OXIDATION 

The first parts of this review are concerned with reactions which 
introduce the hydroxyl group into organic compounds and in which 
at least one major stage is oxidative. Knowledge of mechanisms of 
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oxidation has increased markedly in recent years and excellent texts 
giving extensive coverage arc available (c.s., see References 1-4). 
The subject matter of thesc occasionally coincides with material in 
this chapter and it is for this reason that the topics here have received 
consideration in proportion to the extent to which they are inade- 
quately treateci in secondary sources elsewhere. Additional considera- 
tions have been the actual or potential synthetic utility and thcorc- 
tical importance of the reactions. 

A. The Formation of OH Groups at Saturated Carbon 
The  most direct method of inserting a hydroxyl group at sp-turated 

carbon is by autoxidation. This is essentially a homolytic chain 
reaction between triplet ground statc, molecular oxygen and the 
substrate preferably in the presence of an initiator to counter the 
poor radical properties of molecular oxygen. Hydroperoxides are 
normally formed in the first instance but these are easily reduced, 
e.g., by lithium aluminium hydride, to alcohols. Although this 
appears to constitute a most general method of forming alcohols by 
oxidation it is limited in synthetic use to those examples where the 
desired reaction site is also the most reactive towards radicals. 
Alkanes are inuch less active than allylic and benzylic positions and 
reactivity generally parallels bond dissociation energies. Radicals 
which promote autoxidation may be generated by thermal or 
photochemical disruption of an initiator, photochemically via a 
‘sensitizer’, e.g., benzophenone, or by direct homolysis of bonds in 
the substrate by high energy irradiation. The area is generally well 
served with reviews of the synthetic scope and mechanisms of the 
reactions (e.g., see References 5-7). Asymmetric synthesis has been 
observed in the autoxidation of ~~-3-f-menthene in the presence of 
the optically active catalysts manganese D (  -)- and -L( +)-mande- 
late8. 

Many carbon acids, e.g., tri-P-nitrophenylmethane, are quite 
inert towards attack by molccular oxygen but react readily in the 
forn; of their carbanions to yield hydropcroxides. Examples of these 
and the proposed mechanisms appear in section 1II.B. 

Photoinitiated autoxidation of hydrocarbons proceeds via a homo- 
lytic chain process; quite different in its characteristics is the dye- 
photosensitized oxygenation of olefins to allylic hydroperoxides and 
cyclic conjugated diencs to endo-peroxides. These latter oxygenations 
find analogy in those effected by singlet oxygen, and the evidence is 
probably conclusive that the dye-photosensitized oxygenations also 
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proceed via oxygen in  this form. Tlic evidencc for this important 
development is reviewed in section 1II.A. 

Of considerable interest arc the autoxidations of organomctal 
compounds, particularly boron and aluminium trialkyls, which find 
technical use ix; the manufacture of aliphatic alcohols and of per- 
oxides as polymerization catalysts. The mechanistic features of these 
rcaciions appear in section 1II.C. 

Formally reseinbling the autoxidation is the oxidation of trialkyl- 
boranes -..vith hydrogen percixide, alkyl hydroperoxid.es and peroxy 
acids. Trialkylboranes, which may he formed by liydroboration of 
alkenes, arc oxidized by alkaline hydrogen peroxide to alcohols 
which correspond to an anti-Markowiiikoff hydration of thc 
alkene9p lo. This very useful procedure continues to be extcnded, 
and amongst the developments one may note its use for the pre- 
paration of optically active alcohols with H-D asymmetry" and the 
stereoselective syntheses of alcohols via cyclic hydroboration of 
dimes with 2,3-dimetliyl-2-butylborane1~. 

Peresters undergo a copper-catalysed reaction of homolytic type 
with alkenes to introduce an ester group at the ally1 pbsition13, e.g., 
t-butyl perbenzoate when heated with cyclohexene and a catalytic 
amount of cuprous bromide produces 7 3% of 3-benzoyloxycyclo- 
hexeiie. The mechanism of these reactions is probably as folIows1d-l6, 
c.g.. for cyclohexene: 

PhCOO-OCMe, + CU' ___f PhCOOCu' + M.e,CO' (1)  

Me3CO' 4- - Me3COH + 

Therlz is evidence that equation (3) involves a carbonium ion15. 
Unsymmetrical alkenes yield mixtures of isomeric products which 
may result from a mesomeric allylic radical, terminal alkeiies pro- 
duce mostly an unrearrangcd product. Appropriate reagents are 
able to effect the conversion of cumene into 3-acetoxycumece in 
30% yieldlG and tetralin into 1-benzoyloxytctrahydronaplithalene in 
150/, yield*7. The reagents are also able to introduce an ester group 
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into other compounds containing active carbon-hydrogen bonds, 
e.g., ethers and thioethers13. The method offers a convenient route 
for the synthesis in particular. of ally1 alcohols. 

Chromium compounds are capable of oxidizing tertiary alkanes to 
tertiary alcohols and alkenes to allylic alcohols but usually in poor 
yield. Further oxidation results in carbonyl compounds and car- 
boxylic acids and the method has limited synthetic value. The 
mechanism of the chromic acid oxidation of triaryl alkanes to car- 
binols probably involves cither the homolytic route (equation 4) or 
the cyclic transition state (equation 5) : 

(4) Ar,CH + CrvT > A r 3 C  + Cr" 

0 )  0 
'C3 ___f Ar3C-0-Cr1" 

HO' 'OH 
(5) 

the fate of the radical in equation (4) is probably conversion into a 
chromium ester. Oxidation with chromium compounds has been 
reviewed recently1e-20, and the possible use of these in synthesis, 
e.g., of t-butyl chromate2I and chromyl chloride22, continues to be 
explored. 

The limitations in the use of potassium permanganate for the oxida- 
tion of hydrocarbons to alcohols are similar to those of chromic acid. 
Further oxidation of the alcohols to carbonyl compounds and car- 
boxylic acids is frequent, and an additional drawback is the low 
solubility of the oxidant ill many organic solvents. The use of tri- 
phenylmethylarsonium permanganate which is soluble in chloro- 
form has been described". Potassium permanganate will effect the 
oxidation of tertiary hydrocarbon groups to carbinol as in branched 
chain carboxylic acids and iii arylalkanes, and finds here synthetic 
use. The suggested mechanism for these oxidations involves perman- 
ganate ion abstraction of a hydrogen atom from the tertiary position 
giving a radical pair in a solvent cage. Recombination within the 
cage produces an alkyl hypomanganate: 

(6) 
The ester may decompose by several routes; these mechanisms and 
other features have been reviewed recently?.'. 

R,CH + Mn0,- -+ [R,C'MnO,H-1 + R,COMnO,H- 
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Lead tetraacetate is ablc to effect acetoxylatioii at  carbon- 
hydrogen bonds and thus affords a possible stage to tlic overall intro- 
duction of a hydroxyl group. The synthetic use of the method is 
limited by the occurrcnce of additional reactions and thc reageds 
ability to attack readily only those carbon-hydrogen bonds which 
are adjacent to carbonyl, plienyl, alkenyl or ether groups. The reac- 
tion with carbonyl compounds probably proceeds via a heterolytic 
mechanism involving the dccornposition of an intermediate ester of 
the enol with lead tetraacetate: 

> C(0Ac)CHO + Pb(OAc), 

The mechanism of the acctoxylation of ethers, and allylic and benzylic 
acetoxylations is not yet clear. There is evidence of homolytic routes 
but the reactions do not appear to be accompanied by products 
arising from dimerization or chain transfer of radicals, although 
dimers have been characterized in the boron trifluoride-catalysed 
oxidation of benzene derivativesk5. Lead tetraacetate whilst fairly 
inactive towards benzene will effect several reactions including ace- 
toxylation of certain aromatic and hetcroaromatic compounds. The 
reactions of this reagent havc been reviewed rcccntlyZ0. Of consider- 
able interest is the report of thc use of lead tetra(triflu0racetate) 
which effects the trifluoraacctoxylation of hydrocarbons such as 
benzene and lieptane. Trifhoroacetoxylation may be followed by 
hydrolysis and the four compounds investigated gave alcohols in 
45 f loo/, yields". The mechanism is not yet known. 

Apart from lead tetraacetate, the acetates of Hg(I1j and Tl(m), 
together with Pd(11) salts and selenium dioxide in acetic acid, also 
effect allylic acetoxylation. In  so far as acetoxylation may be regarded 
as a route to the oxidative introduction of a hydroxyl group these 
reactions are described in sections 11.A-D. 

5. The Formation of OH Groups at  Unsaturated Carbon 

The direct introduction of a hydroxyl group on olcfinic carbon by 
autoxidation is very restricted in scope and at present of little value 
in synthesis. The limitations are, first, that reinoval of allylic hydro- 
gen is energetically preferred to the homolytic addition of oxygen 
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and, sccoiidly, if oxygen does add then it results in  a peroxy radical 
which is more likely in thcsc circunistaiices to add to more olcfin, 
producing after further rcpetitions a polypcroxidc, than it is to 
abstract a hydrogen atom to become a hydroperoxide. I t  has been 
observed that it is those olefins which polymcrize readily which also 
autoxidize and that this process of autoxidation becomes equivalcnt 
to copolymerizations. At elevated temperatures, thc addition of 
oxygen to many olefins increases at tlie expense of allylic attack and 
becomes a competing process. The dye-photosensitized addition of 
oxygen to conjugated dienes is rcviewed in section 1II.A. 

The compounds chromic acid, chromyl acetate and chloride find 
little use in the synthesis of zlcohols from alkenes. Chromyl acctate 
may oxidize alkenes to epoxides but in most cases several products 
are formed with the epoxide in small proportionla. 

The dihydroxylation of alkenes by aqueous pernianganate in 
basic solution is well known. The oxidation also takes place readily 
with periodate and catalytic amounts of perinanganate in neutral 
solhtion (the Lemieux and von Rudloff reagent). Permanganate is 
the oxidant and is continuously regenerated by periodatez*. Similar 
in mechanism and product are dihydroxylations with osmium 
tetroxide2aB 28. Whereas these two methods produce cis glycols, the 
Yrevost reagent-a solution of iodine in carbon tetrachloride together 
with an equivalent of silver acetate or benzoate-under anhydrous 
conditions yields the diacyl derivative of a trans-glycol via neighbour- 
ing acctoxy participation309 31. A comparison of tlie mechanisms of 
acetoxylation by the Prevost reagcnt and lead tetraacetate has been 
rcported recently32. 

The epoxidation of alkenes with peracids offers another useful 
route to the synthesis of trans-1,2-diols13. The formation of the 
epoxide is a stcreospecifically cis-addition, the subsequent ring open- 
ing usually proceeds with inversion of configuration at  the carbon 
atom attacked resulting in an overall trans-addition to the double 
bond33. Epoxides are easily converted by lithium aluminium hydride 
into monohydric alcohols, the reaction is of S,2 type and the rigid 
epoxides of multi-ring systems such as steroids yield axial alcohols. 

Lead tetraacetate reacts with alkencs in a variety of ways and 
yiclds some lY2-diacetoxy derivative. The mechanism of the reaction 
is not known, the addition does not appcar to be stereospccific and 
the reaction has little preparativc value a t  presentge. The reactions 
of alkenes with compounds of Hg(Ir), T1(1rr), and Pd(rr) arc dealt 
with in sections I1.A-C. 
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11. T H E  INTRODUCTION O F  OH GROUPS VIA CERTAIN 
OXYMETALLATIQN AND ACETOXYLATION PROCEDURES 

A. Mercury(i1) Salts 

Alkenes undergo electropliilic addition reactions with mercuric 
salts under mild conditions in solvents with nucleophilic activity to 
produce organomcrcury adducts of thc typc: 

ROH . I I  

I I  

I I  

RO-CC-C-HgOAc 

HO-C-C-HH~OAC 
>C=C< + Hg(OAc)2 -Ei I I  

I I  

1 1  
AcO- C-C - HgOAc 

These reactions are not new and earlier work has been reviewed3,'* 05.  

Whereas many alkenes may be induced to react in the manner 
shown by equation (8), a change in reaction conditions, particularly 
temperature or solvent, often leads to the formation of other pro- 
ducts. For examplc, in acetic acid as solvent Hg(r1) acetate oxidizes 
cyclohexene to the allylic acets te and, in a water-suspension, to the 
a!lylic alcohol and cyclopentyl aldehyde36. 

The formation of the zdduct by electrophilic addition does not 
appear to proceed by free carbonium ions or those involving neigh- 
bouring carbon participation. Both norbornene3i (1) and norborna- 
d i e r ~ e ~ ~  (3) react to give unrearranged cis-2,3-exo-mercuration pro- 
ducts (2 and 4) , although 4 undergoes HgC1,-catalysed isomerizatioll 
to the nortricyclenic oxymercurial 5 
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Similarly, both endo- and em-dicyclopentadiencs undergo oxymer- 
curation in water and methanol without rearrangement to give 
exo,cis-addition ~ r 0 d u c t . s ~ ~ .  The results imply that the formation of 
initial products is under kinetic control but that lengthy reaction 
times may yield products of greater thermodynamic stability arising 
from a consecutive rearrangement of carbonium ions formed by 
heterolysis of the Hg-carbon bond3*, 40. 

The stereochemistry of this addition reaction depends upon thc 
structural features of the alkene taking part. There are two main 
divisions: the hydroxymercuration of acyclic and monocyclic alkenes 
is a trans-addition, whereas that of bicyclic alkenes in which the 
double bond is sterically hindered to etzdo-attack is a cis-addition. 

The trans-addition of Hg(Ir) acetnte in aqueous solution is con- 
sidered to proceed via a flg(Ir)-olefin n-complex (mercurinium ion) 
which is then trans-solvolysed: 

Evidence for this scheme rests on the kinetics of formation of the 
adduct, the observed stercochemistry of the products, and kinetic 
studies of dehydroxymercuration which is the acid-catalysed rever- 
sion of hydroxymerc~ra t ion~~~ 3 5 3  41-44. A relevant illustration of the 
latter is that or-2-mcthoxycycloliexylmercury(11) chloride, in which 
the substituents may assume a trans-diaxial conformation, undergoes 
perchloric acid-catalysed dehydroxymercuration ca 1 O G  times faster 
than the ~-diaste~-eoisomer~~. Rccently a tl-ans-solvolysed mercuri- 
nium intermediate has been used to rationalize the occurrence of 
partial asymmetric synthesis in the methoxymercuration of or,@- 
unszturated estcrs, namely, ( -)-menthy1 crotonate, cinnamate and 
p-methyl cinnamate4j. 

The symmetrical structure assigned to the mercurinium interme- 
diate has been disputed by Halpern and who report the 
kinetics of the hydroxymercuration of many acyclic alkcncs and 
cyclohexene with Hg(r1) perchlorate in aqueous perchloric acid 
solution. They observed that the rate constants for hydroxymercura- 
tion of eight alkenes give a good log k versus cr* plot of slope 
p* = - 3-3. Consequently they suggest that the rate-determining 
step is the formation of an intermediate which has a high degree of 
positive charge localization, approaching carbonium ion character, 
on thc carbon atom adjacent to the substituent R:  
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There is an interesting comparison here with the mercuric acetate 
cleavage of substituted phenylcyclopropanes to yield an adduct, 
which has p+ = -3.2, and may involve an intermediate of similar 
structure4'. I n  contrast, evidence of a a-bridged mercurinium ion 
has been reported for the methoxymcrcuration of a l l e n e ~ ~ ~ .  The 
direct demonstration of kinetic nonparticipation of solvent molecule 
has yet to be made. The unsymmetrical n-complex has been favoured 
by other authors (e.g., sce Reference 37) to account for features of the 
reaction and it lends itself readily to an explanation of the observa- 
tion that the oxymercuration-demercuration procedure leads to a 
Markownikoff hydration of hydrocarbon alkenes. 

It is the synthetic utility of this feature which has been returned 
to by H. C. Brown and c o - w o r k e r ~ ~ ~ ~  51. They have shown that 
oxymercuration combined with reduction of the oxymercurial adduct 
by sodium borohydride in situ provides a convenient, mild method 
to achieve Markownikoff hydration of carbon-carbon double bonds 
without rearrangement. The method complements the anti- 
MarkownikoK hydration effected by the hydroboration-oxidation of 
alkenes and is considered superior to the procedure whereby the 
em-alcohol of a bicyclic alkene is obtained via epoxidation and 
metal hydride reduction. A representative selection of alkenes have 
been hydrated in good yield by this method. The hydration of 
bicyclic alkenes takes place on the least hindered side resulting in 
em-alcohols, e.g., 2-methylene-norbornane (6) yields 2-methyl-exo- 
norbornaiiol (7) in 99.50,/, yield: 

I n  a series of molecules whose structures offer increasing steric 
hindrance to endo-appraach there is an increasing preference for the 
formation of the exo-alcohol. The effect is similar to that observed in 
the lithium aluminium hydride reduction of hindered ketoness0. The 
oxymercuration-demercuration procedure shows a high degree of 



2 02 l .  R. L. Barker 

stereoselectivity in  eflecting substantially exo-hydration of norbor- 
nene (8) and related compounds as the following cxamples illustrate 
(total yields > 840/)51: 

> 994% exo 

(9) 
CH, 

In common with the oxymercurations mentioned earlier, these pro- 
ceed without skeletal rearrangements, or without scrambling as 
indicated particularly by equations (1 5) and (1 7). 

Whercas the mechanism of trans-hydration of a mercurinium-type 
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intermediate is reasonable for alkenes free from steric-controlling 
effects, the structure of the transition state leading to cis-addition is 
not yet clear. AS yet there are no rate measurements for the hydroxy- 
mercuration of bicyclic olefins; however, the results OC Brown and co- 
worlcers"O~ 51 indicate that cis-oxymercuration is not handicapped by 
slower reaction rates than trans-oxymercuration. That of norbornene 
(8) is amongst thc fastest and that of 7,7-dimetliylnorbornene (9)  is 
considcrably slower. 

&Additions commonly arise from cyclic intermediates, and in the 
case of hydroxymercuration this would require the replacement of 
acetoxy from the mercurinium intermediate by hydroxyl. The reac- 
tion could then be represented by: 

(1 0) 

Structure 10 would also bc present during trans-addition to unhin- 
dered olefins but here the intramolecular transfer of hydroxyl would 
have to compete with intermoIecular rearwards attack by solvent. 
This model has been developed by Traylor52 who envisages compe- 
titive Ss2 and S,i processes. Traylor has also suggested that ring 
strain rather than steric hindrance may be responsible for the cis- 
oxymercuration of norbornene via a mercurinium ion which itself is 
more reactive because of rigidity and strain than in the case of 
cyclohexene. In  this connexion he has demonstrated that bicyclo- 
[2,2,2]octene undergoes both cis- and trans-oxymercuration. 

Stereochemically alloxnalous reaction products may arise when 
substituents near to the carbon-carbon double bond undergo prior 
coordination with mercury. There are a number of examples in the 
literatures5 and Sung Moon and Waxmans3 have adapted the 
observations of Henbest and Nicholls"' for 4-substituted cyclo- 
hexenes, to the stercospecific synthesis of trans- 1,3-diols of six-, seven- 
and eight-membered rings by the oxymercuration-demercuratioxi of 
cycloalk-2-en- 1-01s. 

Certain areas of the subject seem to be particularly bcset by con- 
flicting stereochemical claims, e.g., Jensen and Millers5 report that 
the oxymercuration of 5-norbornene-2-endo carboxylic acid (1 1) with 
Hg(11) acetate yields 94% of the a-5-chloromercurilactone 12 as a 
consequence of trans-addition and not the mixture of endo- and exo- 
compounds reported earlier by other authors". This example is 
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also of interest in being onc of a number in which a irans-intramole- 
cular nucleophilic attack on thc mcrcurinium intermcdiatc takes 
place: 

> kHgC1 (19) 

(I) Hg(OAc), in MeOH 
(11) aq. NaCl 

oc- 0 

(1 2) 

OCOH 
(11) 

The reaction of Hg(1r) acetate in acetic acid with olcfiiis at  elevated 
temperatures commonly effects allylic acctoxylaiion5~'-5~ from which 
alcohols may be obtained by hydrolysis. The acetoxylations and ring 
contractions of cyclic olefins strongly resemble thosc produced by 
Pb(1v) acetate, and it is probable that similar mechanisms occur. A 
feature of the Pb(1v) acetate oxidations is the frequency of Wagner- 
Meerwein rearrangements60. Not all reactions of Pb(nr) acetate with 
olefins, however, are ascribed a heterolytic route. For example, the 
reagent reacts with styrene to give several products, one of these, 
PhCH(OAcjEt, is considercd to result from a radical chain reaction, 
and another, PhCHCOAc) CH,OAc, by two concurrent reactions of 
homolytic and heterolytic character~0~ In  addition, of consider- 
able interest is the report that molecular oxygen inhibits the benzylic 
acetoxylation of toluene by scavenging the short-lived free radical 
intermediates such as PhCH,' or Pb(OAc),', occurring in a radical 
chain processG2. 

Whereas the osymercuration adduct has been suggested by some 
authors as an intermediate in thc acetoxylation reaction, Winstein 
and co-workers have implicd thc possibility of the direct formation of 
a n  allylic mcrcurial, envisaged mechanistically as of S,i' (equation 
20) or S,2' (equation 21) typeG3: 

H c  HgOAc 
AcO' 

I I- I 

>cHC\y < 
HgOAc 

+ AcOH 

(20) 
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These processes may be regarded generally as the reversion of thc 
reported S,;’ or SE2’ demercurations of butenylmercuric acetate in 
acetic acid which yield 99.5% of the secondary allylic acetate. The 
demercuration is slow at 25” but greatly increased in the presence of 
Hg(rr) acetate and the following SEir (equation 22) and SE2‘ (equa- 
tion 23) schemes have been suggestedG4: 

Examination of butenylmercuric acetate by n.m.r. has shown that 
under conditions of rapid allylic equilibration (induced by HgX, 
salts) the equilibrium is far on the side of the primary butenyl 
structure as in the case of the analogous Grignard and PdCl com- 
poundso5. I n  terms of acetoxylation, this implies that the secondary 
acetate may be anticipated to be the product from the allylic oxida- 
tion of both 1- and 2-butene as any secondary mercurials inirially 
formed isomerize rapidly to the primary structure. The expectation 
has been borne out by an examination of the acetoxylation of a 
number of 1- and 2-alkenes (C,-C,) with Hg(n) acetate in acetic 
acid at 75 O 03. However, the proportion of secondary allylic acetate 
diminishes with reaction time particularly with 2-olefins owing to 
Hg(0Ac) ,-catalysed isomerization of the allylic acetates; olefn 
isomerization also occurs. The exclusive formation of secondary 
allylic acetates in  these particular examples is, therefore, based 
essentially on the unique demercuration process and is not consistent 
with normal carbonium ion or free radical behaviour. The general 
applicability of the rationalization is not known and it may not 
apply to olefins of widely different structural type. 

A complctely different approach to the problem has been made by 
Wiberg and NiclsenG6 who investigated the stereochemistry of the 
allylic acetoxylation of a number of cyclic olefins with Hg(I1) acetate 
at elevated temperatures for prolonged periods. They consider that 
the results, e.g., the formation of racemic carvotanacetol acetate 
from ( +)-carvomenthene, require the intermediacy of a symmetrical, 
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allylic carbonium ion. This arises from thc hetcrolysis of thc Hg-car- 
bon bond of an allylmercuric acetatc which is itself formcdvia electro- 
philic addition and clim-ination of a proton from the mercurinium- 
type intermediate. 

B. Thallium(iii) Salts 

Although the reactions have been less well investigated it is 
apparent that T~(III) salts react with olefins in a manner similar to 
that of Hg(r1) salts and Pb(1v) acetate. Acyclic olefins are oxidized 
to glycols and carbonyl compounds by T~(III)  salts in aqueous solu- 
tionG7 and the kinetics of oxidation of certain of these have been 
examinedGs. Cyclohexene in acetic acid solution is oxidized to thc 
following p r o d ~ c t s ~ ~ ~  G i ,  G9-71:  

O O A C  0 0  A c O o O A c  

AcO OAc 0 ’ dc [ I t C H ( O A c ) ,  B C H O  

(1 3) (1 4) (15)’ (1 6) 

and the glycol monoacetates of 13 and 14; products 13-16 ,re often 
formed in high proportion. There is little work reported on the 
stereochemistry of the cyclohexane diacetates (13 and 14) but one 
study has shown that mainly the trans-isomer is formed in dry acetic 
acid and mainly the cis-isomer in the moist solvent3G. Both isomers 
are considered to have a common precursor in the trans-oxythalla- 
tion aciduct which undergoes metal-carbon bond heterolysis with 
acetoxy participation to yield an acetoxonium ion. Solvolyses in 
which the stereochemistry of the product depends upon the medium 
and particularly the presence of watcr arc a feature of acctoxonium 
corn pound^^^. The ring-contracted products are presumably also the 
consequence of carbonium ions but on this occasion with neighbour- 
ing carbon participation. 

Features such as the multi-component naturc of the product, the 
degree of incidence of allylic attack and presence of ring-contracted 
products suggests that oxidations with T~(III) salts stand nearer to the 
behaviour of those of P5(1v) acetate than those of Hg(rr) salts. Both 
Hg(r1) and Pd(Ir) acetates oxidize cyclohexene to the allylic acetate 
exc l~s ive ly~~.  Comparisons s!iould be treated with caution as solvent 
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and tcmperature have an important role in dcciding what products 
form. However, it is probable that carbonium ions resulting from 
metal-carbon bond cleavage havc a more prominent part in the 
reactions of Tl(11r) salts a:id Pb(w) acctate with olefiiis than do 
Hg(I1) salts. The mechanisms of allylic oxidation and acetoxylation 
have received little direct attention. 

Oxythallatioii adducts have been isolated from styrene, o-allyl- 
norbornene and norbornadiene3*. For the latter two com- 

pounds, confirmation of expected cis,exo-oxythallation was obtained 
by an application of the nuclear Overhauser effect in their double 
resonance n.m.r. spectra; the single resonance i1.m.r. spectra are 
complicated by large proton-thallium coupling  constant^'^. O n  
treatment with sodium borohydride in ether-methanol bctli the 
norbornene and norbornadiene oxythallation adducts (17 and 19 
respectively) undergo reductive deoxythallation to regenerate thc 
parcnt olefin exclusively. On the other hand, the norbornene adduct 
(17) is reduced by sodium amalgam in aqueous suspension to a high 
yield of exo-norborneol (18). Similar treatment of the norbornadiene 
adduct 19 and reacctylation of the product leads to a high yield 
(ca 95%) of the acetates of eso-5-norborneol (20) (ca 85%) and 
nortricyclanol (21) (ca 15",) 35: 

.? (24) 



208 I. R. L. Barker 

The oxythallation adducts of norbornene and norbornadiene 
undergo rearrangements analogous to that of the oxymcrcuration 
adduct of norbornadiene noted earlier. However, there appear to be 
differences in that a greater variety of products is obtained fairly 
rapidly on acetolysis at room temperature and identical products 
are also obtained by direct treatment of norbornene and norborna- 
dime with Tl(11r) acctate in acetic a ~ i d ~ ~ - s o m e  examples follow: 

&J0*. 

TI (0 A c)p 

,OAc 

+ boAc 
The ease of Wagner-Mecrwein rearrangement accompanying 
dethallation in acetic acid illustrates the importance of distinguishing 
whether the formation of products has bcen kinetically or thermo- 
dynamically controlled. 

The effect of structure upon rate of reaction in the aqueous 
T~(III) oxidation of simple olefins qualitatively parallels that observed 
in the acid-catalysed hydration of olefinsG8$ 7 3 .  This observation has 
been offered as further evidence of carbonirim ion character for the 
activated complex involved in oxythallation. The difference in 
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degree of carbonium ion character of the reactive intermediates in 
oxythallation and oxymercuration has been ascribed to the effect of 
the higher charge of thallium rcducing the size of the d-orbitals and 
hence the d-fi overlap necessary for strong x-bonding. The decom- 
position of the mercury intermediate by nucleophiles is envisaged as 
essentially S,2 (one might add also Ssi) whereas that of the thallium 
intermediate is S, 1 68, 73 .  However, the unequivocal demoiistration 
of the stereochemistry of oxythallation has yet to be reported. 

Oxythallation combined with reductive dethallation under aque- 
ous conditions does not yet appear to have been exploited ir? the 
manner of the mercury analogue for the synthesis of alcohols from 
olefins. 

C. Pal/adiurn(ii) Salts 

The oxidation of olefins with Pd(I1) chloride in aqueous solution 
is the basis of a most useful technical preparation of carbonyl com- 
pounds, particularly when CU(II) chloride is used as a redox system 
to make the reaction catalytic in Pd(Ir)i4* 7 5 .  1- and 2-Olefins are 
oxidized to methyl kctones in high yield and in certain respects 
oxidations with Pd(1r) resemble those of T1(1r1)~8? 73, 76, in which 
saturated ketones and glycols are produced, more than those of 
Hg(11)'~. 7 8  in which, e.g., propene gives mainly acrolein. O n  the 
other hand, the small dependence of rate of oxidation to carbonyl 
compounds by Pd(11) upon olefin structure is unlike that of Hg(I1) 
or Tl(rrr) osidations and suggests little carbonium ion character in the 
transition state. This feature has been rationalized by a concerted, 
nonpolar, four-centre addition mechanism leading to an oxypalla- 
dation adduct'g. 

Oxidation of olefins with Pd(n) salts in the presence of acetic acid 
produces vinyl and ally1 acetates in a manner generally similar to 
Hg(II;, Tl(11r) and Pb(1v) acetate acetoxylationsaO, *l. The reaction 
of Pd (11) with olefins is considered to proceed via a preliminary PdX,- 
olefin complex to an oxypalladation adduct80-*G. Such adducts have 
not yet been characterized and have at  the moment the status of 
reactive intermediates. Questions prompted by results gained in 
related fields as to the kinetics and stereochemistry of their formation 
are generally unanswered. Winstein and co-workers have studied the 
acetoxylation of acyclic 1- and 2-olefins (C3-C,) with Pd(1r) acctate 
at 25" in acetic acidso and compared the results with those obtained 
with Hg(~r)  acetate63 mentioned earlier. There is a skiking contrast 
in that 1-olefins give mainly enol acetate while 2-olefins give mainly 
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allylic acetate. I n  addition, the small amount of allylic acetate 
formed from a 1-olefin is mainly primary, whereas the allylic acetate 
from a 2-olefin is mainiy secondary. The proportion of enol to ally1 
acetate is sensitive to solvent. Product distributions wcre measured 
early in the reaction to obtain values close to kinetic control propor- 
tions as it was observed during lengthy reaction periods that product 
isomerization occurred. The data werc rationalized by a sequence in 
which an oxypalladation adduct with preferred Markownikoff 
orientation eliminates the elements HPdOAc with the preferred for- 
mation of an allylic acetate. The oxypalladation adduct of a 1-olefin 
with Markownikoff orientation can lead only to an enol acetatea0. 

The detailed manner of the decomposition of the oxypalladation 
adducis to give products is not clear. One suggestion, based on iso- 
topic labelling, is that the Pd-carbon bond lieterolyses to a carbo- 
nium ion which rearranges and solvolyses, or loses protona3: 

CH,CH (OMe), 4 
and 

AcOD 7 CH,CH(OAc), 4- Dt 

% CH,=CHOAc 
- CH,+CHOAc 

The abseiicc of deuterium in thc saturated products precludes the 
possibility of their having bcen formed by addition of solvent mole- 
cule to a vinyl intermediate. An acceptable mechanism also has to 
preclude enolic intermediates \4hiCh tautomerize to products. A 
variation of the mechanism is a I’d-assisted hydride shift followed by, 
or synchronously with, proton loss from an adjacent carbon atom. 
Differences between this and the carbonium ion mechanism outlined 
above are in the timing of the stages and the required cis-arrange- 
mcnts of the palladium group and the hydrogen atom involved in 
assisted hydride transfer. This mechanism, also incorporating the 
suggestion of an adduct with cis-orientation, has been used by 
Haszeldine and co-workcrsBG to interpret the acetoxylation of cy- 
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cloliexene with I'd (11) chloride in acctic acid (containing sodium 
acetate a t  20") which produced cyclohex-2-cnyl acetate (76%) and 
cyclohex-3-eiiyl acetate (24%). These authors have also demon- 
strated that the n-allylic complex di-p-cliloro-bis (cyclohexenyl) 
dipalladium(I1) is not a precursor in the acetoxylatioii of cyclo- 
hexene. 

A new variation on the use of l'd(rr) and CU(II) combinations has 
been reported by Henrys1. Whereas CU(II) alone has no oxidative 
activity towards olefins, whcn present in high concentration with 
Pd(~r),  the reaction of Pd(r1) takes a different course. Little vinyl 
acetate is formcd and the product consists of saturated compounds, 
e.g., fi-om cthylene, 2-chlorocthyl acetatc and ethylene glycol mono- 
and di-acetate; homologues of ethylene undcrgo similar reactions. 
cis- and trutrs-2-Butcne give comparable quantities of both 2,3- and 
1,3-isomers and this is ascribed to a prior rearrangemcntof the oxypal- 
ladation adduct. The results have been rationalized by a mechanism 
in which Cv (11) chloride successfully competes with elimination of 
HPdCl from the oxypalladation adduct by reacting directly with it, 
but the precise nature of this reaction has yet to he made clear. As 
with the mentioncd results of Winstein and co-workerseO, the product 
distributions in this new reaction are best explained by preferential 
Markownikoff oxypalladationel. 

Norbornene (22) is oxidized in acetic acid solution by a mixture of 
Pd.(rI) and CU(II) chlorides, with the latter in high concentration, to 
50-84% yields of eso-2-chloro-s).n-7-acetoxynorbornane (25). This 
was converted into the difficultly accessible g~n-7-norbornenol (26) .  
The formation of 25 was esplained as due to heterolysis of the Pd- 
carbon bond in the oxypalladation adduct (23) to yield a norborq l  
cation (24) which undergoes rearrangement and then nucleopliilic 
attack as set out in equation (30)87. In view of the report by Henrya1 
mentioned earlier it is interesting that here no special function was 
ascribed to CU(II) chloride. 

The quantity and range of results rcported so far in thcse acetoxyla- 
tion studies by Pd(11) do not permit a general mechanism to be 
established. The importance of reaction conditions such as tempera- 
ture and solvent, and the structure of the olefin is such that inferences 
drawn from results gained under one set of conditions may not be 
exactly applicable to another. 

D. Acetoxylation with Selenium Dioxide in Acetic Acid 

Selenium dioxide is best known for its ability to oxidize ketones 
<: 1% c I 3  
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via en01 selenite csters to a,P-dikctoncs3. The reagent when used in 
acetic acid mediurii will also effect allylic acetoxylation. These reac- 
tions have been less fully studied than the ketonc oxidations, and the 
mechanism is far from clear. It was formerly thought to be homolytic 
and involve hydrogen atom zbstraction from the alkene in the 
manner of allylic bromination with N-bromo amides and autoxida- 
tion88, but more recently heterolytic mechanisms have been sug- 
gestedG6s s8.  A feature of these and related ailylic acetoxylations by 
metal acetates are the relatively high temperatures and lengthy 
reaction periods requircd'jG in comparison with those for the Irorma- 
tion of oxymetallation adducts with, e.g., Hg(n) and Tl( r r r )  salts. 
The question as to whethcr the allylic acetoxylations proceed via 
these adducts is not yet settled. 

The competitive allylic acetoxylation of nuclear substituted 1,3- 
diphenylpropenes (27) by SeO, in organic solvents of differing acidity 
has led Schaeffer and Horvath to suggest an electrophilic attack by 
ScO,  or HSeO,+ on the carbon-carbon double hond as the initial 
stage of the reactionsg. The similar oxidation of 3-deuterio- 1,3- 
diphenylpropcne gave an allylic acetate whicli reiaiiied about three- 
quarters of the original deutcrium and this corresponds to a kinetic 
isotope effect of k,,/k,, = 3-1 at 115", thus suggcsting carbon- 
hydrogen bond breakage during the rate-determining stage89. I n  
addition, the distribution of deuterium- in the product indicated that 
positions 1 and 3 become equivalent. The results were rationalized 
by thc following mechanism which involves a selcnite ester(23) : 
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PhCH,CH--CHPh -t- H S e O , +  --+ PhCH==CHCH(OleOH)Ph -1- H + 
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(31) 

(27'1 .......... (28)  
. I  

(28) -+ [PhCHCHCHPh] + -1: HSe0,- 
(29) 

(29) + HOAC + PhCH(OAc)CH=CHPh -t H + (33) 

Stages (32) and (33) are described here as an S,l solvolysis. An 
alternative path in solvents of lower ionizing power or higher nucleo- 
philicity, or where the internal structure of the selenite ester is less 
favourable to ionization, would be that of SX2 or SN2' solvolysis. 
Reactions proceeding by these latter routes could provide the basis 
of an explanation of the observed formation of optically active pro- 
ductsGG* s9. For example, (+)-carvomenthene (30) is oxidized in 
aqueous ethanol by SeO,  to (-1-)-p-menth-6-en-2-one (31) with ca 
50% retention of configuration suggesting a mainly S,2' solvolysis 
by watersG. 

Whereas some authors describe :he reaction path in terms of the 
formation and decomposition of a selenite ester by analogy with 
ketone oxidation, Wiberg and Nielsen suggest a selenic acid as inter- 
mediate, by analogy with oxymetallation6G. According to this scheme, 
the oxidation of (+)-carvomenthene (30) is fortnuizted as the 
followiiig S,2' process: 
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Tlic alternativc SN2 patli lcads to stcreocheniicnl inversion: 

etc. 

I h h 
The intermediacy of carbonium ions in thesc reactions involving 
cyclic olefins is notyetestablishcd and it may bcsignificant that the 1% 
cyclic olefin cr-pinene oxidizes without rearrangement or cleavageGG. 

Unlike othcr olefins examined, cyclohexcne reacts with ScO, in 
acetic acid to give mainly a selenium-containing adduct which yields 
3-acetoxycyclohexene and seleniurr on pyrolysis. Thc reaction has 
been carried out using cyclohesenc with lC-labelling of both carbon 
atoms of the double bond; analysis of the product showcd that the 
acetoxy group was attached to one of the original olefinic carbon 
atoms to the cxtent of 9O%GG. This rcsult requires cither the Ss2 
mechanism or an olefin-forming elimination of an  oxysclcn? t’ ion 
adduct. I t  is confusing and perhaps indicative of the present state of 
this area to find that (+)-4-methylcyclohexene is rcported to he 
oxidized to 5-methyl-2-cyclohexen-2-yl acetate with the same stereo- 
chemical features as (+)-carvomenthene and unlike cyclohexene65”. 

111. T H E  INTRODUCTION OF OH GROUPS VIA CERTAIN 
REACTIONS WITH MOLECULAR OXYGEN 

A. Oxidation via Singlet Oxygen 
The normal or triplet ground state of molecular oxygen is that of a 

biradical ‘0-0’. I t  is through the agency of this form that autoxida- 
tions, either spoiitaneots or promoted by initiators, takc place. The 
products and homolytic characteristics of these rcactions are dis- 
similar to those describedin this section. Direct cornparisom have been 
made experimentally, e..g., in the autoxidation of (+)-limonenc”. 

T h e  hetcrolytic decomposition of hydrogen peroxide or peracids 
witli, e.g., alkaline solutions of chlorine or bromine produces clec- 
tronically excited singlet oxygen, O=O, whicli is structurally simi- 
lar to ethylene”. Other methods of chemical generation in situ are 
known and include the decomposition of a triaryl phosphi+=- LL ozone 
adductg2 and of endo-peroxides of 9,lO-disubstituted a~i thracenes~~.  
Singlet oxygen may also bc generated cxternally by subjecting 
oxygen to radio-frequency, electrodeless dischargcgJ. Oxygen result- 
ing from all these proccsses has onc or other of thc excited singlct 
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states, ldg or *Sg+, whosc encrgies arc cn 22.5 and 37.5 kcal/mole 
respcctivcly, abovc that of triplet ground statc ("g-) oxygen. Chemi- 
lumincscence occurs whcn the excited singlet states of oxygen emit 
radiation on returning to the ground state, this reversion may involve 
the bimolecular process: 

and other specics g3-97. I n  tlie case of the singlet oxygen formed by 
reaction between chlorine and hydrogen peroxide in alkaline solu- 
tion, red light of wavelength 635 m p  is observedgG. 

The singlet oxygen generated by these and other methods is of 
considerable theoretical and synthetic interest as an  oxidant of olc- 
fins9*. Alkenes yield allylic peroxides with double bond migration, 
and cyclic conjuaatcd dienes yield endo-perosidcs, from which alco- 
hols may be obtained by a variety of reducing agents. A selection of 
illustrations from the literature is given in Table 1. The products of 
these oxidations are identical with those resulting from dye-photo- 
sensitized autoxidntions, and high yields may be expected when high 
quantum yields in the photosensitized autoxidations are obtained. 
There is growing evidence that photosensitized autoxidation prob- 
ably proceeds via singlet oxygen. 

Two mechanisms have been suggested for the dye-photosensitized 
autoxidations of dienes and olefins which arc consistent with the 
products, kinetics and energy considerations. These mechanisms 
differ in steps (39) and (40) of the ibllowing scheme, where super- 
scripts refer to elcctronic spin states, Sens = scnsitizcr, and A is a 
subs trategl: 

Sens -+  lSens  (37) 
S e n s  -+ %ens (38) 

% e n s  1- 30 + 'SensOO' (39a) 
(40a) 
(39b) 

'0, + A->AO, (40b) 
M%ereas path b was not previously favoured, the rccent demonstra- 
tions of similarities in oxidations with independently generated 
singlet oxygen and dye-photosensitized autoxidation have now made 
path b more probable. Foote and co-workers"J1 find that the product 
distributions areindistiiiguishable in the oxidation of thrce olefins both 
by the Rose Bengal-photosensitized rcaction and with singlet oxygen 
from hydrogen peroxide-hypochlorite mixtures. Further cvidence for 
the intermediacy of singlet oxygen was gained by Ihpecky and 

2 o,('dg) 3 2 0,(3zg-) + hr 

? 

hi1 

'SensOO' + A + AO, +- S e n s  
5 e n s  + 3 0 2  -+ S e n s  -I- '0, 



TABLE I .  Oxidations by sinslet oxygcn 

Reaction Mcthod" Rcfcrcnce 

@- ( i i )  LiAIH, > @ +  

OH 
CH3 H7.C 

a 
b 

d 

a 
d 
C 

a 

a 
C 

a 
b 
C 

a 

. .  36% 

@+@ H,C H3C a 

18% 34% 
(cis and trans) 

91,98 
92 

31 

99 
94 
99 

91, 98. 99 

91,98 
93 

91, 98 
92 
93 

98 

100 

* Methods: a ,  H,02-NaGC1/NaOBr. b, Triphenyl phosphite-ozone adduct. c, 9 , lO-  
Diphcnylanthracene endo-peroxide. d, Radio-frequency discharge on osygen. e, Alkaline 
peracid. 
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Reich'o? who compared the reactivity sequences of a number of 
olefins towards established radical and electrophihc reagents with 
that for Methylenc Blue-photosensitized oxidation. The results indi- 
cated that the reactive intermediate in tlie photosensitized oxidation 
is clectrophilic, i.e., singlet oxygen. I t  was also shown, to the same 
end, that the relative rates of the photosensitized oxidation of pairs 
of olefins do not vary significantly with different sensitizers, indi- 
catkg a. common intermediate which could not include the sensi- 
tizer1'J2* 1°3. Singlet oxygen is probably involved in, e.g., the dye- 
photosensitized oxidation of tetra-O-methylp~rpurogallin~~~, of 
caryophylleneslO~~ l O G ,  and of diacetylfilicinic acid'07. 

The dye-sensitized photoxygenation of cholest-4-eii-3/3-01 (32) is 
particularly interesting as two products, an epoxy ketone (33) and an 
enone (34) are formed in proportions varying from 30: 1 to 1 : 5 
depending upon the sensitizcr present: 

(32) (33) (34) 
A correlation is reported between these product ratics and the 
energies of quenching the excited triplet state of tlie sensitizers by 
molecular oxygenl08* lo9. The product ratio 34 :33 increases with 
increasing energy of the triplet state sensitizer, and this has been 
interpreted as due to tlie greater proportion of lZg+ oxygen formed 
in comparison with l4g oxygen. The species lZg+ oxygen in effecting 
32 -+ 34 has, therefore, a different chemical activity from 'Ag oxygen 
wliicli effects 32 -+ 33 log. This suggestion may find an explana- 
tion in the observation that 1Zg+ has two antiparallel electrons in 
separate orbitals and possibly resembles the triplet ground state 
(32;0-) in its chemical propcrtiesg8. The reaction 32 -> 34 could pro- 
ceed via homolytic: removal of allylic hydragen. 

The mechanism of oxygcnatioii of monoolefins by singlet oxygen 
from any source is not yet agreed. Sharp has suggested that an inter- 
mediate per-epoxide is formed which rearranges with a synchronized 
proton shift to yield an allylic peroxidc"0: 

0- 
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whereas Nickon and Uagli liavc suggested a cyclic process without 
commitment to timing of bond breaking and making1”: 

The formation of epoxy kctones from cyclohescnoid systems is 
stereospecifically cis in that the C-H bond cleaved and the C-0 
bond formed have a cis relationship (e.g. 32 -+ 33). Hydropcroxides 
may be iiitcrmediates in the formation of these epoxy kctonesll?. 
Investigations with cyclic and semicyclic olefins have shown that 
the dye-photosensitized osygenatioiis are highly sterically con- 
trolled113-110. For example, the allylic peroxidation of (+)-3- 
carene (35) followed by reduction led to three optically active alco- 
hols, namely, ( -)-2-caren-truns-4-01 (36) ) ( +)-4-caren-trans-3-01, 
(37), and ( -)-4(10)-caren-trans-3-ol (38) in the ratio ca 2 : 1 : 1 re- 
spectively; no cis ally1 alcohols were found: 

As had been prcviously observed with a-pinene, the oxygen moiecule 
attacked that side of the olefin which was free from thc steric 
screening effect of the isopropylidene group113. There is a marked 
dependence of rate of Mcthylene Blue-photosensitized oxygenation 
on t!ie structure of the olefin, e.g., 2’3-dimethyl-2-butene is oxidized 
5500 times faster than cyclohexene102, suggesting considerablc car- 
bonium ion character in the transition state. This lattcr point is in 
greater accord with Sharp’s proposal than a concerted form of 
Nickon and Bagli’s. Stepwisc making and breaking of bonds in the 
cyclic mechanism would dXer essentially from Sharp’s mechanism 
only in the molecularity of the proton transfer. Wagner-Meerwein 
rearrangements accompanying allylic oxidation by singlet oxygen 
have not becn reported. 

The 1,4-cycloaddition reactions of conjugated dienes with mole- 
cular oxygen to yield peroxides have been comprehensively re- 



4. Formation via osymetallation, osidation, and rcductioii 219 

viewed"'. 'l'hesc reactions, involving oxygen as dienophile, gcnerally 
have to Ix performed photochcniically. The dyc-photosensitized 
peroxidation may now bc iiitcrprcted in tcrms of singlet cxygen 
species thus becoming mechanistically equivalent to the thermal 
formation of Diels-Alder adducts in carbocycloaddition. Like the 
Diels-Aldcr rcactioiis, the dye-photosensitized formation of endo- 
peroxides is reversiblc and mention has already bcen made of thc 
use of 9,lO-diphenylanthracene endo-peroxide to effect oxidation 
through the agency of singlet o x y g c ~ i ~ ~ .  The reversion of endo- 
peroxide to hydrocarbon and oxygen is frequently accompanied by 
lurnincscence whose spectrum is often similar to that of the fluores- 
cence of the hydrocarbon. I t  is possible that the origin of this radia- 
tion is the return of singlet oxygen to the triplet state". 

Thc use of chemically generated singlet oxygen in organic syn- 
thesis is a t  present restricted because of the wastage of reagents due 
to unconsumed sindet oxygen, particularly with the less reactive 
oxygen acceptors. Likewise with dye-photosensitized oxidations, long 
reaction periods are often required. In  connexion with the latter 
observation, Forbes and Griffiths report that the solvent system car- 
bon disulphide, methanol (or ethanol) and ether (ca 14: 1 : 1.5 V/V)  

produces comparable or better yields in a shorter time than the single 
solvents methanol or isopropanol, or a mixture of metliylene chloride 
and benzene118. The role they ascribe to carbon disulphide is that 
of an efficient promoter of singlet-triplet intersystem crossing thus 
leading to a higher concentration of triplet sensitizer. 

? 

0. The Autoxidation of Carbanions 

The cnol forms of ketoncs react readily with oxygen in many 
solvents to give a-hydroperoxy ketones which may frequently be 
isolated. Keto forms are much less active and the conditions required 
to oxygenate these are usually suficiently drastic to cleave the carbon 
skeleton of tlie products11g. Although a-hydroperoxy ketones may be 
decomposed by base, tlie autoxidation of ap-unsaturated ketones 
of the cyperone serics to their y-hydroxy derivatives and certain 
rotenone derivatives to the a-ketols in the presence of aqueous base 
have been accomp1ished1l9. Barton and co-workers119p 120 have 
found that even iii the presence of a strong base, namely reaction 
with oxygen in a t-butanol solution containing potassium t-butoxide, 
many steroidal 20-kctones (39 and 41) without a substituent a t  17 or 
21 are converted into reasonable yields of the 17~-hydroperoxides 
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(40 and 42) which may be reduccd in good yield to 17o.-alcohols. 
Some examples follow: 

R & 
R' 

-> 

H 

(40) 

-> 

(45) 

(42) '' 

This method has been used to convert canthaxanthin (43) into the 
corresponding bisdiosphenol, astacene (44) 121, and in the elucida- 
tion of the structure of limonin122. Both examples involve the conver- 
sion of a cyclic ketone into an enolized wdiketone probably via the 
hydroperoxide. 

Me Me 
R 

R =  b M e '  II R =  Ho($e 

0 0 

(43) (44) 

Alkoxides are stronger bases in aprotic solvents, and autoxidatioiis 
in the presence of potassium t-butoxide in an ethylene glycol- 
dimethyl ether solution of structurally simpler ketones and esters 
rapidly give high yields of a-hydroperoxides at low temperatures 
without significant degradation of the products lZ3. Similar results with 
esters of diaryl- and (arylalkyl) aryl-acetic acids have been achieved 
with benzyltrimetliylammonium hydroxide in pyridine solution' 24. 
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The function of thc base in all thcse autoxidations has a ready 
explanation, since it is the carbanion derived from the substrate 
which is the active entity and attacked by molecular oxygen. 

Certain solvents, e.g., dimethyl sulphoxide (DMSO) , markedly 
increase tlie basicity or potassium I - b ~ t o x i d e l ? ~ ~  l Z G ,  and it has becn 
possible to autoxidize normally unreactive hydrocarbons via their 
carbanions in thesc systems. DMSO has a pK, of ca 31 1273 l z 8 ,  
and it is itself susceptible to autoxidation to form dimethyl sulphone 
or methanesulphonic acidlZ9, or it may appear in  the product via a 
carbanion reaction, consequently the solvent is usually diluted with 
t-butanol. This mixed solvent does not effectively ionize the weaker 
hydrocarbon acids and has led to the introduction of the more 
effective and less oxidizable diphenyl sulphoxide130 and hexamethyl- 
phosphoramide (HMPA) 131. The lattcr solvent is particularly unre- 
active towards base, as shown by the absencc of' detectable base- 
catalysed proton exchange, and towards oxygen131. I t  has been pos- 
sible to autoxidize the weakly acidic toluene and related compounds 
through their carbanions in this solvent to the corresponding car- 
boxylic acids with modcrate yields131. 

Thc synthetic utility of the autoxidation of hydrocarbon anions in 
these systems to hydropcroxidcs or alcohols has not yet been exploitcd 
even to the limited extent of that of carbonyl compounds. There are 
several reports of hydrocarbon autoxidations, e.g., of xanthenelZ9, 
diphenylmethane130, alkylated benzenes, p-cymene, tetralin131, fluor- 
enel"* l 3 2 ,  pic0lines'3~, 9,10-dihydroanthracene1zn* 334 and 1 - and 
3-arylpropenes 134, but in these cases the products isolatcd are mainly 
carboxylic acids or ketones although the reactions presumably pro- 
ceed via the hydropcroxides. Limitations to applications in the syn- 
thesis of alcohols include acidity of the hydrocarbon, further oxida- 
tion of initial carbinol products, and the known facile base-catalyscd 
dehydration of primary and secondary hydroperoxides to carbonyl 
compounds135. Hydrocarbon anion autoxidations in which hydro- 
peroxides and alcohols are among the products are few and include 
those of 9-alkylfluorenes (45) , 2,3-diphenylindenc (46) 9, triphenyl- 
methane (47), diphenylmcthane (48) lz9* l 3 o ,  13' and fulvenes (49 
and 50) 138. 

The mechanisms of carbanion au toxidations have received con- 
siderable attention particularly by G. A. Russell and co-workers 13G. 

Kinetic measurements show that the formation of the carbanion is 
the rate-determining stage in tlie oxidation of certain triarylmethane 
types1z9. These oxidations arc indcpcndent of oxygen pressure above 
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0 

(49) 
0:- 1-BuOK -- > Ph3COH (+ OMSO,) 

DMSO, I-BuOH, 25' 

(47) 

O: ,~ -BUOK 
z Ph,CHOH -t other products Ph'CHz m - S u O H ,  25- 

P t i  CH HKPh 

(50) 

I 

PhCHOCH, 

a minimum value and have large kinetic isotope effects. In  addition, 
agents capable of electron transfer such as aromatic nitro compounds 
which should catalyse radical chain oxidatioiis are without 
On  the other hand, the triarylmcthane types which are stronger 
carbon acids1"> e.g., tri-(f-1iitrophenyl)methane or 9-phenyl- 
fluorene, show different behaviour. In  these cases the rates of oxida- 
tion are much slower than ionization and the rate-determining stagc 
is the reacticjn between carbanion and oxygen, although detailed 
kinetic analysis shows that the basicity of the reaction medium may 
also be a limiting feature140. Catalysis by aromatic nitro compounds 
has been observed. The comparative inactivity of these compounds is 
analogous to the inactivity of P-diketoncs, e.g., cyclohexane-l,3- 
dione, which form delocalized, stable carbanions which are not 
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a ~ t o s i d i z e d ' ~ ~ .  Two mcclianisms arc currently suggcsted as reaction 
p a t h  for carbanion autoxidation: 

Ar,CH -1- (CH,)&O- $Ar,C- 4- (CH,),COH (53) 
( 5 4 4  
(54b) 
(55b) 
(56b) 

Aromatic nitro compounds would catalysc a radical chain process by 
rcactions such asl36: 

R -  + ArNO, -k R'  4- ArN0,'- (57) 
ROO' 4- ArN02'- -F ROO- 4- ArNO? (58) 

Path b was formerly preferred for many autoxidations and appears 
definitely to operate in the oxidation of 2-nitropropane. Many 
autoxidations do not show featurcs characteristic of radical chain 
rcactions and so path a may operate, e.g., in the oxidation of tri- 
plienylmethaiie aiid diphenylmetliane, in  spite of the objection to 
stage (54a) that it violates the spin conservation r ~ 1 1 e l ~ ~ ~  141. The 
mechanism of autoxidation of carbanions derived from aliphatic 
ketones and esters is not certain136* 141; the oxidation of acetophe- 
none is catalysed by aromatic nitro compounds130. The stereochemis- 
try of the hydroperoxidc products of suitably chosen hydrocarbons 
01- carbonyl compounds does not appear to have been directly inves- 
tigated. The autoxidation of steroidal 20-ketones11gv 120 mentioned 
earlier gives mainly the 17a-hydroperoxides indicating strong steric 
control. Further investigations of stereochemical aspccts might yield 
information concerning mechanisms. 

Volger and Bra~kman14~ havc studied the coppcr(Ir)-pyridine 
complex catalysed autoxidation of cc,fi- and P,y-unsaturated aldc- 
hydcs and ketones which are oxidized specifically at the y-carbon 
atom to yield subsequently dicarbonyl compounds, via base-catalysed 
decomposition of a hydropercxide. The role of thc copper(rr) com- 
plex is to oxidize the dienolate anion to a dienoxy radical susceptible 
to oxygenation, and the pcroxy radical resulting from this is reduced 
to liydroperosy anion by copper(1) complex formed in a previous 
step. Adaptation of this type of system to other carbanion autoxida- 
tions may lead to useful methods in  organic synthesis. 

Ar,C- + O2 + Ar,COO- 
Ar,C- -i 02->Ar,C' -1- 02'- 

Ar,C' -1- O2 -+ Ar,COO' 
Ar,COO' -1- Ar,C- -+ Ar,COO- + Ar,C' 

C. The Autoxidation of Metal Alkyls and Aryk 
Continuing industrial interest in the autoxidation of aluminium 

and boron alkyls for the production of aliphatic alcohols is con- 
siderable if thc incidencc of patent rcgistrations is any guide'". 



224 I. R. L. Barker 

The processes are particularly suitablc for prcpariiig higher alcohols 
from the long chain alkyls of thcse metals which are themselves 
readily synthesizcd from the addition of lower aluminium alkyls or 
diborane to olcfins. The alkyls are autoxidized in the liquid phase 
(this term will be used synonymously for reactions in solution) and 
the resulting alkoxides hydrolysed to the corresponding alcohols. 
Studies of these autoxidations havc revealed much information as to 
mechanisms but the picture is not yet completely clear. Earlier work 
on autoxidation has been reviewed'"4 and there are several reviews 
on the properties of organometal and metalloid peroxides'45~ 140.  The 
gas and liquid phase autoxidations of boron and aluminium alkyls 
in pzrticular probably exemplify the range of product-types and 
mechanisms encountered in autoxidations of metal aikyls generally. 
At prcsent the mechanisms of the autoxidations are considered to 
differ principally according to thc physical phase of the reaction 
mixture147. Howcver, the dichotomy may bc more apparent than 
real and perhaps only a reflexion of the comparative lack of investi- 
gation this area has received. It is more probable that a numbcr of 
factors apart from phase such as temperature, nature of metal and 
organic group, together determine reaction paths. I t  is still con- 
vcnient to subdivide the material according to reaction phase for the 
purposes of presentation. 

The gas phase autoxidations of the alkyls of boron, zinc147, 
a l u m i n i ~ i r n ~ ' ~ ~ - - ~ ~ ~  and indium I5O in the first instance arc essentially 
similar in that they are frec radical chain reactions involving peroxi- 
dic compounds or peroxy radicals. Perosidcs have been isolated in 
the c a m  of boron ( Me2B0,hle) and indium (Et,InO,Et), and are 
suspectcd in the case of ziiiclS1 because of observed catalysis. A 
peroxidc was not detcctcd in the slow gas phase autosidation of 
tr imethylal~miniuml~~. The methyl dcrivatives arc much thc least 
active in all cases examined and for zinc alkyls the scquencc of 
reactivity is: n-Pr > Et > A k 1 5 1 3  15?. The methyl compounds also 
consume less oxygen even when this is prescnt in excess and the 
stoichiometry approximates to, e.g., with zinc: 

ZnMe, + :O,->ZnMe,O (5% 

ZnEt, -t- O n _ - + Z n E t 2 O 2 l S 1  (60) 

The eventual solid products in all cases are the metal alkoxides. The 
autoxidation of triethylindium produces considerablc amounts of the 

in comparison with homologucs, c.g., 
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hydrocarbons ethane and ethylenc and the oxygenated products 
ethyl slcohol, diethyl ether and acetaldehyde 150. I n  this latter 
respect it differs from other gas phase autoxidations reported in 
which only hydroger, and/or hydrocarbons are found, e.g., trimethyl- 
aluniinium yields hjjdrogen (trace) and rnethanel4', dimethylzinc 
yields methane and ethane, and diethylzinc yields ethane and 
butane 51. 

The complex kinetic features of gas phase metal alkyl autoxida- 
tion strongly suggest that the peroxy intermediates are formed by a 
free radical chain mechanism, and the dependence of the reaction 
rate on the nature and extent of the vessel surface also indicates the 
importance of heterogeneous steps'479 150-ls3. I n  addition, there is 
further support for homolyti,: mechanisms from two other sources. 
First, the autoxidation of metal alkyls induces the oxidation of 
hydrocarbons at low temperatures, and secondly, metal alkyl- 
oxygen mixtures induce th.e polymerization of olefins. I n  both cases, 
the reactions effected are considered to be initiated by radicals arising 
in the autoxidaiion of the metal alkyll49* 153-lS5. The polymerization 
reactions were carried out in the liquid phase. The mechanisms pro- 
posed to account for autoxidations differ in detail depending on the 
particular metal and organic group present. For example, the follow- 
ing scheme which has been suggested for the initiation and propa- 
gation stages of the slow autoxidation of trimethylaluminium involves 
a peroxy radical rather than a peroxidic compound1-"': 

(61) initiation : AI,Me, -k O,+ Me,A100' 4- Me,Al' + 2Me' 

propagation : Me,Al' +- O 2  + Me,A100' (62) 
Me,A100' +- Al,Me, + 2Me,AIOMe +- Me,AI' (63) 

The production of methyl radicals in the initiation stage is able to 
account for the quantity (ca 18%) of methane accompanying autoxi- 
dation. By contrast, the autoxidation of the less electron deficient 
triethylindium and possibly boron alkyls may proceed according to 
the 

initiation : EtJn i 02+ Et,ln' -t EtOO' (64) 

propagation : Et,ln' -!- 0, + Et21n00' (65) 
(66) 

An important feature here is the proposed formation of the inter- 
mediate peroxide, Et,InOOEt. This may yield the predomi- 
nant product of alkoxide by a nonsurfnce-catalysed, nucleophilic 

Et,ln00' +- EtJn + Et,lnOOEt + EtJn' 
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migration of alkyl or alkosyl group either intra- (cquatioii 67) or 
intermolecularly (equation 68) 150:  

H 

(67 RM(OR), 
1- RM- 0 

h-1 
OR 

R 

1 PR,MOR 
1- 

R,M + OMR, 
L l  

OR 

Some of tlie additional oxygenated products must arise from the 
homolytic decomposition of peroxides’”9 1569 thus diethyl ether 
from tlie process: 

(69) 
EtO’ -1- Et,ln--t E t 2 0  $- EtJn’ (50) 

and ethanol from: 
EtO’ 4- EtJn  + EtOH 4- Et,lnkHCH, (71) 

The origin of the hydrocarbon products occurring in the gas phase 
autoxidation of other metal alkyls can also be rationalized as a con- 
sequence of the homolytic decomposition of peroxide or homolytic 
steps preceding this. 

The chief apparent difference betwecn the mechanisms of autoxi- 
dation of metal alkyls in the gas and liquid phases is in the universal 
formation of an intermediate peroxide in the casc of the latter and 
in the maiincr of its formation. That this species is undoubtedly 
involved is attested by thc numbers of different examples isolated 
and characterized (e.g., R eferences 144, 157-160). The peroxides of 
organoboron compounds have been used in the synthesis of primary 
and secondary allryl hydroperoxides. The  procedure involves the 
autoxidation of trialkylborap es to the diperoxyboronates which are 
treated with a peracid to yield the alkyl hydroperoxide161. The for- 
mation of the peroxide is generally considered to involve coordina- 
tion of the oxygen molecule with the metal followed or accompanied 
by a nucleophilic 1,3-migration of alkyl to electron-deficient oxygen, 
e.g., with boron1:’: 

EtJnOOEt + Et,lnO’ l- EtO’ 
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Rcccntly, evidence lias becii rcportcd in support of thc rcvcrsiblc 
formation of 2 coordination-polymeric spccics of oxygcn with boron 
trimethyl at 77°K 163. I n  common with the lieterolytic autoxidation 
of carbanions is the requirement for oxygen to cliangc its spin state 
and preliminary coordination of oxygen to mctal may achieve this. 
T h e  cffect of the nature of the organic radical upon the reactivity of 
the organometal compound towards autoxidation lias bccn investi- 
gated most complctcly in thc case of boron where thc following 
sequence of reactivity is observed: alkyl > aryl, vinyl; tertiary alkyl 
> secondary alkyl > primary alkyl > This is not the 
order known for nucleophilic 1,2-migrations to electron-defxicnt 
carbon termini but resembles that for the Baeyer-Villiger osidationl3 
and the oxidative dealkylation of trialkylhorancs with hydroper- 
oxideslS7. Tlie latter reaction is part of the uscful synthetic route 
which effects anti-Markownikoff hydration of olefins via hydrobora- 
tion. These oxidations have features in common with the mechanism 
(equation 72) suggestcd for the formation of a pcroxide in the liquid,. 
phase. Both have nucleopliilic addition as the first stagc followed by 
a nucleophilic migration of alkyl to electron-deficient oxygcn, e.g., 
the oxidation of a tributylboranelG3: 

i-Bu,BBu-t + HO,H - > i -Bu,BOBu-l+ 0 H - w  

At temperatures below about 80" the unimolecular homolysis of 
peroxides to alkoxy radicals is slow and under these conditions thcre 
is general agreement that alkoxides result from the intra- 01- inter- 
molecular, nucleophilic rcarrangemcnts of alkyl and alkoxy groups 
in the manner of equations (67) and (68). The  molecularicy of this 
stage has been the object of some investigation and, e.g., in the case 
of trialkylboranes1G4, is claimed to be intermolecular. 

Tlic overall picture, therefore, of the mechanism of autoxidation 
of metal alkyls in the liquid phase is that essentially hetcrolytic pro- 
cesses yield alkosidcs. Howcver there is evidence to suggest that this 
view is not representative of all liquid phase autoxidations under all 
conditions and is mcrely an  extreme type or one of scveral reaction 
types occurring concurrently with homolytic routcs. I t  has alrcady 
been mentioned that metal alkyl-oxygen mixtures induce the iiquid 
phase polymerization of oleiins. The  best known case is that of the 
polymerization of vinyl monomers with trialkylborane-oxygcn 
mixtures 163-1359 lG3. Tlie prcscnce of both oxygen and trialkylhorane 
is essci:tial and thc dcrived perosidc initiatcs the polymerization a t  
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low temperatures only if thc trialkylborane is also present. I t  is clear 
that the peroxide does not hitiate polymerization via unimolecular 
homoljsis to alkoxy radicals. The origin of tlic free radicals in these 
systems is not yet known but the following suggestions havc beenmade: 

(i)  Jecomposition of peroside by excess of boron alky1165: 

( 74) 
(ii) decomposition of peroxide by a coniplex of monomer (A() 

(75) 
(iii) a cage reaction following coordination of peroxidic oxygen 

(76) 

It is also a possibility that radicals may arise from stages preceding 
and otherwise leading to the formation of the peroxide. 

Other evidence for liomolytic reactions comes from careful analysis 
of all reaction products formed in metal alkyl autoxidations. Tri-n- 
butylborane on autoxidation gives considerable quantities of the 
hydrocarbons butcnc, butane and n-octane, and lesser quantities of 
oxygcnated products, e.g., n-butyraldehyde, di-n-butyl ether, and 
4-octanone. These were all considered to be the consequence of 
radicals resulting from the homolytic decomposition of peroxide lSC: 

(77) 

Thc autosidation of triethylaluminium in n-heptane gives as by- 
products hydrogen, ethylene and l o *  and these are com- 
parable with the by-products obtained from the gas phase autoxida- 
tion of trimethylal~minium'~7. The autoxidation of Grignard re- 
agents appears to proceed along the lines of thosc of metal alkyls 
and it is of interest here that products formed from aromatic160 and 
aliphatic'63 examples may be accounted for in terms of radical pro- 
cesses. An additional point of interest is that the autoxidation of 
aromatic Grignard reagents and of alkali metal aryls is accompanied 
by chemiluminescence but whether this originates in a mechanism 
of peroxide decomposition or electron transfer is not known96p l 7 0 .  

The latter compounds are autoxidized to several products including 
phenols and biphenyl but the yields are generally 

Other evidence suggesting the generation of free radicals derived 
from the organometal compound during liquid phase autoxidation 
comes from reactions carried out in solvents which arc active towards 

R3B -I- RZBOOR -b RSB + RZBO' + RO' 

and boron alkyllG6: 
R j B M  -1- RzBOOR + RnBMRO' + RZBO' 

to boron alkyl'66: 

>BR -I- EtOOB< -> )BOEt -1- R' -1. >BO' 

\ 
)BO,R+ >BO,' -f- R' and/or >BO' + RO' 

171.  
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radicals. Triphenylaluminium on autosidation (80 ') in 'C-labelled 
benzene yields after hydrolysis of tlic reactioii product mainly 
biphenyl and phenol both of which are partially l"C-labelled. Phenyl 
radicals do not exchange betwcen bcnzcnc and triphenylaluminium 
in the absence of oxygen at  80", and the results may be intcrpreted 
in terms of radical proce~ses~7~.  Similar rcsults were obtained from 
the autoxidation (room temperature) of diphenylzinc and diphenyl- 
magnesium cxcept that the phenol was formed entirely from the 
organometal compound. The usc of D- or l%-labelled benzene 
showed that thc solvent partly participated in the formation of 
biphcnyl and part of the phenyl groups of thc organometal com- 
pound werc converted into henzcnel73. 

The autoxidation of cadmium dialkyls in a variety of solvents 
procecds rcadily to the peroxides which may be isolatedl7*. Tlic 
autoxidation of diphciiylcadmium possibly follows a similar route 
but, in solvents capable of chain transfer, products are formed which 
are best rcgarded as resulting from attack of phenyl radicals on those 
solvents. For example, when diphenylcadmium is autoxidizcd in 
carbon tetrachloride (room temperature) the hydrolyscd products 
contain chlorobenzcne, phenol, biphcnyl, benzotricliloride and hexa- 
clilorocthane li5. The results of autoxidation carricd out in chloro- 
form, deutcrochloroform and '%2-1abelled bcnzene substantiate the 
occurrence of homolytic processes. The oxidation of several mercury 
alkyls in organic solvcnts (50-60") gives reaction products which 
contain mercury, alkosyalkylmercury, alkylmcrcury hydroxide, 
products of the osidation OC the alkyl group of the original organo- 
mercury compound (the corresponding aldehydcs and ketones) , wi- 
saturated and saturated hydrocarbons formed from the alkyl group 
of the mercury compound, and products of the oxidation of thc 
solvcnt. Whcn halohydrocarbons wcre uscd as solvent, products of 
the interaction of the solvent with the mercury compound were also 
fmmed. I t  was also obscrvcd that thc ease of oxidation of the mercury 
alkyls increased with increasing nucleophilicity of the organic 
groupl'G. The overall rcsults were interpreted in terms of interme- 
diate peroxide and homolytic processcs; thcse will be mentioned 
later. 

The majority of reported investigations of the autoxidation of 
metal alkyls and aryls havc bcen directed towards establishing 
stoichiometries, the idcntities of iiitcrmediates and products, the 
influence of solvents and organic group, ctc. Kinetic studies in the 
liquid phase are comparatively fcw in number and thus thc reported 
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investiaatioii of the kiiictics of tlie autoxidatioii of'diisopropylmercury 
at 70" in n-nonanc is of iiitcrcst. A variety of products 
are formed aiid tliese are mainly isopropylmercury isopropylate 
(grcatest proportion), mcrcury, isopropylmercury hydroxide, acetone 
aiid isopropanol, and probably oxidation products of the solvent. 
T h e  reaction is autocatalytic and displays the characteristics of a 
free radical chain process; e.g., it is almost completely suppressed by 
the addition of small quantities of the inhibitor p-hydroxydiphenyl- 
amine. T h e  average chain length of tlie process is 160. T h e  initiation 
of tlie oxidation in  the early stages is probably due to reaction (78) 
and  to a much lcsser cxteiit reaction (79): 

a. 

(74 
R H 5 . i  RO; 

( 79) R2Hg --- > RHg'  4- R' 

Later on, as thc quantity of isopropylmercury isopropylate accumu- 
latcs then this compound becomes on thermal decomposition the 
mzjor source of radicals (equation 80) which can accouiit for both 
tlic autocatalytic rate curve and tlie nature of most of tlie products: 

RHgOR + RHg' -1- RO' (80) 
The mechanism of the autosidation, therefore, involves a combina- 
tion of concurrcnt aiid consccutivc rcactions of hoinolytic typc with 
tlic formation and decomposition of isopropylnlercury isopropylate 
playing a key role ' '. 

T h e  picture which emerges with regard to tlie mechanisms operat- 
ing in  the thcrmal autoxidation of metal alkyls and aryls is un- 
equivocal in  only a fcw parts. Whereas tlie gas phase autoxidations 
generally on the one hand and the liquid phase oxidation of diiso- 
propylmercurv on the other appear to involve free radical chain 
reactions, evidence for homolytic processes in other liqiiid phase 
oxidatioiis is absent, incomplete or circumstantial. For example, tiic 
series of investigations 011 the participation of the solvent during 
autoxidations of \.arious metal aryls1G8p 173, I i 6  whilst strongly 
indicating homolytic processes is not able to identify the origiii or 
mode of formation of the initiating species. 

Of relevance to the subject of autoxidation of metal alkyls and 
aryls is the preliininary report of a liomolytic mechanism in the 
autoxidation of optically acti\re 1 -phcnyletliancboronic acid to the 

R,Hg 4- 0, f [RHgOOR] - 
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racemic peroxide, in bciizene solution at  room temperature 78. The 
stereoclieniistry of this reaction is in contrast to the similar reaction 
with the oxidants hydrogen peroxide and trimethylamine oxide 
where retention of configuration is observed179. Thc rate of thc reac- 
tion was affected only slightly by weak inhibitors but copper(rr) 
NN-dibutylditliiocarbamate and galvinoxyl caused induction periods 
of about onc and four half-lives respectively. The following propa- 
gation steps were suggested for a free radical chain process178: 

R' +O, - RO; 
I 

RO; + >BR + -> RO,B< + R' (81) 

Inhibition of autoxidation in other organoboron derivativcs was also 
observed with the efficient radical scavenger, galvinoxylleo. 

I t  is perhaps to be expccted that the homolytic mechanisms for the 
thermal autoxidation of metal alkyls resemble those suggested for 
photoinitiated autoxidation. There have been very few studies 
reported of the latter reactions but, e.g., the photoinitiated oxidation 
of tetraethyl-lead and tin involves the formation of a peroxide which 
decomposes by routes (82j and (83)181: 

2 EtjPbOEt (82 

Et3PbO' + EtO' (83) 

Et3PbOOEt 

IV. INTRODUCTION: REDUCTION 

Since certain of the processes and reagents which reduce oxy- 
genated compounds to alcohols havc been the subject of a previous 
volume in this series 8 3  and others have been reviewed elsewhere, 
these topics will be mentioned only briefly. 

The photoreduction of' ketones to alcohols involving inter- or 
intra-molecular transfer of hydrogen ato1n'8~* I8. l  has not found 
much use in synthesis although the mechanistic aspects of the reac- 
tions have been well investigated. Many ketones arc reduced to the 
corresponding pinacol in the presence of a hydrogen atom donor 
such as an alcohol, hydrocarbonlS" or amine18sp Even those 
ketoiies which have an excited state with the z,n* configuration 
may reducc to pinacol in the presence of an cfiicicnt hydrogen atom 
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source such as organometal hydrides. Photorcductions under basic 
conditions pursue a different course and in many cases lead to high 
yields of monomeric alcohol. These reductions appear to have been 
little investigatcd recently. The mechanisms and other aspects of 
photoreduction have been summarized elsewhere184; the characteri- 
zation of an intermediate in the photoreduction of benzophenone is 
claimed l'3'. 

The clectroreductioii of ketones was reviewed in  an earlier volume1s2 
and comparatively few reports have appearcd since. Diimide gener- 
ated from potassium azodicarboxylate has been used to reduce 
aromatic aldehydes to the corresponding alcohols in good yields l S 8 .  

Chromium(11) acetate is able to reduce a,P-epoxyketones to p- 
liydroxyketoncs under controlled conditions' sD. 

V. REAGENTS AND PROCESSES WHICH REDUCE 
O X Y G E N A T E D  C O M P O U N D S  TO ALCOHOLS 

A. Metals 

Metals effect thc reduction or rcductive fission of a wide variety of 
unsaturated and saturated, organic and organometallic compounds. 
The metals in common usc for Chesc purposes are lithium, sodium, 
potassium, calcium, magnesium, iron and tin. They are utilized in a 
variety of procedures including suspension in an inert solvent, or, 
particularly for the alkali metals and calcium, as a Eolutioii in liquid 
ammonia (thc Birch 190- IDS) ,  or as a dissolving metal 
such as zinc amalgam in an aqueous solution of' an acid (the Clcm- 
mensen rcduction 1 8 2 p  l D R *  lDG) or sodium metal in an alcohol (the 
Bouveault-Blanc rcduction) . The first two methods rcquire a proton 
source which may he incorporatcd into the reaction rr.ixture or 
introduced during thc recovcry of products. 

The Birch reduction is considered supcrior to the Bouveault- 
Blanc method and has found considerable synthetic use. Ketones, 
csters and cpoxides arc reduced to alcohols but the method has largely 
been superseded in these particular cases by reduction with metal 
liydrides. Aldehydes may undergo ammonolysis rather than reduc- 
tion, aliphatic and zlicyclic acetals and ketals are inert and this 
feature may be used to protect a particular carbonyl group fron 
rcductionlD2". Dialkyl ethers are also stable but aralkyl and diary1 
ethers are cleaved to phenols192. 

The type of mechanism operating in the Birch reduction and 
associated reactioiis involving reduction by metals in various sol- 
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vcnts, was first stated in the currently acccptcd form by iMichaclis 
and Schubcrt'". The structure of the blue solutions which alkali 
and alkalinc earth metals form when dissolved in ammonia aiid 
other solvents is not yet clear but it is possible that thc active reduc- 
ing species is the solvated electronlg'% IDL\. A nonenolizable ketone 
such as benzophenone (51) forms first a radical anion or ketyl (52). 
This specks has several alternative reaction paths open to it, many of 
which are reversible lg2, but the overall result for practical purposes 
is the eventual formation of the monomeric product !>enzhydrol (53) 
or the dimeric product Ixnzopinacol (54) : 

I 2k1+ 

Ph2CtrOH (84) 
.G 

9H+ I I P h2C'OH - . 1  dimer / / (53) 

H OCP h,CP h,OH 

(54) 
Ph,C-OH 

The choice of reaction conditions in the synthetic applications of the 
method is in part concerned with directing the reduction to one type 
of product or the other. The production of high concentrations of 
radical anions by using magnesium200, zinc or aluminium in the 
absence of a proton source encourages dimerization as also do 
structural featurcs in the ketyl which rcnder it more stable by delo- 
calization of the additional electron. A cosolvent is frequently used 
with reactions in liquid ammonia in order to dissolve more of the 
substrzte. I t  now appears that thc choice of cosolverit may partially 
control the yield of dimeric product201. The stereochemistry of the 
reduction of cycIanones is frequently but by no means exclusively 
such as to give the more stable equatorial alcoho1202. The proportion 
of components in z product consisting of epimers depends both on 
the structure of the ketone and on the metal used for the reduction. 
a-Substituted ketones may suffer the loss of this substituent from the 
ketyi if it is a good leaving group and this is commonly observed with 
=-halo, a-acyloxy and a-hydroxy ketoncs. Enolizable ketones require 
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thc prescnce of a proton source, such as an  alcohol, in thc rcaction 
mixturc to carry thc reaction forward which may otherwisc rcmaiii 
a t  thc stage of a stable cnolate anion. Other details concerning the 
reduction of cai-bonyl compounds may be found in References 182 
and 190-194.. 

There arc few examplcs of thc reduction of carbonyl compounds 
with mctal-alkali combinations. I t  is noteworthy that a nickcl- 
aluminium alloy addcd to an aq1-icous or aqucous-ethanolic solution 
of sodium bydroxidc reduces aliphatic and aromatic aldehydes and 
ketones to carbinols203, and that aromatic aldehydcs and ketones 
are reduced by zinc and alkali to hydrobenzoins and pinacols, 
respectively204. 

The synthetic applications o i  reductions by metals continue to be 
explored and the following illustrations have been selected from 
recent communications. The methcd has been adapted to the syn- 
thesis of diethylenic glycols by the reductive dimerization of x,P- 
unsaturated carbonyl compounds with zinc or magnesium and 
acetic 206. The reaction of magnesium in tetrahydrofuran 
with y- and d-halogenated ketones leads to c y ~ l a n o l s ~ 0 ~ .  Dependins 
on whether magnesium or lithium is used, E-diketones are reduced to 
linear &-glycols or 1,2-disubstituted cis-cyclohexane- 172-diols and 
other products208. The reduction of a-fury1 ketones with sevcral 
metals gave pinacols and some rearranged products20D, and the 
sodium reduction of hexamethylacetone does not lead to the pinacol 
but to a mixture of 3-ethyl-2,2,4,4-tctramethylp~ntan-3-ol and a 
1,4-glyc01~~~. Pinacols and unstable epimcrs have been prepared 
from ~-norcholestanones by reduction with alkali metals in liquid 
ammonia"1. 

Hexamethylphosphorotriamidc dissolves alkali metals to form 
blue solutions of radical anions whose paramagnetic clcctron 
resonance spcctra have been recorded1"~ 2. Such solutions con- 
taining also tetrahydrofuran effect thc condensative rcduction of a 
number of non-enolizable ketones to epoxides, e.g., benzophenone is 
converted into tetraphenylethylcne oxide, benzaldehyde into trans- 
stilbene oxide, and acctophenone into cis- and trans-2,3-diphenyl-2- 
butene epoxide?12--214. The active reducing agent is considered to bc 
the species (iMe2N)2P-0 which attacks ketonic oxygen in a homo- 
lytic mechanism but the evidcnce gained so far is inconclusive. 
Similar results have been obtained in the reduction of benzophenone 
with the sodium derivative of the anion (EtO)2P-0 in a solution of 
HhlPA and te trahydrofuran' .I. 
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The aromatic ketone fluorenone and several plicnylpyridyl 
ketones have hecn rcductivcly alkylated to 1,l -diarylalkanols by 
alkyl halides and sodium in liquid ammonia solution215. 

There arc comparatively few reports of the reduction of epoxidea 
to alcohols with metals. Under the Birch reduction conditions and in 
presence of a proton source the conversion of epoxide into alcohol 
might bc expected to procced: 

0 0- 0- 
I -  

> >L t<  > >c-c< (85)  
/ \  

>c-c< 
(55) (56) 

0- 
H '' I H .I. 

> >C-CH< - >C(OH)-CH< 

In the cases cxamined no pinacol-type products have been observed, 
suggesting that intermediate 55 is formed in low concentration, or is 
short-lived, or non-cxistent. The lattcr alternative necessarily implies 
a synchronous two-electron transfer to the epoxide giving interme- 
diate 56. The reductive cleavage of optically active 2-methoxy-2- 
phenylbutane by potassium in alcohols as solvents has suggested a 
stepwise addition of two electrons and the importance of solvation 
on the stereochemical course of the reactionZ16. 

Propylene oxide is reduced under Birch conditions to propan-2-01, 
and indene oxide to indan-2-01'0'9 styrene oxide is reduced by 
sodium and water to @-phenylethyl a l ~ ~ h ~ l ~ '  7. The structures of the 
dianions leading to these products must be the fo!lowing: 

CH,CHO-CH2- P h CH-C H,O- 

I t  has bceii noted that of tlic two possible dianions, that containing 
the more stable carbanion moiety is observed. This principle has 
also bcen used to rationalize the orientation of reductivc fission of 
aralkyl and substituted diary1 ethers under similar coiiditionslgO~ 192. 

The reduction of epoxycyclohexanes of the steroid series is m-ainly 
similar to those effected by lithium aluminium hydride. The alco- 
hols which result from the reduction of the following selection of 
epoxides218- 920 are shown: 5v.,6v.-cpoxycholestane (57), 3p-acetoxy- 
7a,8a-epoxyergost-22-enc (58), 3~-acetoxy-9~, 1 1 a-epoxyergostane 
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(59) ,  3/3-acetoxy-9~, 1 1 cc-cpoxyergosta-7,22-dienc (60), and 3a,5a- 
epoxycholestane (61) : 

--0 '0 H 

(87) 

: 7  
n 

3 

I n  these illustrations the reductive fission can be interpreted as 
proceeding via the more stablc carbanions, namely, a secondary 
rather than a tcrtiary carbanion, leading to tertiary alcohols. The  
secondary alcohols of equation (89) may be rationalized in terms of 
the intermediacy of an allylic carbanion218. Mainly axial alcohols 
result and this, like reductions with lithium aluminium hydride, is 
presumabiy a consequence of the preferred geometry fcr thc transi- 
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tioii state leading to nucleophilic, trans-diasial opcning of epoxide 
rings. The 7a,8a- and Sa,lla-epoxy steroids (58  and 59 respec- 
tively) arc not reduced by lithium aluminium hydride and this has 
led to the suggestion that solvated electrons of low steric requirement 
are responsible for Birch reductions2l8. Some other secondary-tertiary 
epoxides, e.g., 5/l,G/l-epo~ycholestane~~*, 2,3-epoxypi~iane~~' and a- 
and P-3,4-epoxy~aranes?~~, yield mainly or considerable propcmtions 
of secondary alcohols. This feature has also been noted with lithium 
aluminium hydride and ascribed to a conformational effect223 which 
may also operate in the Birch reduction. The Birch reduction of 
a- and /l-3,4-epoxycaranes gives different mixtures of alcohols from 
the reduction with lit!iium alurninium hydride2zg". 

6. Catalytic Hydrogenation 

Catalytic hydrogenation and hydrogcnolysis offer a general 
method for the reduction of oxygenated compounas to alcohols. 
Suitable combinations of mctal and reaction conditions are described 
in  several sources22J-zzG for the conversion of aldehydes, ketones, 
epoxides, peroxides, acids and esters into alcohols, although the 
latter two are hydrogenated with somc difficulty. Similar reagents 
are used to convert epoxides and peroxides into alcohols. The factors 
controlling the direction of ring opening accompanying hydrogeno- 
lysis of epoxides are numerous and have been noted elsewherezz'* 229; 

there is little more recent work reported. Summaries of proposed 
mechanisms and stereochemical aspects of the hydrogenation of 
ketones may be found in recent publicatioiiszz6- ozg l  z30. The area 
continues to attract new investigations, e.g., the stereochemistry of 
the reduction of 2-acetoxy-1-tetralone and 3-acetoxy-4-chromanone 
by both catalytic hydrogenation and metal hydridcs is reported"l. 
I n  suitable cases thc czialytic hydrogenation may be sterically con- 
trolled to effect asyminetric synthesis as, e.g., in the platinum and 
palladium catalysed hydrogenation of ( -)-menthy1 a-naphthyl- 
g lyo~yla te~~2" .  A relatively new developnient is the attempt to produce 
an  asymmetric synthesis by rhe hydrogenation of ketones with modi- 
fied Raney-nickel catalysts. The modification consists of treating the 
nickel with an aqueous solution of an optically active compound 
such as an amino acidz33, D-tartaric acidz"* 235, D-mandelic acid 
and (-)-ephedrine"S, which appear to be rapidly adsorbed on the 
nickel surface233. The reaction mainly studied has been the hydro- 
genation of ethyl acetoacetate to ethyl /3-hydroxybutyrate. 

The degree of conversion into optically active product depends 
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both on thc modifyins agcnt and rcaction conditioiis such as acidity. 
For ciample, the hydrogcnation of ethyl acetoacctatc with Rmey- 
nickcl modified by an aqueous solution of (+)-1,2-dihydroxycyclo- 
hexane- 1,2-dicarboxylic acid has its greatcst asymmetric activity in 
the range pH 5--?, and falls off sharply a t  pH < 5 ,  The greatest 
activity coincides with the region in which the acid is half ionized 
and it is suggcsted that the carboxylate ion moicty is not adsorbed 
by nickzl and is important in sterically controlling the approach of 
substrate to catalyst236. T h e  relationship between the chcmical and 
stercochemical properties of the modifying reagent and the asym- 
metric activity of the catalyst is not yet clear but preliminary ac- 
counts havc 237.  I n  the hydrogenation of ethyl accto- 
acetatc the stereochemistry of the product resemblcs that of the modi- 
fying agent, e.g., D-tartaric acid produces ethyl b-hydroxybutyrate 
with the D-configuration. The  asymmetric activity of Raney-nickcl 
modified with D- and L-tartaric acid is similar but far the sign of 
optical rotation; meso and racemic forms are inactive. An effective 
asymmetric catalyst must have a modifiing reagent containing a t  
least two functional groups such as hydroxy arid carboxy with a 
stror:g ability to be adsorbed or chelated to Raney-nickel, although 
too high a stability of the complex may impair asymmetric cataly- 
sisz339 z3'. In  addition, the modifying reagent should not contain a 
bulky substituent on the asymmetric carbon atom, e.g., L-a-methyl- 
malic acid is less effective than L-malic acid. Chemical modification 
of functional groups by, e.g., acylation or esterification, may destroy 
the asymmetrical activity of the modified nickel. 

C. Grignard Reagents and Organornetal Compounds 
Wherc the normal addition of a Grignard reagent to a ketone is 

sterically hindered by structural features present in either component, 
:hen reduction to carbinol often occurs. Limited synthetic use of the 
method has been made despite the degree of steric control of the 
product offered. Reductions which lead to asymmetric synthesis 
have been discussed r e ~ e n t l y ~ ~ * ,  some examples of other various 
types follow. Ethanol-1-d of partial optical purity and other alcohols 
with H-D asymmetry lime been prepared by the reduction of 
appropriate carbonyl compounds with isobornylo?cymagncsium-2-d 
bromide2339. The reduction of camphor to borneol and isoborneol 
with isopropylmagnesium chloride, bromide and iodide produced 
equal proportions of the products but the chloride afforded the 
higher o \ ~ r a l l  yield; the latter effect was also noted with c)dollexyl- 
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magiicsiuin cliloridc. 2-Butylmagncsium cliloridc gavc morc iso- 
Iioriieol than did tlie bromidc and i t  was also oliservcd that the 
isomer ratio was not nrected by highcr tcmpcratures hut tlic total 
yield iiicrcased'40. An interesting variation with possiblc synthetic 
utility is the bimolecular rcduction of aromatic ketones to high yields 
of glycols of the typc [.4rAr'C(OH)], with etliylmzgncsium bromidc 
in the presence of cobalt(1r) chloride?". The structure of Grignard 
reagents has been reviewed?'1? and it appears that RMgX, R,Mg 
and associated spccics (dimers and trimers) may coexist, tlie dwree 
of association depending on the type of reagent, its concentration 
and the solvcnt. The mechanism of the addition of a Grignarcl 
reagcnt to a ketoiic is not scttlcd, tlie main contending suggestions 
all involve two portions of magncsiuni compound to oiie of carboiiyl 
compound in tlie transition state2.12. This may have a bearing on tlic 
structure of tlie transition state for thc reduction of kctones but this 
rcactioii lias received little kinetic investigation. Possibly thc only 
kiiietic study is the reduction of di-t-butyl ketone with t-butylmagiie- 
sium chloride and with di-t-butylmagnesium in tetrahydrofuran"J". 
Tllere were some similarities in the kinetics of rcduction by the two 
reagents but the mechanistic conclusions are not clear. Organomctal 
compounds continue to be used for reductions in synthesis, c.g., the 
pyridine-n-butyllithium-adduct reduces 4-t-butylcyclohexanone and 
3,3,5-trimctliylcyclohexanone to mainly cquatorial alcohols'". 
Epoxidcs are also converted into alcohols by mctal alkyls and aryls 
and Grignard r e e ~ g e n t s ~ ~ ~  846. A recent example is the reduction of 
styrene oxide with several Grignard reagcnts and alkyls of magnesium 
and cadmium to alcohols of the general formulae PliCHRCH,OH 
and PliCH,CHOHRS4G. 

a. 

D. Meerwein-Ponndorf- Verley and Related Reductions 
Grignard reagents reduce carbonyl compounds by servino as a 

source of liydride and in this respect resemble tlie reduction of 
aldeliydcs in the Cannizzaro and Tishchenko reactions and tlie 
reduction of aldehydes and kctoncs in the hkerwein-Ponndorf- 
Verley (MPV) reaction' 8 2 .  The kinetics of tlic Tisliclicnko reaction 
have received littlc investigation and two mechaiiisnis are proposcd. 
In onc, the preliminary stage is tlie addition of the aldehydic oxygcn 
of' one molecule to the carbony1 carbon atom of a second portion of 
aldehyde rfhich is coordinated with metal alkoxidc, in tlic other, the 
shift of an alkoxide group within a complex of aldehyde coordinated 
with metal alkoxide from thc mctaI to tlic carhonyl carbon; in hot11 

a. 



240 I.  R. L. Barker 

suggestions this is followed by liydride transfer. A recent report 
concerning the kinetics of tlic Tishchenko conversion of acetaldehyde 
into ethyl acetate with aluminium isopropoxide in benzene lends 
support to the latter A substantial review in the 
Polish language of many aspects of the reaction is available~4~. 

The synthetic utility and other features of the iMPV reduction 
continue to be explored and some illustrations of recent reports 
follow. The use of optically active lMPV catalysts has not proved 
very successful hitherto in the synthesis of optically active alcohols182. 
However, it is now reported in preliminary form that optically active 
aluminium tri (2-methylbutoxide) in optically active amyl alcohol 
reduces methyl e thy1 ketone, acetophenone and 3-methylcyclo- 
hexanone to good yields of alcohols with a high degree of optical 
purity250. Much less satisfactory results were obtained when an 
optically iiiactivc reagent in an optically active solvent or an optic- 
ally active reagent in an optically inactive solvent; were used. Also 
reported are investigations into the asymmetric reductions of 
a-phthalimido-@-substituted propioplienones by aluminium iso- 
propoxide in isopropano12 51 and of cyclohexanones, alkyl methyl 
and aralkyl ketones by isobornyloxyaluminium dichloride?52- 2s**. 

I n  the latter work, the optical purity of the aralkyl carbinols was 
much higher than that of the alkyl methyl carbinols. I,2-Cyclo- 
hexanedione is reduced to the glycol by aluminium isopropoxide in 
toluene. The isomeric product is mainly cis but the proportion of this 
varies from 57 to 75% according to the relative concentrations of' 
reactants and this is claimed to be an example of stoichiometric 
control of stereochemistry viaseireral competingreaction paths2559 2SG. 

Formally similar reactions to the MPV reduction are effected by 
treating c2,rbonyl compounds with an alcohol and an alkalila29 ?s7 .  
Potassium hydroxide in  boiling ethylene glycol solution reduces 
benzophenone, norbornanone and certain of its derivatives to car- 
hinols in moderate yields2". The reaction has received little investi- 
gation but probably involves a hydride transfer from alkoxide to the 
carbonyl carbon atom of the ketone. High yields of axial alcohols 
have been obtained by prolonged heating of an aqueous isopropanol 
solution of cyclohcxanones containing chloroiridic acid and trimethyl 
phosphitc. In this way, 3-t-butylcyclohexanone, 3,3,5-trimethyl- 
cyclohexanone and cholestanone have been reduced to axial alco- 
hols in 92-99$/, yield?". Acetone is formed from the isopropanol 
solvent; dimetliyl sulphoxide may be uscd in place of trimethyl 
phosphite but the proportion of axial alcohol is reduced. The pre- 
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sence of a tervalent iridium species with one or more phosphorus- 
containing ligands is suspectcd to be present and compounds con- 
taining dimethyl sulphoxidc coordinated to iridium were isolated. 

E. Meta l  and Organornetal Hydrides 

The number of different types available and selectivity in action 
make the metal hydrides and relatcd reagents the most important 
single group of compounds currently available for reducing oxygen- 
ated compounds. The reduction of carbonyl compounds and 
epoxides has received attention in previous volumes of this 
series182p and elscwhere"O-?64. Thc use of organotin hydrides 
for reduction96s and the chemistry of complex alumiiiohycirides26'' 
has been described. 

The essentially nucleopliilic character of sodium borohydride has 
been demonstrated in a Hammctt study of the reduction of 2-, 3- 
and 4-substituted fluorenones to the corresponding alcohols in iso- 
propanol solution267. The reduction of a large number of organic 
compounds including aldehydes, ketoncs, acids, esters, lactones and 
epoxides with lithium aluminium hydridc, lithium trimethoxy- and 
tri-t-butoxy-aluminohydride and aluminium hydride under nearly 
similar conditions has been reported?G8p 2GD. The alkoxyalumino- 
hydrides are predictably lcss reactive and more selectivc than 
lithium aluminium hydride, e.g., the latter reagent converts nor- 
camphor into 90% of endo-norhorncol whereas the trimethoxy- 
aluniinohydride produces 98%; aluminium hydridc produces 93% of 
endo-norborneol. I n  another study, aluminium hydride was coil- 
sidered to react via a six-centred transition statc which is less product- 
like than in the case of lithium aluminium liydride as thc former 
rcagent gave a relative enrichmcnt of axial alcohol in the reduction 
of several steroidal ketones27o. Aluminium hydride is more selective 
than lithium aluminium hydride in reducing x,P-unsaturatcd alde- 
hydes and esters to unsaturated alcoh01s~~~.  Diborane is another 
electrophilic reagent, j ts reductioii of hindcred monocyciic ketones is 
similar to that of lithium aluminium hydride in producing mainly 
the equatorial alcohol although there is increascd stereospecificity 
observed in the reduction of thc bicyclic ketonc norcamphor to endo- 
norborneol 2. The more hindcred dialkylboranes, e.g., dicyclohexyl- 
borane, produce considerably more axial alcohol than lithium a h -  
minium hydride in the reduction of 2-methylcyclanones*~2. Similarly, 
3-methylcyclohexanone and cis- and trans-dimethylcyclohcxanone- 
3,4-dicarboxylate yicld on reduction with diborane mostly the 
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ccluatorial alcoliol, tvlicreas dihydroisophoronc gives mostly the axial 
isomer. Hindcred alkoxyboraiies give with dihydroisopliorone more 
of the axial alcohol tlie bulkier the reducing agent273. The origin of 
the differing degrees of stereospecificity exhibited by nuclcophilic 
and electrophilic reducing agcnts in  tlieir action on flexible mono- 
cyclic and rigid IScyclic ketones is not yet clear. The  kinetics of the 
reduction of some substituted cyclohcxanones by diborane have been 
measured and the rate is first-order in kctone and three-halves arder 
in dihoraiie; in tlie prescnce of high concentrations of boron tri- 
fluoride more axial isomer is produced and the rate tends to thc first 
order in d i b ~ r a n e " ~ .  

Applications of hydride reagents to thc syntlicsis of optically 
active alcohols is still limited hut some progrcss is being made. The 
reagents ( +)- and ( -)-diisopinocamplieylborane have been used in 
the asymmctric synthesis of (3s) ( -)- and ( 3 4  ( +)-4-methylpen- 
tane- 1 -diols from carbonyl com~ounds2  74. Lithium aluminium 
hydride in the presence of (-)-quinine, (-)-menthol and others, 
effects somc degree of asymmetric synthcsis in the reduction of 
ketoiies2i5B 9 7 G .  Tlierc is a correlation between the configuration of 
the optically active rcducing agent and that of the product. Other 
rcagents investigated are lithium aluminium liydi-idc complexes with 
1,2: 3,4-di-~-isopropylidcne-cc-~-galactopyranose, 1,2 :5,6-di-O-iso- 
propy~idcnc-cc-~-g~ucofuranose~~~, and 3-0-benzyl- 1,2-0-cyclohcxy- 
lirl~ne-~-~-~!u"ofuranose"'~. z79. I t  was showii in the case of the latter 
reagent that the configuration of the secondary alcohol product 
changed from (S) to X) with increasing quantities of added etha- 
1-101~778 and the reduction of, e.p, acetophenone yields optically 
active alcohols of up to 70% optical purity. This reagent shows no 
morc stereospecificity in reducing 3,3,5-trimethylcyclohexaiione 
than do lithium aluminium hydride and sodium borohydride, and 
this was interpretcd by postulating the participation of tlie flexible 
form of the ketone279. 

Apart from the reduction of carbon-oxygcn doublc bonds, metal 
hydrides are also able to eflcct the liydrogenolysis of carbon-oxygen 
single bonds in many compounds. T h e  reduction of epoxidcs to 
alcohols has been particularly useful. A comparison of the dircction 
of ring opcning of styrene oxidc by lithium trimethoxy- and tri-t- 
butoxy-aluniinohiydride, lithium aluminium hydridc, alumicium 
liydride and mixed hydride shows that the proportions of primary 
alcohol product are 0, 1, 4, 24- and 95-98y0 respectively2G9. Similar 
results for styrene oxide and otlicr unsymmetrical epoxides including 
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those for reduction by liydridonluminium halides have been re- 
ported 2 83-28 2 . The high proportion of primary alcohol produced by 
mixed Iiydride"3 may be explaiiicd in terms of the strong Lewis 
acidity of the hydridoaluminium halides present. The effect of sub- 
stituents on the stercochemistry and direction of ring opening of 
cyclopenteiie284 and c y c l o l i e ~ c n e ~ ~ ~  oxides by litliiurr: aluminium 
hydride and mixed hydride has been reported. The mechanistic 
aspects of the anomalous reduction of cyclobutene oxides with 
lithium aluminium hydride to cyclobutanols and ring-cleaved pri- 
mary alcohols have received attention28G. The reduction of cis- and 
trans-2-alkoxy-3,4-epoxytetrahydropyraiis hy lithium aluminium 
hydride exclusively at the epoxide carbon atom remote from thc 
alkoxy substituent is attributed to the polar influence of the two 
geminal oxygen atoms2s7. Skeletal rearrangements have been 
observed in the reductions with lithium aluminium hydride of 
terpene"8 and steroid283 epoxides. Among other recent studies 
reported may be mentioned the reductive cleavage with liydrides of 
tetrahydr0pyranyl2~0~ ? O 1  and furanylZg1 ethers; acetals and ketals'32, 
diosolaiies and d io~anes"~  and cyclic acylals294. 
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1. INTRODUCTION 

Elcctrolysis of an organic compound involves gencrally oiic or morc 
stcps in which electrons are transferred to or from the elcctrodc- 
the electrochemical step(s)-and some chemical steps before and/or 
after the electrochemical steps. Electrode reactions may thus lie 
divided into two main types (A and B) depending upon whethcr the 
electron traiisf'cr occurs directly bctwcen the electrode and the sub- 
strate (A) or the clectron is transferred to (or from) another species 
which then Ixacts with the substrate (B). 

A. Direct Electron Transfer Reactions 

Reactions following the direct electron transfer mechanism may be 
classified according to whether the potential necessary for the electron 
transfcr can be reached within the decomposition potentials of the 
medium or not. I n  the former case (A 1) a reaction a t  controlled 
electrode potential can occur with 100% current efficiency, in  the 
latter (A 2) a certain part of the current is always consumcd in the 
decomposition of the medium and the current yield depends on 
how well the substrate competes with the medium for the electrons. 

1. The A I mechanism 
Reactions of this type have been investigated in more detail than 

the others. On  the basis of results obtained by some electroanalytical 
methods (e.g. polarography, cyclic voltammetry) meaningful pre- 
dictions can be made about the optimum conditions for an elec- 
trolysis; e.g. tlic dependciice or the electrode potential on experi- 
mental conditions and the number of elcctrons participating in the 
electrode reaction can be found. A short introduction to the use of 
polarography as a guide in controlled potential electrolysis together 
with a brief description of cells and apparatus used in such experi- 
ments was given in a previous volume of this series'. 

I n  the classical electrolytic reactions the currcnt density, 
measured in A/dm2, was the quantity which was controlled, possibly 
because it was the easiest factor to mcasurc and keep constant. For 
a long time ncarly all electrolytic reactions were performed with a 
control of the current density, although Ilaber?, 3, as early as 1858, 
in his famous papers on the stepwise reduction of nitro compounds, 
realized that the potential of the working electrode was thc proper 
quantity to control. 

The differences in the two ways of con trolling tlic clectrolytic 
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reaction arc illustrated in Figurc 1. In this fgurc curve I depicts 
the connesion between the currcnt through the ccll and the potential 

i 

<(I) EB 5 q n ,  - €  5 
PICURE 1. Scliematic reprcscntation ol' the connexioii between the currcnt and 
the potential of the working electrode in a solution containing a compound with 
two groups reducible a t  different potentials. Cun-e I, before electrolysis; curve 11, 
after the passage of some currcnt; i, is an applied current, E,(I) and E,(II) the 
potcntials corresponding to i,; id is thc limiting current, and E,,  Ex and E, are 

applied potentials. 

of the working electrode in the initial solution containing two re- 
ducible compounds or one compound with two groups reducible 
at  different poteiitials. When the potential at  the cathode is between 
0 and EA, no electron transfer across the electrical double layer can 
take place and thus no current runs through the cell. If the cathode 
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potential is made more negative, the electron transfcr becomes pos- 
sible, that is, the reduction of the most easily reducible compound or 
group starts. Between E-i ar.d EB the current rises in dependence on 
the potential, but when the value EB has been reached, all the mole- 
cules that arrive to the clectrode and which can undergo the first 
reduction aie reduced as soon as they reach the electrode. I n  the 
potential interval EB to Ec the current is limited by the transporta- 
tion of the reducible cornpound to the cathode; this current is called 
the limiting current, it,, and it is, under fixed conditions, propor- 
tional to the concentration of the electroactive compound. 

A further lowering of the electrode potential results in the oc- 
currence of thc second electrode reaction and the current rises; a 
similar S-shaped curve results from this reduction. At more negative 
potentials a third reaction or a reduction of the medium takes place. 

If a suitable current i, [i, < &(I)] is sent through the cell, the 
cathode potential assumes the value E,(I), and when i, : id(I) this 
is well below the potential (E,) where the second electrode reaction 
starts; a selective reduction thus occurs at rhe beginning of the 
electrolysis. During the electrolysis the concentration of the reducible 
compound, and thus its limiting current, diminishes and after a 
while (curve 11) the limiting current becomes smaller than the 
applied current [i, > &(11)]. The cathode potential has then, by 
necessity, reached the value E,(II) and at  this potential the second 
electrode reaction also takes place; the electrolysis is no longer 
selective. 

On  the other hand, when the electrode potential is the controlled 
factor and is kept at a suitable value, e.g. E,, the second electrode 
process cannot take place, and the reduction remains selective to the 
end. The current through the cell is never higher than the limiting 
current corresponding to the first electrode reaction; this means 
that the current decreases during the reduction and becomes very 
small towards the end of thc reaction, as the limiting current is 
proportional +O the concentration of the electroactive material. 

2. The A 2 mechanism 

Many of the ‘classical’ electrolytic reactions occur at a potential 
which is either more negative (reductions) or more positive (oxida- 
tions) than the decomposition potentials of the medium. The 
mechanism of such reactions must be investigated in each case, but 
can usually bc classified as one of the following threc cases. (i) A 
direct clectroii transfer from electrode to substrate (A 2), ( i i )  A 
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formation of 'solvated electrons' which in turn reduce the substrate 
(B l), or (iii). A forinatioii of an active species in the electrochemi- 
cal step (adsorbed hydrogen, active metals, hydrogen peroxide, 
hydroxyl radicals, etc.) whichreactschemically with the substrate(B 2). 

I 

FIGURE 2. Schematic representation of thc connexion between clectrodc potential 
E and the current density I in the decomposition reaction of the medium. Hydro- 
gen (oxygen) evolution starts at Ei; if the sibstrate requires for the electrochemical 
step a potential (numerically) higher than E2, transfer of electrons to the substrate 

only becomes appreciable at I > I,. 

In hydroxylic media the e!ectrode reactions involve probably a 
direct electron transfer between electrode and substrate when the 
electrode material has a high overvoltage and a low catalytic effect; 
such reactions are not, in principle, different from those treated 
as A 1, only the potential necessary to bring about the electron 
transfer is (numerically) higher than that at which the medium is 
decomposed. This is illustrated in Figure 2. 
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I n  Figure 2 is shown the dependence of the current density I on 
the electrode potential E in an electrolysis involving the decomposi- 
tion of the medium which may be evolution of hydrogen or oxygen, 
starting approximately at E = E,. Curve I can be described by the 
well known Tafel equation E = n + b log I (1) where a and b are 
constants and I the current density; a is dependent on the electrode 
material and b is determined by thc mechanism of the electrode 
reaction. 

If the substrate requircs a potential E, for the transfer of electrons 
it is only possible to obtain that potential when a certain current 
density I, is reached. At potentials numerically higher than E,  (and 
thus current densities higher than I,) the reduction (oxidation) of 
the medium and of the substrate compete. The outcome of this 
competition, the current efficiency, is determined by several factors 
as electrode mz-terial, specific adsorption of the substrate, concen- 
tration of the substrate, and composition of the medium. Generally, 
it can be said that an electrode material with high overvoltage, a 
high concentration of the substrate, and a high current density (but 
not higher than the effective limiting current of the substrate) will 
favour a high current efficiency. 

The picture of the electrode reaction presented above and in 
Figure 2 is a very simplified one and is oniy meant to illustrate the 
basic idea; the presencc of a high concentration of substrate changes 
the medium considerably, especially near the electrode surface if 
specific adsorption of the substrate, which often is of importance for 
the reaction, cccurs. 

The Kolbe electrochemical synthesis is an example of this mech- 
anism; an excellent prcsentation of this reaction has been given 
previously in this seriesJ. Many other of the more important 'classi- 
cal' elcctrolytic reactions (c.g. the reduction of carboxylic acids to 
alcohols at lead cathodes) also follow this path, but many points in 
these processes are not clear; a rich field is hcre wide open for 
investigations by modern methods. 

B. Indirect Electrochemical Reactions 
1. Reduction by solvated electrons 

Among the electrolytically produced reagents which have been 
considexd to be operating is the solvated electron. I t  may be formed 
in reductions in nonaqueous media such as ammonia5, etliylene- 
diamineG1 7, methylamines, polyethylene glycol dimethyl ether9 and 
ethanol containing liexametliylpliosplioramideln, at electrodes with 
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high hydrogen overvoltagc and with tetraalkylammonium or lithium 
ions as supporting elcctrolyte. Thc reaction is formally 

e- + solv F'C e-solv 

e-solv i- S + S -  -t solv 

where S is the substratc. 
The standard potential of thc solvated electron is about - 2 . 6 ~ ~  

Normal Hydrogen Electrode (NHE) l1 and solvated electrons can 
only be formed in the abseiice of more easily reducible substrates. 

2. Other indirect electrochemical reactions 

Whereas the rcductions involving solvated electrons stand be- 
tween the purely electrochemical and the indirect reductions, the 
reactions involving thc formation of adsorbed hydrogen, amalgams, 
hydroxyl radicals, halogens, etc., arc clearly indirect electrolytic 
reactions. 

a. The electrocataljlllic reduclion may be important a t  electrodes with 
low hydrogen overvoltage and high catalytic activity, and its mech- 
anism is closely related to thc mechanism of the hydrogen evo1:ition. 
The mechanism of this reaction a t  a platinum electrode in acid 
solution has been proposedl2 to be 

(2) 
(3 

Hz(ads) r', Hz(gas) (4) 

In  this reaction both equation (2) and equation (3) may be rate- 
controlling and the factor b in the Tafel equation (equation 1) 
acquires the value 0.116, or 0.038 when equation (2) or equation 
(3) , respectively, is the rate-determining step. 

An important point in the reaction mechaliism for the electro- 
catalytic reactions may be illustrated by an investigation of the 
electrolytic reduction of acetofie at  a Raney-nickel cathode in alka- 
line solutionl3. I t  was found that the dependence of the electrode 
potential on log I had the form shown in Figure 3. In  the absence 
of acetone the hydrogen evolution comrnenccd at El, and the slope 
of the straight line was 0.04 V cmZ/A. I n  the presence of acetone the 
current started to rise at  a numerically lower potential ( E J ,  and 
between E, and E,, the slope was 0.1 16; above E,, the slope again 
was 0-04. The current density, but not the potential at which the 
change in slope took place, was dependent on the concentration of 
ace tone. 

I t  has bcen suggestcdlj that these results can be explained by 

H+,SOIV) + e-  * H(ads 

H+(SOIV) 4- H(ads) + e- r', Hz(ads) 
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assuming that thc rcactioris (equations 2-4) occur also at Raney- 
nickel elcctrodes in  alkalinc solution, and that reaction (equation 5 )  
is a fast reaction. Bctween El and E,, the following reactions are 
assumed to occur with a measurabie rate. 

HT(so:v) -1- e- * H(adr) (2) 
(5) 

The Tafel slope 0.04, is in accordance with the assumption that 
equation (3) is the slow step in the hydrogen cvolution in the allsence 

H(ads) 4- SUbStrate(,ds) 3 Product 

CH,COCH,+ 2H'  +2e-- 

CH, CHOHCH, 

-1.10 L 
0 co1 0 002 0005 0.01 0.02 

FIGURE 3.  The dependence of the electrode potential E (vs SCE) on the current 
density I (on a semi-logarithmic scale) in the electrocatalytic reduction of acetone 
at a Raney-nickel elcctrode. Medium: aqueous solution of KOAc + KOH. 

Concentration of acetone: ( I )  0; (2) 0.26; (3)  0.34; (4 )  0.52 moIe/I. 

of acetone; reaction ( 5 )  is then able to compete successfully with 
equation (3) for the adsorbed hydrogen atoms; if reaction (5) also 
would be reasonably fast compared to reaction (2), the Tafel slope 
would change from 0.038 to 0.118, which compares well with that 
found experimentally (0.04, 0- 1 16). 

Recent investigations' have shown that two independent paths 
are accessible for the electrocatalytic reduction of acetone in 
6~ H2S0, at a platinizcd platinum electrode; one leads to propane 
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and the othcr to isopropyl alcohol. Tile rate of formation of these 
two products deper,ds on the voltage and on the history of the 
electrode. 

Two types of adsorption for hydrogen are found, one of them bcing 
interstitial. The ‘interstitial’ hydrogen is important in tlic electro- 
catalytic reduction of acetone to isopropyl alcohol, but not in the 
reaction leading to propane. At an anodic treated electrode no 
interstitial hydrogen is found, but the concentration of ir is gradu- 
ally built up. Besides being of importance in the reduction of sub- 
strate the interstitial hydrogen modifies the adsorption properties of 
the electrode, and the importance of the adsorption of the substrate 
to the electrode prior to the reduction is evidenced by the kinetics 
of the reaction. 

The nature of the reaction changes with time; a t  a freshly anodized 
electrode acetone is preferentially reduced to propane whereas later 
isopropyl alcohol is the main product; eventually both electro- 
catalytic reactions are suppressed and hydrogen evolution becomes 
the main reaction. 

I n  many cases the formation of amalgams, active metals, hydrogen 
peroxide, halogens, or hydroxyl radicals has been postulated as the 
electrochemical step, which is then followed by a purely chemical 
reaction. One of the usual arguments for these intermediates is that 
the reaction follows a route which may be duplicated by the chemical 
reagent, but this does not prove the presence of thesc intermediates 
in the electrolytic rcactioii. In some, but rather few cases, the 
occurrence of an indirect electrolytic reaction has been proved 
conclusivcl y. 

II. ELECTROLYTIC PREPARATION OF ALCOHOLS 
AND PHENOLS 

A. By Reduction 

Hydroxyl compounds may be formed in the electrolytic reduction 
of carboxylic acids, esters, amides, thioamides, acid chlorides, ketones 
and aldehydes, in some cases as main product, in other c a m  in 
minor amounts. 

I .  From acid derivatives 

a. CarboAyZic acids. The carhoxyl group is rather difficult to reduce 
electrolytically, and its reduction potential is less negative than the 
decomposition potential of the medium only in the cases where the 
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carboxyl group is activated by a suitable clectron-attracting sub- 
stituent. The substituent is also activated by the clectron-attracting 
carboxyl group, and sometimes. there is a competition between the 
reduction of the carboxyl group and of the substituent; in such cases 
the reduction of the carboxyl group will generally be favoured in 
acid solution and the reduction of the substituent in alkaline media. 

Examples of this kind are h u n d  in the reduction of carboxy- 
derivatives of some n-electron deficient aromatic heterocyclic com- 
pounds. Thus, e.g., isonicotinic acid'6 (i), 2-car50xythiazolc17 and 
2-carboxyimidazo1e1* are reduced in acid solution, tlirough the 
aldehyde, to the corresponding alcohols. The reduction of isonico- 
tinic acid follows the schemelG: 

4- Zei-ZH-'  + H1O i- 
HNC,H,,COOH - HNC,H.ICHO -+ HNC,H,ICH(OH), 

<- - 
(1) (2) (3) 

4- 2c- I -ZHk i 
HNC,H,CHO - HNC;H.,CH,OH 

( 2 )  (4) 

If the reduction of the acid is carried out at low temperaturc and 
a t  a suitable pH (1-4) and is stopped after the uptake of two elec- 
trons per molccule, the aldchyde 2 can be isolated in fair yield, as 
in this medium it is present predominantly in the non-reducible 
hydrated form, the gem-diol (3). When, however, the electrolysis is 
allowed to proceed to completion, the alcohol 4 is the isolated pro- 
duct, as the free aldehyde present in equilibrium with the hydrated 
form is reducible at  a less negative potcntial (more easily reducible) 
than the acid. If the reduction i s  carried out at a slightly higher pH 
(e.g. 5 - 4 1 ,  the aldehyde cannot be isolated as an intermediate and 
the carbinol is formed in a four-electron reduction. As only a few 
aldehydes are highly hydrated, the latter typc of reduction is more 
typical for the reduction of carboxylic acids than the former in 
which thc aldehyde is an isolable intermediate. 

In alkaline solution the reduction of such heterocyclic acids takes 
place in the nucleus, and, using acids in which more than one 
nitrogen atom is present in a six-membered ring, reduction of the 
ring occurs even in acid solution. 

Oxalic acid and its mono- and di-ester are polarographically 
reduciblelg, 20 as the two carboxyl groups activate each other, and 
oxalic acid is reducible at  a mercury or lead'cathode through the 
aldehyde to g.lycolic acid. When the reduction is performed in 
dilute sulphuric acid at low temperatures, where the rate of the 
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dehydration of tlic hydrated aldcliyde is low, glyoxylic acid may bc 
isolated; thc yicld, determined as glyoxylic acid phenylhydrazone, 
is reported to bc 87.57; 21. 

A similar activation by a carboxyl group is found in phthalic acid 
which may be rcduced to phthalide22 in wcakly acid solution; in 
strongly acid solution, however, dihydro compounds were formed 
at a lead cathode from phthalic and terephtlialic acid, whereas 
isophthalic acid produced the dialcohol under such  condition^^^. 

Generally, however, the carhoxyl group is riot reducible at  a 
potential between the decomposition potentials of the medium. 
This means that a polarograpliic or voltammetric reduction wave 
cannot be obtained in such cases, and the valuable guidance with 
respect to, c.g., reduction potential, number of electrons in the 
electrode reaction, pH-dependence of reduction potential normally 
acquircd from such curves, is not available. 

The rathcr high negative rcduction potential of the carboxyl 
group also means that a reduction of this group is not possible with- 
out a simultaneous reduction of the cations of the supporting elec- 
trolyte which most oftcn in this kind of reduction are hydrogen 
ions; this electrode reaction is therefore an example of thc kind 
illustrated in Figure 2, and, accordingly, in the competition between 
the reduction of hydrogen ions and carboxylic acid, the reduction 
of the latter is favoured by a high concentration of the sulistratc, an 
electrode with high overvoltagc, and a high current density. An 
adsorption of the substrate to the electrodc might be necessary for 
the reaction, but the importance of adsorption in such reactions has 
not been sufficiently investigated. 

Aromatic acids are generally reduciblc at a lcad cathode to the 
corresponding benzyl alcohol in  a medium containing sulphuric 
acid23-26. A typical catholyte could consist of a misturc of 70g 
alcohol and 30 g sulphuric acid; in this mcdium 20-40 g benzoic 
acid is rcduced with a current density of 0.1 A/cm2 2.’; yield of benzyl 
alcohol, 850/,. Table 1 gives the yields of alcohols from thc reduction 
of some carboxylic acids. 

The yields of bcnzyl alcohols are geiicrally good, except when the 
benzene ring carries two substituents ortho to the carbosyl group; 
the substitucnts may interfere with the coplanarity of the benzene 
ring and the (possibly protonated) carboxyl group. Lack of coplan- 
arity might influence 110th the reduction potential and the adsorb- 
ability of the carboxylic acid. The potential at the cathode was 
generally not measured in the ‘classical’ elcctrolytic reactions, but 
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it would bc intercsting to compare the electrode potential prevailing 
during the reduction of benzoic acid with that found in the reduction 
of phenylacetic acid. The latter is also reducible at  a lead cathode 
in sulphuric acid, but the yield of alcohol is inferior to that obtained 
from benzoic acidz4. If the interpretation of the rcaction mechanism 
given above (and in section I.B.) is correct, the cathode potential 
found during the reduction of phenylacetic acid would be expected 
to be more negative than that prevailing during the reduction of 
benzoic acid. Conclusions drawn on the basis of structural considera- 

TABLE 1. Yields of benzyl alcohols in the electrolytic rcduction of substituted 
bcnzoic acids at a lead cathode in a medium containing sulphuric acid. Current 

density ca 0.1 A/crn2. 

Substitucnts Ref. 
Yield (%) of 

subst. benzyl alcohol 

None 
3-Bromo 
3-Carboxy 
3-Hydroxy 
2-Amino 
2-Amino-3-methyl 
2-Amino-4-niethyl 
2-Amino-5-methyl 
2-Amino-6-methyl 
‘1-.mino-3,5-dimet-liyI 
:!-Amino-3,6-dimethyl 

85 
75 
60 
45 
70  
45 
65 
76 

about 10 
73 

poor 

24 
24 
23 
24 
24 
25 
25 
25 
25 
25 
25 

tions give the same result, as the electron-withdrawing phcnyl ring 
is furtlier rcmoved from the carboxyl group in phenylacetic acid 
than in benzoic acid. 

In basic medium the carboxyl group is not reduced; instead tlie 
benzene ring is attacked, and from a reduction of benzoic acid under 
these conditions 1,2,3,4-tctrahydrobenzoic acid was isolatedz3. 

b. Esters. The reduction of esters is similar to the reduction of the 
acids; thus the carbethoxy pyridines are reduced through the alde- 
hydes to the alcoholslG, ethyl phthalate yields phthalide in weakly 
acid solution, and methyl benzoate is reduced to benzyl alcohol in 
sulphuric acid at a lead cathode. In  the latter case some methyl 
benzyl ether was obtained, and it was the main product when the 
solvent was methanolic sulphuric acidz’. 

c. Amides and thioanzides. O n  electrolytic reduction amides generally 
yicld a mixture of alcohol and amine, but sometimes one of the 
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products prcdoniinates. In acid solution the product distribution is 
determined by the iclative rates of tllc loss of watcr or amine from 
the primarily formed reduction product, thc gem-aminoalcohol (5 ) ,  
to either aldimine or aldehyde, according to the scheme. 

2e 

RCONR; 

2e $2H+ 

H+ + 
H+ 1 

RCH(O&,)NR', -- RCH(OH)NR; <I RCH(OH)NHR', 

+H+ 

-n,o 1 + 
R - CH = N R', 

2e +2H+ 1 
RCH,&HR; 

(5) 

- H N R ?  I + 
R-CH=OH 

4 
RCH,OH 

An illustrative example is the reduction of different isonicotinic 
amidesZ7 at a mercury cathode; isonicotinic amide is in dilute hydro- 
chloric acid reduced predominantly through the aldehyde, which it 
is possible to obtain in good yield, to the alcohol, whereas the anilide 
forms some 40% znilinomethylpyridine together with the alcohol; 
isonicotinic N-methylanilide yields predominantly the pyridylcar- 
binol. Similar results were obtained from other heterocyclic 
amides I 7 9  la. 

Benzamide yields on reduction in sulphuric acid at  a lead cathode 
a mixiure of benzyl alcohol and benzylamine'a$ 20, and other 
aromatic amides behave similarly. Table 2 gives the yields of amine 
and alcohol from the reduction of some ring substituted benzamides. 
From the reduction of N-substituted benzamides under these con- 
ditions no formation of alcohols has been reported. 

Aliphatic amides30 may be reduced electrolytically to alcohols 
in fair to excellent yield at a smooth platinum cathode in an amine- 
medium containing lithium chloride as supporting electrolyte. A 
typical catholyte would consist of 0.01 mole amide, (3.8 mole lithium 
chloride and 450 ml anhydrous methylamine; Table 3 lists the 
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yields of alcohols fiom somc primary, sccondary aiicl tertiary 
aliphatic amides. 

I n  the presence of a hydrogen donor stronger than the amine, 
e.g., alcohol, a high yield of aldehyde or its reaction product with 

TABLE 2. Yields of amincs and alcohols in thc electrolytic reduction of somc 
substituted bcnzamides a t  a Icad cathodez9 in alcoholic sulphuric acid; current 

density 0.2 A/cmz. 

Substituents Yield of aminc Yield of alcohol 

“x1e 

?-Methyl 
3 -Me thy1 
4-Methyl 
4-hlethoxy 
3-Bromo 
4-Bromo 
4-Chloro 

74 
83 
53 
79 
73 
64 
67 
G5 

23 
11 
35 
18 
22 
19 

TABLE 3. Yiclds of alcohols in the electrolytic reduction of aliphatic amides at a 
smooth platinum cnthodc in methylamine containing lithium chloride:’”. 

Amide (moles) hfcthylaminc Yield of alcohol 
(m1) (”/) 

CH,(CH2),COhCHiMc 
CH,(CH,),CONH, 
CH,(CH,)&ONH2 
CH,(CH2)1,CONH, 
CH,( CH,) l,CONHMc 
CH,(CHz),,CONH2 
CH,(CH,)&ONhlc, 
CH,(CH2)14CONH, 
CH,(CH2)&ONH, 
CH, (CH,),,CONHCH, 

(0.05) 

(0.05) 
(0.02) 
(0.02) 
(0.02) 
(0.02) 
(0.01) 
(0.01) 
(0.01) 

(0.05) 
600 
700 
GOO 
-150 
450 
450 
450 
450 
4.50 
450 

51 
58 
59 
79 
84 
92 
97 
86 
79 
72 

methylamine is obtained; no reduction product fiom an N-mcthyl- 
imine has been isolated. From these obser\ations the first schcme on 
the following page was proposed3O. 

I n  the presence of a stronger proton donor than methylamine the 
gem-aminoalcohol ( 6 )  survives until the reaction mixture is worked 
UP. 

In  some cascs the gem-aminoalcohol primarily formed in the re- 
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> R-CH-NR'? 4- CH3NH- - CH,NH, 
R C - N R * ~ &  R-C-NR'~ 

I :q: I 
:Q: 

II 
0 

e CH,NH, 
R-CH-NR'Z 2- ' R-CH-NR'Z + CH3NH- 

I 
OH 

(6 )  

I 
0- 

' iiCH,O- 1- CH,NH- 
2e+ CH,NH, 

R'2N- + RCHO 

duction of an amide or imide is sufficiently stable for its isolation. 
Derivatives of plithalimide (7) are reduced to hydroxyphthalimi- 
dines (8)  in slightly acid solution31; in a medium of high alcohol 
content the isolated product is predominantly ethoxyphthalimidine. 
I n  weakly alkaline solution (7) is reduced in two one-electron redxc- 
tions, and the result of the first one-electron reduction is a radical, 
which dinierizes. 

Dimer 

&JR 

0 

In the presence of a iiucleophilc (Nu) the hydroxyphthalimidine 8, 
which is a derivative of phthalaldehydic acid, reacts with the 
nucleophile; in the presence of ethyl alcohol ethoxyphthalimidine 
is formed and in the presence of isoindoline, 1-N-isoindolino-3- 
oxoisoindoline31. M."ien phenylhydrazine is added to an aqueous 
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solution of hydroxyphtlialimidine, 2-phenylphthalazinone- 1 precipi- 
tates; similar ring closure reactions may prove to be of synthetic 
value3?. 

Other products, e.g., phthalimidines and isoindolines, have been 
obtained from elcctrolytic reduction of phthalimide33~ 34. An acid- 
catalysed dehydration of 8 would produce an intermediate which is 
easily reduced to phthalimidine in a similar way as in the reduction 
of 2,3-dimethyldihydrophthalazincdio1ie~~. The further reduction 
of this compound is analogous to the reduction of benzamideszc. 
An electrolytic preparation of 8 requires thus a medium in which 
the dehydration step is slow; Dunet and Willemart used 50% 
aqueous dioxane containing some hydrochloric acid; an alternative 
method is reduction in cold base at -1.6 V (SCE)32. 

I n  some derivatives of phthalirnide, such as N-anilinophthalim- 
id.e (9), another type of reaction may follow the initial reduction 
to a hydroxyphthalimidine, and from 9 is formed zither 3-phenyl-y- 
phthalazinone (10) or 2-phcnylphthalazinone (1 1). The following 
scheme has been ~ugges t ed~~ .  

0 

2c+2H + 

z 

0 

fC6H4R 

&zHC6H4R 

0 

H C  slow 1 

I 

0- 

(10) 
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Thioaniides arc rcduccd more casily than thc corresponding 
amides, and the primary rcduction product, the gem-aminothiol, is 
generally more stable than thc corrcsponding gem-aminoalcohol; 
the gem-aminothiol from thc reduction of isonicotinic t h i o a m i ~ i e ~ ~  
is thus stable for hours in acid solution at 5-10". The tliioamides 
are generally not well suited for the preparation of alcohols. 

(1. Acid chlorides. The electrolytic reduction of an acid chloride must 
be performed in an indifferent medium as, e.g., acetonitrile; a polaro- 
gram of benzoyl chloride in this medium shows a reduction wave 
due to the hydrogenation of the carbon-chlorine bond followed by 
the reduction wave of the benzaldehyde thus formed3 7. 

When a preparative reduction is made in an aprotic medium such 
as acetonitrile the question of availability of protons arises. In  a 
voltammetric experiment the amount of material rcduccd is so small 
that the residual water present in 'dry' acetonitrile can furnish the 
necessary protons, but when larger amounts are reduced, a suitable 
proton d o n x  muzt be added if the reduction requires protons. The 
proton donor must be neither a very strong acid, as protons are then 
preferentially reduced, nor a very weak one. Phenol is in some cascs 
an acceptable compromise. 

Benzoyl chloride on reduction in dry acetonitrik yields b e n d  
and its reduction products37 whereas benzaldehyde and its reduction 
products are obtained in the presence of phenol as proton donor. 
The following reduction scheme may be proposed for the first step, 

e+H+ 
RCOCI > CI- + feo RCHO 

4, 
R-C=O 

I 
R-C=O 

The reductive cyclization of the &chlorides of dicarboxylic acids 
to the corresponding diketones may prove usefLil in the formation of 
rings as an alternative to the acyloin condensation. 

2. From aldehydes and ketones 

a. Reduction mechnnisnz. Electrolytic reduction of aldehydes and 
ketones may produce pinacols, alcohols or hydrocarbons depending 
upon the experimental conditions, especially upon pH and electrode 
material. I n  the following the reduction to pinacols and alcohols is 
discussed. 
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Information concerning the reduction mccliaiiisin at a iiicrcury 
electrode may be obtaincd fi-om polarograpliic studics; references 
to such investigations may be found in a recciit paper by Zuman3s; 
the discussion below follows csseiitially thc onc given in that paper 
on the reduction of aromatic carbonyl compounds; aliphatic ketones 
are reduced at rather negative potentials which can only be reachcd 
in iicutral and alkaline solution containing tetraalkylammonium 
ions as supporting electrolyte. 

I n  acid solution a protonation of thc carbonyl compound takes 
place prior to the electron transfer and the radical thus formed may 
either react chemically or be reduced further. U:ider thcsc condi- 
tions :he reduction may be described by the following steps: 

H + i- ArCOR 2 A;C(OH)R 

+ € 8  

ArC(0H)R i- e 2- A k ( 0 H ) R  

2 ArC(0H)R -+ dimer (8) 

ArC(0H)R 4- Hg ---f organometallic compound (9) 

(10) 

(1  1) 

ArC(0H)R -t solvent .--f products 

ArCi0H)R -i- e % ArC(0H)R 

ArC(0H)R - I -  H + z A r C H O H R  (12) 

The pH-dependent reduction potential E, of the first electron 
transfer is generally less negative than the pH-indepencicnt potential 
E, of the second electron transfer, which often at low pH is more 
negative than the reduction potential of the hydrogen ions, and only 
one reduction wave is then seen on a polarogram. A reduction of an 
aromatic carbonyl compound in acid solution at  a mercury cathode 
with a cathode potential controlled at E, would thus be expected to 
give a high yield of pinacol, and this is also found in a preparative 
reduction. The stereochemistry of the products is discussed below. 

As El, but not E,, is dependent on pH, El approaches E,  at 
higher pH and they may merge at a certain pH above which only 
one two-electron wave is seen. 

I n  the medium pH-range the preprotonation becomes unimport- 
ant as the equilibrium (equation 6) is shifted too far to the left. The 
electro-? transfer occurs then to the unprotonated carbonyl com- 
pound and the radical ion acquires a proton; this radical may rcact 
chemically or be reduced further. 
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€3 

ArCOR -1- e + Ard(0-)R (13) 

ArC(O-)R -1- H + z A r C ( O H ) R  (14) 

ArC(0H) R + dimer (8 )  

A k ( 0 H ) R  -I- e +ArC(OH)R (11) 

Ark(O-)R -1- Ard(0H)R + dimer (15) 
E 2  - 

- 
ArC(0H)R -I- H + 2 ArCHOHR (12) 

Polarographically a two-electron wave is observed which means 
that under these conditions the second-order reactions (equations 
8 and 15) cannot compete successfully with the further reduction; a t  
higher concentration and current density varying. yields of pinacols 
are formed. 

I n  alkaline solution the polarographic behaviour depends-be- 
sides on pH-on the naturc- and concmtration of the supporting 
electrolyte. The  reduction of the primarily formed radical ion 
(equation 16) occurs at a more negative potential (E4) than that of 
the first reduction (E3)  ; E, is sometimes more negative than the decom- 
position potential of the medium. T h e  reduction potential of the co- 
ordinated radical (EB) ismost often between& and E.l. (\I+ is acation.) 

ArCOR +' e > Ark(O-)R (13) 

Art(O-)R + e €4 
2H + 

> ArC-(O-)R ArCHOHR (16) 

2H + 

Art(0M)R + e > Arc-(0M)R a ArCHOHR+ Mi (17) 

On electrostatic grounds the radical ion would not be expected to 
dimerize with another negatively charged radical ion; at least one 
of the partners must coordinate with a positively charged species, a 
proton or another cation, prior to the coupling as in equation (5); 
if the protonation took place near the electrode surface, the pro- 
tonated species would be reduced immediately; this would indicate 
that if equation (5) were responsible for the formation of pinacols 
under basic conditions, the dimerization takes place at some distance 
from the electrode. A dimerization as equation (18) must also be 
taken into consideration. 

2 Arb(0M)R -+ dirner (18) 
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Thc rcaction mcclianisni must also take into account that other 
coupling products than piiiacols may bc formed, thus 12 and 13 are 
among the products obtained fi-om rcduction in alkaline solution of 
1-acetonaphthone39 and 2'-arninoacetophenoneJO, respectively, at  a 
mercury electrode. 

R = OH, R, = CH3 
(13)  R = CH,, R, = OH 

I3 is formed, as shown below, hy coupling of a radical and a radical 
ion fdowed by a iiucleophilic addition of the aromatic amino group 
to the a, ,&unsaturated ketone: 

/ 

The effect of the cations on the polarographic behaviour of ca.r- 
bony1 compounds usually increases with size and charge of the ions, 
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and the presence of a high concentration of tetraalkylammonium 
ions often results in the occurrence of a single rather than two polaro- 
graphic waves. The effect of added metal cations on the stereo- 
chemistry of the product is not known. 

The electrode reactions of ketones at  other cathode materials 
have been much less thoroughly investigated, and the reductions 
have generally been performed without measurement and control 
of the electrode potential. At a platinum electrode acetophenone is 
reduced in alkaiine solution to a pinaco141; unfortunately the stereo- 
chemistry (d,Z/tneso) was not reported; it would have been of interest 
to compare the results at an electrode with low hydrogen over- 
voltage and high catalytic activity with those obtained at  a mercury 
cathode. The d,Z/meso ratio of pinacols produced a t  a copper or tin 
electrode did not differ significantly from that found at  a mercury 
cathode"2. 

Acetone yields in acid solution at  a lead cathode a mixture of 
pinacol, isopropyl alcohol and metalorganic compounds such as 
diisopropyllead and tetrai~opropyllead~~. The reduction of many 
other kctones follows the same pattern, and the results have been 
compiled in different monographs and reviews"-46. 

a,p-Unsaturated ketones, which are not conjugated to a phenyl 
ring, are usually reduced polarographically in a one-electron reduc- 
tion. The primarily foi*med radical may form a mercury compound, 
dimerize at  the 8-carbon or at  the carbonyl carbon, or form 
an ansymmetrical coupling product, so E-diketones, pinacols, di- 
hydrofurans, cyclopentenes and some other compounds may be 
formed4'$ 48. Often the hydrodimerization at the /I-carbon to the 
saturated &-diketone is the preferred reaction, but if a dimerization 
at  this point is sterically unfavourable, c+unsaturated pinacols 
inzy be thc majcr prsduct.; the latter reaction is important in the 
reduction of a$-unsaturated steroid ketones". I n  acid solution the 
reaction is: 

H+ 
RCH=CHCOR' a RCH=CHC +(OH)R' 

RCH=CH~(OH)R' 
dimers and 

[ .  5 } compounds 
-z o rg an o metal I ic RCH=CHC+(OH)R' z 

RCHCH =C( OH) R' 

In acid solution protonation takes place prior to the electron 
transfer; in alkaline solution a radical ion is formed primarily; this 
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difference is reflected in the stereochemically different products 
found in acid and alkaline solution in the reduction of a,@-unsatur- 
ated steroid ketones. 

The polarograpliic reduction of u,@-unsaturated aromatic car- 
bony1 compounds is more complicated; often three waves are ob- 
served, and organomercury compounds, dimeric and saturated 
carbonyl compounds, pinacols and alcohols may be expected as 
products. A very thorough discussion of the polarographic be- 
haviour of such compounds has recently been published50. 

Quinones are reduced to hydroquinones, and they form together 
a reversible redox system; sometimes semiquinones have consider- 
able stability which can be judged from their polarographic be- 
haviour. Of synthetic interest might be the fact that in a suitable 
medium a hydroquinone such as anthrahydroquinone may lose a 
hydroxyl group on reduction; in a medium consisting of 50 vol yo 
ethanol and 50 vol yo sulphuric acid anthraquinone is reduced at  a 
suitable potential to anthroneS1 according to . 

0 

0 

i- 

?H 2 

OH 

OH 
E = -0.4 V 
2e + 2 H  ' 

< 

OH 

2e+Hf 

-H,O 

I 
OH 

The dehydration step (and the solubility) is favoured by higher 
temperatures and at 50-60" the reaction goes reasonably fast. By 
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controlling thc potential a t  -0.4 V (SCE) further reduction of the 
anthrone is avoided. 

6. Stereochemistry of the reduction of carbonyl compounds. Any reduction 
mechanism must take the stereochemistry of the products and its 
dependence on the medium into consideration. Several reports have 
appeared on the dependence on pH of the stereochemistry of the 
hydroxyl derivatives obtained by electrolytic reduction of carbonyl 
compounds. Thus differcnt mixtures of pinacols were obtained in 
acid and alkaline solution from a,B-unsaturated steroid ketonesd9, 
deoxybenzoin2’2p 52, ~-dimethylaminoa~etophenone~~, and other ace- 
top hen one^^^^ 581s 5 5 .  Also the stereochemistry of the reduction product, 
eytiwo-pheiiyl-a-phenylethyl-carbinol, from a-methyldeoxybenzoin 
has been r ~ p o r t e d ~ ~ .  The influence of added unsymmetrical con- 
stituents to thc medium has recently received attention57. 

An important aspect of the pinacol formation is whcther the di- 
merization occurs at  the surface of the electrode or in the bulk of 
the solution. The electrical double layer is cocsidered to consist 
of an inner layer of adsorbed molecules and a more diffuse outcr 
layer; the electrical gradient is high (107 V/cm) in the inner layer, 
but falls rapidly to a negligible value. At a distance from the elec- 
trode of about 100 A the influence of the electrode is no longer of 
importance. 

Other questions are whether a radical, a radical anion, a radical 
anion coordinated with a cation, or a metalorganic compound is 
involved in the dimerization. A priori it cannot be excluded that 
a pinacol may be formed by reaction between a carbanion and an 
unreduced ketone. 

One piece of evidence which may point to a fixation of the 
stereochemistry of thc reaction product near the surface of the elec- 
trode is the reduction of benzil to stilbenediol”. The ratio of cis- 
stilbenediol to trans-stilbenediol was found to be dependent on the 
electrode potential in such a way that the trans-isomer predominates 
near the half-wave potential of benzil “0.7 V (SCE) at  pH 101 
whereas cis-stilbcnediol is the more abundant one about - 1.0 V 
(SCE) ; at more negative potentials the trans-isomer predominates 
again. I t  is well known that in the absence of strongly adsorbed 
species the mercury cathode is positively charged with respect to 
the solution at  potentials more positive than -0.7 V (SCE) and 
negatively charged at more negative values. The half-wavc potential 
of benzil is thus near the point of zcro chargc; it has been suggested 

C H C-K 
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that the control of the stereochemistry in the reduction of benzil 
operates by the influencc of the electric field in the electric double 
layer on the conformational equilibrium of benzil, as the dipoles in 
the carbonyl groups may be influenced by the field. 

Thc analysis of the cis-trans ratio at the different potentials was 
made by anodic voltammetry at a hanging mercury electrode, at 
which the electrode reaction had proceeded for about 30 sec; as 
both of the stilbenediols tautomerize to benzoin (at different rates), 
an cxhaustive electrolysis would not bc applicable. The trans-isomer 
was taken to be the more easily reducible isomer, and this was 
substantiated by later work59. 

Another result which has been taken as evidence for a fixation of 
the stercochemistry near the surface of the electrode is the reduction 
of acetophenone to the alcohol in mcthanol in the presence of an 
optically active supporting electrolyte57. With 0.1 M ( -)-ephedrine 
hydrochloride as supporting electrolyte X- ( +)-methylphenylcarbinol 
was obtained in 440/, yield with an optical purity of 4-2y0, whereas 
S-( -)-methylphenylcarbinol with an optical purity of 4.6% was 
obtained in 38% yield when (+)-ephedrine hydrochloride was used 
as electrolyte. Thc  optical purity of the product was not raised when 
a 0 . 2 ~  solution of ephedrine was used, but lowered to 3.1% when a 
0.05111 solution was employed. 

These findings have been interpreted as evidence for the theory 
that it is the ephedrine adsorbed at the interface which predomin- 
antly influences the stcreochemistry of the product and to a much 
lesser degree the electrolyte present in the bulk of the solution. 

Another conclusion was reached in a work on the pinacol isomer 
distribution in the reduction of some acetophenones, benzaldehydes 
and related corn pound^^^^ 53. The results are given in Table 4. In 
acid solution the coupling of two neutral radicals is considered, 
whereas a neutral radical and a radical ion rather than two radi- 
cal ions are believed to couple in alkaline solution. I n  order to 
explain the higher yield, especially in alkaline solution, of d,Z-pinacols 
comparcd to the meso-form, which would be favoured on steric 
grounds, a combination of steric factors and hydrogen bonding 
interactions is considered to determine the stereochemistry of the 
pinacols. The conclusion is reached that the stereochemistry of the 
product is determined so far from the electrode that it does not play 
any significant role here, and it seems substantiated by the lack of 
dependence of the stereochemistry on the nature of the electrode 
material; approximately the same stereochemical results were 



TABLE 4 .  Stereochcmistry (d,l/nreso ratio) of the pinacols olitaincd on reduction 
of some acetophenones and related compounds in 80% ethanol421 5 4 -  55. 

Elec- Potential 
trode [-V vs (SCE)] Medium Ratio 

"/o Pinacol (d,l/tncso) 

1.1-1.2 
1.1 
1-1 
1.7 
1.6 

1.5-1.6 
1.6-1.8 

1.2 
1.6 
1 6  
1.7 

1.1 
1.5 

1 -2 
1-7 

1.2 

1 *2 
1 *4 

1.6 

1.7 

0.78 
1.2 
1 a22 
1 .G 

1.2 
1 *6 
1.6 

Pro,bioJdieno?ie 
I h i  LiCl/l*5>1 AcOH 
2~ KOAc 
0 . 1 ~  KOH 

p-~hlor~acetopiienone 
I M  Lic1/1*5hl AcOH 
2~ KOAc 

2hl KOAC 

p- ~r~t~oromclhy lace to -  
phenone 
1~ LiC1/1.5~ AcOH 

o-Chloroacetophmone 
2hl KOAC 

o-itiethoxyaceto/)henone 
2~ KOAc 

2 -Acefopyridine 
I M  LiCl/1.5xr AcOH 
2~ KOAc 
l r  KOH 
1~ KOH 

Bentaldefyde 
1r1 LiCl/1*5al AcOH 
2hs KOAc 
2~ KOAc 

4.8-74 
58 

74 
56-70 
77-78 

66 

68 

55 
4.1 
52 
2 4  

88 
95 

94 
96 

87 

44 
98 

28 

51 

11 
98 
68 
55 

69 
85 
73 

1 *o- 1*2 
1.0 
1.0 
2.5 

2.9-3.0 
2.8-2.9 

2.7 

1.4 
2.7 
2.8 
3.2 

1.2 
3-1 

1.2 
3.0 

1.0 

1 *3 
3.2 

2.1 

1 *2 

0.73 

0.46 
0.53 

0.28 

1.1 
1 -2 
1 -2 
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obtained a t  mercury, copper, and ‘tin catliodcs. Furtherrnorc, thc 
d,Zjnzeso ratio found in the electrochcmical reductions was esscntially 
thc same as that obtaincd in photopinacolization studiesG0. 

Further experimental evidence must be accumulated before a 
unified picture of the reduction mechanism can be presented, and 
especially stereochemical evidence as described above will be of 
great value in elucidation of the reaction path. 

1.7 2.2 2.7 3.2 
. Reference potential (V) 

FIGURE 4. Plot of currcnt efficiency against potciitial of the working clcctrode. 
Medium 1 . 0 ~  sodium acetate, 0.4~ sodium hydroxide. Products: - methanol; - _----  cthane; -.-. -. - oxygcn; A esperimental points. 

[Reproduced from Trans. Faraduy SO~., 63, 1470 (1967), Fig. 2.02] 

B. Preparation of Hydroxyl Compounds by Anodic Oxidation 

1. Formation of alcohols 
The well-known Kolbe electrochemical reaction which under 

‘normal’ conditions produces predominantly hydrocarbons by anodic 
coupling of carboxylate ions may be directed by a suitable choice 
of reaction conditions towards a production of alcohols in the so- 
called Hofer-Moest reactione1. The reaction is schematically: 

R-COO- - 2e- -I- OH- -+ C02 $- ROH 

As illustrated in Figure 4, the anodic electrode reaction at a 
platinum electrode in an alkaline acetate solution is oxygen cvolu- 
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tion below a ccrtain potential; abovc that the Hofer-Moest reaction 
starts and, ar: a slightly higher potential, somc of the Kolbe product 
is also obtained, while the oxygen evolution is supprcssed to a high 
degree. At still higher potentials there is indication for oxygen 
evolution taking over again; this might be dependent on the acetate 
conccntration. 

The reaction mechanism is still under active discussion; the main 
question is whether the alcohol is formed by reaction between an 
adsorbed alkyl radical and an adsorbed hydroxyl radical or between 
an alkyl carbonium ion and a hydroxyl ion (or water molecule). 

G3, 

(19) 
(20) 
(21) 
(22) 

OH-+  HO*(M) + e (23) 
(24) 

(25) 
in which (Ad) indicates that the species is adsorbed to the electrode. 

The first two steps are common for both the Kolbe and the Hofer- 
Moest reactions, and the branching occurs after the formation of 
methyl radicals which are considered to be stabilized by adsorptior? 
to the electrode. The methyl radicals may either forni the Kolbe 
product (equations 21 and 22) or react with adsorbed hydroxyl 
radicals (equation 24) or hydroxyl ions in an electrochemical de- 
sorption step (equation 25) to the Hofer-Moest product. A loss of 
an electroc from the alkyl radical thus forming a carbonium ion 
(equation 26) is considered for carboxylate ions having branched 
alkyl chains, hut is thought less likely for methyl radicals. 

R.(M) + R +  1- e (26) 

(27) 
The formation of carbonium ions as general intcrrnediates in the 

Hofer-Moest reaction has been assumed primarily from the car- 
bonium ion-type rearrangements found in some products and from 
the stereochemical results. As a chapter in this series4 covers this 
aspect of the Hofer-Moest reaction thotoughly, no further dis- 
cussion of these points is necessary here. 

Electrolysis of a sodium acetate solution at  a smooth Pt-anode 
in a cell without diaphragm has been shown to give methanol in 
930/, yield (54% current G 3 ,  but in general the Hofer-Moest 

I n  the ‘radical mechanism’ the following steps are 

CH ,COO*( M )  + CH 3.( M )  I- CO 2 

CH,*(M) $- CH,COO-+C2Ho + COz -1- e 

CHJCOO- 3 CH,COO.(M) + e 

CH,.(M) + CH,.(M) + CZHo 

CH,*(M) + HO-(M) + CH30H 

CH,.(M) + O H  -+ CH,OH + e 

R +  f CH + ROH 
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rcactioii has been investigated not as a preparative method in its 
own right, but rather as a side reaction to the Kolbe synthesisGG-08. 
Besides the expected alcohol other alcohols and alkenes are often 
found in the reaction mixture, 2 s  would be reasonable from a 
rearrangement of or elimination from a primarily formed carbonium 
ion. The yields of alcohols are generally reasonably fair, but may 
possibly be raised by suitable choice of conditions. It would be 
expected that the use of a carbon anode would favour thc alcohol 
formation; also an alkaline medium, e.g., made alkaline by zddition 
of pyridine, containing a high concentration of difficultly oxidizable 
anions such as perchlorates, sulphates, carbonates or bicarbonates, 
would probably be favourable for the Hofer-Moest reaction. 

It remains, however, to bc seen how good yiclds may be obtained 
under such conditions; thc further oxidation of alcohols must, of 
course, be avoided. 

Some hydroxyl compounds have been prepared by anodic oxida- 
tion of different hydrocarbons to carbonium ions which react with 
solvent to alcohols. Thus among other products from the anodic 
oxidation of a-pinene at a platinum anode in sulphuric acid is found 
or-terpineo16° and cis-terpine; also, p-ni trotoluene yields some p-nitro- 
benzyl alcohol at  a platinum anode in glacial acetic acid containing 
sulphuric acid708 'I. The latter reaction is analogous to the anodic 
acyloxylation described in another chapter in this series4. 

111. ELECTROLYTIC REACTIONS OF 
HYDROXYL COMPOUNDS 

Only few hydroxyl compounds can be reduced electrolytically, 
whereas many of them can be oxidized anodkalIy. 

A. Reductions 

Certain activated hydroxyl groups may be reduced electrolytic- 
ally, generally in acid solution. Thus in a-hydroxyketones, e.g., 
a-hydroxy steroid ketones72 or derivatives of 2-hydroxyacetophen- 
one5? (14), and certain heterocyclic carbinols73, as derivatives of 
4-pyridylcarbinol, the hydroxyl group is reductively removed. 

H.+ 

2ef H.1 
C,H,COC(CH3),OH - CH,COCH(CH,), + HZO 

(14) 

Ir, these reactions there appears no indication of a primary loss 
of water; in some cases, such as the reduction of triaryl carbiiiols (15), 
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in methanesulphonic acid74 or of tropyl alcohol in aqueous buffer 
solutionis, an acid-catalysed dehydration precedes the reduction of 
the carbonium ion thus formed 

H+ 212-CH" 
Ar,COH -+ Ar,C+ -t- H,O ___j Ar,CH 

(15) 
It might also be mentioned that phenol can be reduced electro- 

lytically to cyclohexanol in 2~ sulphuric acid at  a platinized platinum 
electrode 76. 

B. Oxidations 
1. Aliphatic alcohols 

Primary aliphatic alcohols are generally oxidized.',', 4 5 *  7i anodic- 
ally th;ough the aldehyde to the acid and secondary alcohols to the 
ketones or further; in some cases the aldehyde may be trapped. The 
reaction mechanism is not fully agreed upon; the oxidation of 
alcohols78-80 at platinum has been subject to many investigations, 
especially in connexion with the development of fuel cells81, and 
the following tentative scheme for the oxidation of methanol seems 
plausible in the light of recent results*z. 

.1 
CHpO 

.1 
HCOOH 

The formatioil of a chemisorbed carbonaceous species, C,H,O,, 
during the anodic oxidation of methanol on platinum is generally 
recognized, but the exact composition of this species is not known. 

I n  an aqueous medium containing ammonium carbonate the 
ar.odic oxidation of ethanol a t  a platinum electrode yields acetami- 
dine which was isolated as the nitrate. The following reaction path 
was suggcsteds3: 

CH3CH20H 
-2e -!?ti+' ____, [CH3CH 0 

,OH 
NH3 z CH3CH, 

N H o  
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but the formaiion of acetamidine from acetamide under these con- 
ditions seeins not attractive; perhaps an oxidation involving a 
carbonium ion rather than a dehydrogenation of the aldehyde- 
ammonia takes place. 

I n  alkaline medium thc anodic reactions of alcohols are more 
complex; the aidehyde formed may condense to resins before it is 
oxidized further. Other reactions lead to the formation of hydro- 
carbons and molecular hydr0gen8~. Some explanations of the latter 
reaction have been put forwardas$ 86, but a reliable reaction path 
must await the results of investigations performed with modern 
techniques. 

Ene-diols such as ascorbic acid are easily oxidizable87 in a two- 
clectroii oxidation to the a-diketone 

- 2 ~  -2H+ 
R-CO-CHOH-R‘ < ’ R-C=C-R < ’ RCOCOR 

I I  
HO OH 

As mentioned in scction 11, the rr.-diketone is reducible through 
the ene-diol to the cr.-hydroxyketonc. 

2. Aromatic compounds 
Electrolytic oxidation of aromatic compounds involvcs an ab- 

straction of one or more electrons from the aromatic system. Rcviews 
of the anodic reactions of aromatic compounds have recently been 
published779 *8. The primarily formed radical cation may react in 
different ways: 

a. It may lose another electron and stabilize itself by (1) losing 
two protons, (2) reacting with a nucleophilc and losing one proton, 
(3) reacting with two molecules of nucleophile. This reaction 
sequence may be represented by eecc (electron-transfer, electron- 
transfer, chemical step, chemical step). 

b. I t  miiy lose a proton to a neutral radical which most likely will 
lose an electron and then react chemically, an ecec-sequence. 
Another ecec-reaction would be a reaction betwcen the radical 
cation and a nuclcophilc followed by loss of an electron, followed by 
a chemical step. 

c. The radical may couple either with another radical in a purely 
chemical step or with a substrate molecule in an electrochemical 
desorption step. 

One of the difficulties in controlling the oxidation of organic 
aromatic compounds is that thc product is often more easily oxidiz- 
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able than the substrate. If, for example, thc nucleophiie is water or 
hydroxyl ion, the resulting phenol is more easily oxidizable than the 
parent hydrocarbon. 

Another is that the oxidation potential of many aromatic com- 
pounds is rather positive, which restricts the choice of medium and 
electrode material. Acetonitrile, which is rather resistant towards 
oxidation, is often used as solvent; other useful solvents are dimethyl- 
formamide, methylene chloride, acetic acid or acetone; as supporting 
electrolytes perchlorates or tetrafluoroborates may be used. 

3. Oxidation of aromatic alcohols 
An investigation of the oxidation potentials of aromatic alcohols 

in  acetonitrile at  a platinum electrode89 showed that the potential 
was mainly determined by the aromatic nucleus; substituents may 
influence the oxidation potential of an aromatic nucleus by their 
electron-donating or -attracting properties. Methoxy groups lower 
the oxidation potential; the -CW,OE grGup acts mostly as a weakly 
electron donating substituent, but in some difficultly- oxidizable 
aromatic compounds the nonbonding electrons on the oxygen atom 
may be the most easily removable. 

Controlled potential oxidations of aromatic alcohols have been 
made in a few cases; thus anisyl alcohol (16) was oxidized to anisal- 
dehyde (17) in good yield at a platinum anode in acetonitrile con- 
taining sodium perchlorate as supporting electrolyte and pyridine 
as proton acceptor89. The reaction was formulated as 

(17) 

without any attempt to determine whether or not a proton was lost 
before the second electron was removed from the system. 

The product (17) is more difficult to oxidize under thesc condi- 
tions than 16 (anisyl alcohol: E: = 1-22 V (vs Ag+/Ag), anisalde- 
hyde: El, = 1-63); the reason is that the electron-attracting aldehyde 
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group will raise the oxidation potential compared to a!iisole, whcreas 
the slightly electron-donating -CH,OH group will lower it some  
what. This supports the view that the potential-determining step is 
the loss of an electron from the aromatic system; towards most 
chemical oxidants the aldehyde is more reactive than the alcohol. 

When an aprotic solvent such as acetonitrile is used as a medium, 
it is necessary to add a proton acceptor to facilitate the removal of 
protons. Pyridine has been found to be a suitable base as it is 
oxidized at  a rather positive potential. Aliphatic or aromatic amines 
are rnuch more easily 0xidized7~ and can thus not be used. 

Very often side reactions take place when an attempt is made to 
oxidize an aromatic alcohol under these conditions. The reason I s  
that a radical or radical ion intermediate starts a polymerization 
reaction at  the electrode surface which is then fairly rapidly covered 
with a layer of tarrish product; this insulates the electrode from the 
solution and prohibits further transfer of electrons. This type of side 
reaction not only lowers the yields but in most cases prevents the use 
of the method for the preparation of aromatic aldehydes. 

Certain aromatic alcohols, such as benzophenone pinacol and 
fluorenone pinacolgO, are oxidizable at controlled potential even in 
iiqueous solution; the reaction involves a carbon-carbon cleavage 
with the formation of the parent ketone 

R,C(OH)C(OH)R, -+ 2e -I- 2H + + 2 R,CO 

C. Oxidation of Phenols 

The presence of a hydroxyl group on an aromatic nucleus lowers 
the oxidation potential of the system considerably; thus in aceto- 
nitrile the halfwave potentials, at a platinum anode, of benzene, 
phenol and hydroquinone are 2.00, 1.21 and 0.71 (vs Ag+/Ag), 
respectively. 

Electrolytic oxidation of phenols generally yields a mixture cjf 
compounds, but often the amount of high-molecular weight coupling 
products can be kept lower than in most chemical oxidations. The 
electrode reactions of phenols can be described by the general 
scheme for the electrochemical oxidation of aromatic compounds 
given above. The two-electron oxidations (a and b) often involve 
an  attack by a nucleophile, whereas the one-electron oxidations 
result in coupling. 

I. Two-electron oxidations 
A simple overall two-electron oxidation is the oxidation of hydro- 
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quinones to quinones whicli is tlie common reaction of 0- and 
p-diliydroxy benzenes; it might be mentioned, liowevcr, that on 
anodic ~ x i d a t i o n ' ~ ~  g' of liydroquinone (IS) in acetonitrile contain- 
ing pyridim and sodium percliloratc N- (2,5-diliydroxyplienyl)- 
pyridinium pcrcldorate (19) was formed. This oxidation is analo- 
gous to the oxidation of antliraccne to 9,IO-dihydroantliranyl 
dipyridiniuni diperchlorateg?. 

OH 
I 

I n  this case the electron-attracting propcrties of the pyridinium 
substituent make the system more difficultly oxidizable than the 
parent hydroquinone, and the product is not oxidized further at the 
potential used. 

When the attacking nucleophile is a hydroxyl ion (or water) the 
product is more easily oxidizable than the starting material, and tlie 
primary product is oxidized furthcr in preference to the starting 
material. The esistence of the hydroxylated compound is then only 
indicated by its oxidation products. Thus phenol is oxidized to 
benzoquinone and maleic acid; when hydroquinone has been re- 
ported as a product, tlie oxidation has been performed in a non- 
divided cell and the hydroquinone is formed by reduction at tlie 
cathode of some of the quinone. 

Under voltammetric conditions the anodic liydroxylation may 
be demonstrated; this is illustrated in Figure 5 which shows (curvc A) 
tlie result of a cyclic voltammetrice3 investigation of 1,5-dihydroxy- 
naphthalene (20) in 2~ perchloric acid at a carbon paste electrodeg*. 
The initinl anodic oxidation peak N [at +0-54V vs (SCE)] is not 
followed by the expected cathodic reduction peak of the correspond- 
ing quinone. Instead, a rapid follow-up chemical reaction produces 
another product, and its reduction and subsequent reoxidation 
occurs at J and J', respectively; as sccn from Figure 5, they form a 
reversible redox system. This system was subsequently identified as 5- 
hydroxy- 1,4-naphthoquinone (21) 1,4,5-trihydroxynaphthalene (22). 
Curvc 13 depicts the cyclic voltammetric trace of this redox systcni, 
and it shows that the product obtained by anodic hydi-mylation 
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FIGURE 5.  Cyclic voltammetry of anodic hydroxylation of 1,5-dihydroxynaphtha- 
lene: (A) cyclic polarogram of 1,5-dihydroxynaphdialene in 2~ HCIO,; (13) cyclic 

polarogram for oxidation of 1,4,5-triliydroxynaphthalene in 21% HC10,. 
[Reprinted from J. Am. C/zon. Soc., 90, 5620 (1968). Copyright 1968 by tlic 

American Chcmical Society.] 

of 1,5-dihydroxynaphthalene is oxidized a t  a potential about 0.35 V 
less positive than that of the starting material, 

Other nucleophiles such as halogens, thiocyanate ions, methoxide 
ions or methanol may attack during the anodic oxidation. In some 
cases it may be questionable whether an oxidation of the nucleophile 
rather than that of the phenol is the electrochemical step. An electro- 
chemical oxidation of a phenol may be illustrated by the anodic 
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reaction oC 2,G-di-t-butyl-4~-nietliylplicnol (23) in acetoniti-ilc con- 
taining some metlianol~5: 

OH 3 0 

Besides tlic dienone (24) 2,6-di-t-butylbenzoquinone was isolated, 
formed by further oxidation of 24. 

The primary oxidation product from a phenol may also be 
stabilizcd by an intramolecular nucleophilic attack which results in 
a ring closure. The two following exainples may illustrate this. 

Electrolysis at  a platinum anode of p-hydreyyphenylpropanoic 
acid (25) yielded the dienone lactone (26) in ZOO/, yield. Using 25 
labelled in the carboxyl group with l80 it was dcrnonstrated that the 
reaction proceeds intramolecularly". 

0 

I 

HO 0 

I n  a cyclic voltammetric iiivestigation at  thc carbon paste elec- 
trode of various catecholamines such as adrenaline (27)97, it was 
shown that in 1~ H,SO, the oxidation yielded the 1,2-benzoquinone 
(28). At pH 3, however, sufficient of the free amine of 28 was 
present to make an intramolecular nucleophilic addition to the 
o-quinone. As wouid be expected, the resulting catechol (29) is more 
easily oxidizable than adrenalinc (27) and is converted into thc 
quinone, adrenochrome (30) by chemical oxidation by adrenal- 
inequinone (28). 
A ring fission may also be induced anodically. Thus the chronzane 

(31) is cleaved to thequinone (32)", as the initial oxidationproduct is 
attacked by water. A similar cleavage is often found when 0-alkyl- 
atedg0 or acylated loo derivatives of hydroquinones are oxidized 
anodically to a quinonc. 
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H +  >o~---oH 0 

'CH, 

(28) 

HO 
I I 

(27) + 'OToH< 0 

The oxidation of p-dimethylaminophenol (33) shows some 
interesting fcatures. In acid solution the ox'idation is a two-clectron 
reaction to yield NJV-dimethylquinoneimine (34) followed by 
hydrolysis to benzoquinone (35) with loss of dimethylamine (36). 
This reaction is similar to the anodic oxidation offi-aminopheno1102. 

I n  alkaline solution, however, the reaction is complicated by an 
attack of 36, formed by hydrolysis of the primarily obtained 34, on 
unhydrolysed 34 to give 2,4-bis (dimethy1amino)phenol (37), which 
then is oxidized by 34 to 3-dimethylamino-f-NyN-dimethylbenzo- 
quinoneimine(38) (in the scheme below this is represented by an 
electrochemical oxidation in brackets). Hydrolysis of 38 yields 
dimethylamino-p-benzoquinoiic (39). 39 can also be obtained by 
electrochemical oxidation of 2-dimethylaminohydroquinone (40) 
which is formed by attack of 36 on 35; this hlichacl addition is 
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+ + 
HN(CH3), N (C H 312 N(CH3)z 

Q --Q 2.0 
0 

OH A (34) 

OH 

(33) L 

0 

H,O 
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-(36) 
H,O - 9 6 )  J 
6 
0 OH 

-2e 
> 

N (C H 3) N (C H 3) 

0 

(35) (40) (39) 

slower than the addition of 36 to 34. The reactions are depicted 
above. 

The overall reaction of 33 is thus a four-electron oxidation to 39. 

2. Oneelectron oxidations 

When the primarily formed radical from the oxidation of a 
phenol reacts with another radical a C-C or a C-0 coupling may 
occurloL1oo. The coupling products may then undergo further reac- 
tions. The oxidation o f  p-cresol (41) may be taken as a typical 
example*03~ 1O.I. 
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OH 

'(41 1 

. OH 
(42) 

OH OH 
(43) 

OH OH 

(44) 
(45) 

I n  some of these reactions in whicli 42, 43, 44 and 45 are formed 
it can be discussed whether the coupling occurs between two radicals 
or between a carbonium ion and a nucleophile. 42 can thus be 
formed by a reaction between the nucleophile 41 or its anion arid a 
two-electron oxidation product (46) of p-cresol or from two cresoxy 
radicals in a similar way as 43. Also the Pummerer ketone 45 may, 
in principle, be formed by an electrophilic attack by 46 on p-cresol, 
followed by intramolecular Michael addition of the hydroxyl group 
to the dienone. It is thus necessary to obtain unequivocal data in 
each case before any reaction mechanism is accepted. 

Besides the simple coupling products described above further 
coupling may be induced anodically with the formation of polymer- 
ized material, but such tarrish material is often formed to a lesser 
degree than in many chemical oxidations. 
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1. D E T E C T I O N  AND D E T E R M I N A T I O N  O F  
HYDROXYL GROUPS 

The discussioii below includes alcohols, glycols, polyhydric alcohols 
and enols (including phenols). Thc hydroxyl group has some charac- 
teristic chemical reactions; these form the basis of chemical methods of 
detection and determination. I n  addition, the group has certain 
optical absorftion properties which can also be used. Since there is a 
proton in the hydroxyl group, nuclear magnetic resonance is an excellent 
method for detection and determination. 

Mass spectrometry is not discussed in this chapter since the frag- 
mentation which occurs is not definitive for the hydroxyl group. The 
saint: is to be said for X-ray diffraction though it should be realized 
that both these approaches arc very valuable in characterizing and 
proving structurc. Powdcr X-ray patterns, howevcr, make an cxcel- 
lent method for comparing unknown and known samples of hydroxyl 
compounds or their derivatives. 

I!. CHEMICAL M E T H O D S  

A. Qualitative 
I. Identification of hydroxyl compounds with derivatization 

Rcferences 1 and 2 yield boiling point or melting point data for a 
wide variety or liquid and solid hydroxyl compounds. Reference 3 
gives boiling point, melting point, refraction index and density for a 
very wide range of alcohols and phenols. 

X-ray diflraction parameters on solid hydroxyl compounds pro- 
vide an excellent method of identification. This is discussed on page 
298. The X-ray measurements on some hydroxyl compounds are 
listed in the ASTM compilation of X-ray data. Even if the X-ray 
data on the specific hydroxyl material are not listed in the ASTM 
compilation, X-rays can scrve to comparc the unknown with 
suspected known materials. 
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2. Dinitrobenzoate derivatives 

These are the most commoii derivativcs of hydroxyl compounds. 
They are generally solids with convenient inclting points and 
characteristic X-ray diffraction patterns. 

Preparation4: For alcohol samples containing less than 5% water, 
1.5-2 millimoles are Iieatcd in a small test tube with 1 millimole of 
3,5-dinitrobenzoyl chloridc". The mixture is heated gently at the 
lowest temperature at which it remains liquid. The lower alcohols 
are heated for 3-5 minutes and the higher alcohols for 10-15 minutes. 
The melt is cooled and the solidified mass is then broken up with a 
spatula. The resultant solid is shaken with 2% sodium carbonate a t  
50-60°C for abcut 10-30 seconds and filtered. This rcmoves the un- 
reacted acid halide and any fiee acid from the derivative. Prolonged 
carbonate treatment should be avoided since it could cause hydrolysis 
of the ester. The product is crystallized from methanol or ethanol to 
which water is added to the first cloudiness before cooling. Usually 
only one crystailization is needed. However, a faulty carbonate wash 
could necessitate two or three crystallizations. 

I n  cases of unreactive alcohols or polyhydric alcohols, the use of a 
solvent is recommended. Isopropyl or n-butyl ether are recom- 
mended (making sure that they are free of alcohol). The mixture of 
alcohol solution and reagent is refluxed for 0-5-1 hour. The mixture 
is then washed with sodium carbonate solution. The  ether laycr is 
separated and evaporated to dryness. The  crude ester is recrystal- 
lized as above. With tertiary alcohols which are difficult to esterify, 
pyridine is used as a solvent. One millimole of reagent is mixed with 
1-5 millimole of alcohol in a small test tube with 2 ml of pyridine. 
The mixture is refluxed for 0.4-1 hour, cooled and extracted with 
4 ml of 1% sulphuric acid to remove the pyridine and precipitate 
the crude ester. Recrystallization is as described above. 

Samples which contain more than 5% water might hydrolyse the 
acid chloride reagent. I n  this case, a sample containing 250-500 mg 
of alcohol is cooled to 0°C and is shaken with a solution of 500 mg 
of the acid chloride in a mixture of 2 mi of specially pusified hexane 
(ligroin or petroleum ether) and 3 ml of benzene. The hexane is 

* 3,5-Dinitrobenzoyl chloride is susceptible to hydrolysis by atmospheric water 
on standing. I t  is best to check the mclting point of the available reagent. If the 
melting point is 1-2" lower than the literature value, the acid halide should be 
recrystallized from carbon tetrachloride. On purchasing the acid halide, it is best 
to buy several small bottles rather than one large one to avoid atmospheric con- 
tamination of unused material. 
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purified by washing, first with conceiitratcd sulphuric acid, next 
with watcr, drying over calcium chloridc or sulpliatc and then 
distilling. The reaction mixture is I q t  lxlow 5 "C with shaking for 
15-30 minutes. Alcohol-free ether is then added, followcd by vigor- 
ous shaking. The upper layer is separated, washed first with diluted 
sodium hydroxide, then with dilutcd hydrochloric acid, then with 
water. The solvent is evaporated and the crude cster is recrystallized 
as above. 

Another reference to the above derivatization of hydroxyl com- 
pounds is given in Reference 5. 

Tables of melting points of the 3,5-dinitrobenzoate esters of 
hydroxyl compounds arc given in References 1-3. I n  addition, 
Garska, Doutkit and YarboroughG give the crystal data obtained 
by X-ray diffraction of 3,5-dinotrobenzoates. In  addition, the 
identity of tlic components in mixtures of hydroxyl compounds can 
often be ascertained, and otherwise impure derivatives can bc identi- 
fied without complete purification being required. Tlic authors of 
this chapter recommend the X-ray approach for comparing the 
derivative parameters of the unknown hydroxyl compound to those 
of the known. 

3. Other ester derivatives 
Less common ester derivatives for hydroxyl compounds include 

acetates, benzoates, p-nitrobenzoates, phtlialates and nitrophthalates. 
Methods for preparation of these derivatives are given in References 
7 and 8. The melting points of the derivatives are found in Refer- 
ences 1-3. 

4. Urethane derivatives 

Among urethane derivatives of hydroxyl compounds the cx-naphthyl 
urethanes are probably thc most common since so many arc solids. 
However, the phenyl urethanes arc also used. Occasionally the 
P-naphthyl, p-bromophenyl, o-nitrophenyl, m-nitroplienyl and p- 
nitrophenyl urethanes are also used. The urethanes are prepared 
from the corresponding isocyanates: 

R'OH -!- RNCO + RNHCOOR' 

Preparation9 : One milliniole of hydroxyl coinpound is mixed with 
1.25 millimoles of a-naphthyl isocyanate in a small test tube and 
heated in a water bath at 60-70°C for 10-15 minutes. The crude 
product solidifies on cooling and is pulverized with a microspatula. 
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This powder is then extracted with a minimum amount ofpetroleum 
cther to removc the soluble impurities. The first cxtract contains a 
large amount of the urethane derivative along with the impurities. 
A second extraction is made; this extract usually contains rather 
purer urethane. Tlic insoluble rcsidue is usually di-a-naphthyl urea 
formed by reaction with water in the sample or reagents used. 'It is 
well to note that this method cannot be applied to samples which 
contain more than a trace of water. 

In the casc of rather unreactive hydroxyl compounds such as 
phenols, the isocyanate and the sample are mixed in a tcst tube and 
heated for 2-5 minutes. If no reaction is observed, 1 ml ofpyridiiie 
is added along with one drop of 10% trimcthylamine in hexane, and 
the mixture is heated for 20-30 minutes. If the urethane does not 
separare on cooling, 1 ml of5% sulphuric acid is added. The crude 
urethane is crystallizcd from petroleum ethcr. 

Another description of thc prcparation of urethane derivatives can 
be found in Rcference 10. 

Tablcs of melting points of the urethane derivatives of a wide range 
of hydroxyl compounds can be found in References 1-3. 

5. Other derivatives 

alcohols with carbon disulphide and base can be used'". 
Xanthatcs are formed by reaction of primary and secondary 

0 
I I  

ROH -1 CS, i- KOY + ROCSK i Hi0 
Tertiary alcohols are often difficult to dcrivatize by thc above 

methods. However, these alcohols readily form the corresponding 
alkyl halides. The halide can then be dcrivatizcd further to the 
S-alkylthiuronium picratell. 

Plienols react readily with bromine and these bromo derivatives 
can bc used for identification1?. However, the reaction is clear-cut 
only for a narrow range of phenols. Substituents on the phenol 
which are easily oxidizcd, such as -CFIO, -SH, -NH, can cause 
problems. I n  alkyl phenols side-chain substitution may occur, giving 
a mlxture of brominated products. 

References 1-3 give melting points of some of these miscellaneous 
derivatives. 

6. Handling of mixed derivatives 
If the sample contains a mixture of alcohols, one usually obtains 

a mixture of derivatives. The mixed 3,5-dinitrobenzoates of alcohols 
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can often be resolved by column or paper chromatography1a-15. 
Mixtures of the 3,5-dinitrobenzoates of phenols can often be simi- 
larly resolved13* 1* observing additional conditionsl6-18. Separation of 
mixed xanthate derivatives is possiblelg. The use of p-phenylazo- 
benzoate dcrivatives is advantagcous because they are coloured and 
the chromatography is more easily carried out20. 

B. Quantitative 
1. Esterification methods 

three general reactions illustrated in equations (1-3). 
Esteriiications for quantitative analytical purposes iiiclude the 

RCOOH + R’OH RCOOR’ -1- H 2 0  (1) 
RCOCl + R‘OH + RCOOR’ 4- HCI (2) 

(3 ) 

Esterification with a carboxylic acid has the main disadvantagc 
that it normally involves an unfavourable equilibrium. Bryant, 
lMitcliclI and Smith2 succeeded in shifting the equilibrium almost 
coinplctely to the right by using a large excess of acetic acid in the 
prescnce of boron trifluoridc as catalyst and dioxane as solvent. 
After two hours at 67”C, pyridine was added to destroy the activity 
of the boron trifluoride. One mole of water is obtained per mole of 
alcoholic hydroxyl and is titrated with Karl Fischer reagent. This 
procedure is applicable to aliphatic, alicyclic and aralkyl alcohols 
and to hydroxy acids. Phenols react incompletely. Aldehydes and 
ketones interfere and amines decrease the activity of the catalyst. 
The accuracy reported was f0-3%, but much care is required in 
the use of thc sensitive Karl Fisclier reagent. 

Acid chlorides havc not been widely uscd for hydroxyl group 
dcterminatioiis. Although they react rapidly and completely their 
instability, due to great reactivity, discourages tlieir use. However, 
procedures have been developcd, based on the acid chloride re- 
action, and these havc proved valuable, especially for some sterically 
hindered arid tertiary hydroxyl groups which cannot be esterified 
by other methods. 

Smith and Bryantz2 and Kaufmann and Funke23 demonstrated 
quantitativc esterifications with acetyl chloride in the presence of 
pyridinc. One equivalent of titratable acid is produced for each mole 
of alcohol. Kappelmeier and MostertZ4 used a similar procedure to 
determine hydroxyl values of alkyd resins. Iiepner and Webbz5 
omitted the pyridine and used a toluene mixture and a semimicro 

(RCO),O 4- R’OH --f RCOOR’ + RCOOH 
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technique. Bring and KadleckZG employed stcaroyl chloride as the 
reagent to determine the hydroxyl groups in cposy resins. 

Probably the most practical ofthc acid chloride procedures is that 
of Robinson, Cundiff and hIarkunas~7 involving 3,5-dinitrobcnzoyl 
chloride. The reaction is illustrated in  equation (4), with Ar = 3,5- 

ROI-! + ArCOCl f C,H6N -+ArCOOR + C,H,N.HCI (4) 

(NO,) 2CGH3-. The excess dinitrobenzoyl chloride is hydrolysed as 
indicated by equation (5). The pyridinium hydrochloride and the 

ArCOCl + H,O + C,H,N->ArCOOH f C,H,N.HCI (5) 

dinitrobenzoic acid titrate simultaneously as strong acids and give 
the first infiexion in a potentiometric curve when titrated with tetra- 
butylammonium hydroxide solution. The dinitrobenzoate titrates 
as a weak acid, represented by a second inflexion. The amount or 
dinitrobenzoate formed is a measure of the organic hydroxyl content. 
Another end-point indication which can be used is a coloiir changc 
from yellow to red by a reaction product a t  the first equivalence 
point. Polyols, sugars, phenols, primary and secondary amines, and 
some oximes may be determined. Aldehydes, if present in amounts 
less than 40% of the alcohol being determined and ketones do not 
interfere. 

Procedure27: A fresh 0 . 2 ~  solution of 3,5-dinitrobenzoyl chloride 
(1 - 15 g in.25 ml of pyridine) is prepared for each series of analyses. 
The solution should not be unnecessarily exposed to moist air. 

To determine liquid samples, approximately 4 meq of the hydroxyl 
compound is pipetted into a tared 10-ml volumetric flask containing 
3 ml of pyridine. The flask and contents are reweighed and the con- 
tents are brought to volume with pyridine. Four millilitrcs of the 
dinitrobenzoyl chloride and 1 ml of the sample solution are pipetted 
into a 125-ml glass-stoppered flask, The flask is stoppered tightly 
and allowed to stand 5-15 minutes at room temperature. 

T o  determine solid samples, 0.4 meq of the hydroxyl compound 
is weighed directly into a 125-ml glass-stoppcred flask and 4.0 ml 01 
the dinitrobenzoyl chloride solution are added. The flask is stoppered, 
swirled to dissolve the sample and allowcd to stand 5-15 minutes at 
room temperature. 

I n  either case, a t  the end of the reaction period, the stopper is 
removed and 7-10 drops of water are added. 

To prepare a blank solution, 4.~0 mi of the dinitrobenzoyl chloridc 
solution are pipetted into a flask and 7-10 drops of water are added 
immediately. 
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For the visual titration, 40 ml of pyridinc arc addcd to the re- 
action mixture, tlic mixturc is lieated nearly to boiling, coolcd, and 
then titrated with 0 . 2 ~  tctrabutylaminoiiium hydroxide to tlie first 
definite and permaiient rcd colour. The titration is best pcrformed 
with the titrant and solution protcctcd from inoisturc and air and 
the tip or the burette immersed in the titrating solution. For the 
potentiomctric titration, 25 ml of pyridine are added to the reaction 
mixture and heated nearly to boiling. Thc mixture is cooled and 
transferred to a 250-ml beaker. The flask is rinsed with two 10-ml 
portions of pyridine and the washings added to the beaker. The 
mixture is titrated undey nitrogen with 0 . 2 ~  tetrabutylammoniuin 
hydroxide. If a blank is determined, tlie titration need proceed only 
through the first inflexion point. Tlic differences in volume between 
the end-points cf the blank and samples are used to calculate the 
hydroxyl content. If no blank is determined, the titration is carried 
thrcugh both inflexions and tlie volume between the first and second 
end-points is used to calculatc the hydroxyl content. 

Quantitative esterifications are usually accomplished by an- 
hydrides, with acetic anhydride, phtlialic anhydride and pyro- 
mellitic dianhydride being the reagents or choicc. A primary or 
secondary alcohol is acetylated conveniently by reaction with acetic 
anhydride in the presence of a catalyst, equation (6). Catalysts in- 

Catalyst 
RCHZOH i- (CH3CO):O - CHSCOOCHZR -t CHSCOOH (6)  

clude bases, Lewis acids, mineral acids and other strong acids. 
Sodium acetate is a weak Imsic catalyst. Pyridine is a more eff’ective 
basic catalyst and is the one which has been most extensively used 
in quantitative acetylations. Boron trifluoride catalyses tlic reaction 
but strong acids such as sulpliuric, hydrochloric, perchloric, 2,4- 
dinitrobenzenesulphonic and p-toluenesulphonic acids are more 
effective. 

Among the acetylation methods the most practical approach in- 
volves the calculation of the hydroxyl content based on the difference 
between the acid formed by the alcohol reaction and the acid formed 
when a blank is treated with water, equation (7). Early methods for 

HZO f (CH3CO)Z0  ---f 2 CH,COOH (7) 
tlie determination of hydroxyl values of fats, oils and glycerol 
depended on the acetylation with acetic anhydride, neutralization 
of the acetylation mixture and determination of the saponification 
value of the ester. This  method is now rarely used, but tlie technique 
may still be useful for tlic determination of alcohol groups in the 
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presciicc of compounds which rcact with the anhydride but do not 
form esters. For esamplc, a method for thc detcrmination of hy- 
droxyl groups in tlic presence of aminc groups2* involves the acetyla- 
tion of both groups to form the corresponding esters and amides. 
Because esters in general hydrolyse much more rapidly than amides, 
a saponification reaction produces data for the calculation of thc 
hydroxyl content of the original mixture. 

Ogg, Porter and \Villits29 recommended a 1 : 3 mixture of acetic 
anhydride-pyridine and a 45 min reaction time on a steam bath 
followed by titration of the carboxylic acid formed. Primary and 
secondary amincs and low molecular weight aldehydes interfere. 
Hydroxyl groups on tertiary carbon atoms and hydroxyls of 2,4.,6- 
trisubstitutcd phenols react only very slightly30. Hydroxyl groups in 
less highly substi tutcd phenols react readily with acetic anhydride. 

Procedure29: A weighed sample containing from 0.0 10 to 0.0 16 
equivalent of hydroxyl is placed in a 250-ml iodine flask and 10-00 
ml of acetic anhydride-pyridine solution (1 : 3) are added. The flask 
stopper is moistened with pyridine and scatcd loosely. After the 
flask has been heated on a steam bath for 45 minutes, 5-6 ml of 
water are added to the cup of the flask and the stopper is loosened 
sufficiently to rinse it and the inside wall of the flask. ‘The heating is 
continued for 2 minutes and the flask is then cooled under the tap 
with the stopper partly removed. The stoppcr and inside wall of the 
flask are rinsed with 10 ml of n-butanol. The contents are titrated 
with 0 . 5 ~  alcoholic sodium hydroxide solution to a mixed indicator 
cnd-point (one part of 0.1 % ncutralized Crcsol Red and three parts 
0.1 yo neutralized Thymol Blue). A blank detcrmination is made on 
10 ml of thc pyridine-acetic anhydride solution. 

Triethylenediaminc is claimed to be superior to pyridine for base- 
catalysed acetylation~~l. With this catalyst, the acetylation at  reflux 
temperature of most primary and secondary alcohols is quantitative 
in 15-20 minutcs. Salt catalysis with tetraethylammonium bromide 
was also found to produce quantitative results for thc acetylation of 
cyclohexanol in 5 minutcs and for tertiary alcohols in 45-65 minutes 
at reflux ternperature3l. 

Bring and Kad1ecekzG recornmended acetic anhydride systems 
catalysed by sodium acetate, sulphuric acid, pyridinium chloride 
and pyridinium perchlorate. Fritz and Schenk32 presented general 
methods based on the catalytic effect of perchlorate on the acetyla- 
tion reaction. Ethyl acetate and pyridine were used as solvcnts. In 
most cases, the reaction was found to be complete in 5 minutes at 
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room temperature. Even highly hindered phcnols can be determined. 
Procedure3:!: 2~ acetic anhydride in ethyl acetate is prepared by 

dissolving 4 g (2.35 ml) of 72% perchloric acid in 150 ml of ethyl 
acetate in a 250-ml glass-stoppered flask. Eight millilitres of acetic 
anhydride are pipettcd into thc flask and allowed to stand at least 
30 minutes at room temperaturc. The contents are cooled to 5°C 
and 4-2 ml of cold acetic anhydride are added. The flask is kept at  
5°C for an hour and then allowed to come to room temperature. The 
reagent is stable for a t  least 2 weeks at room temperature. 

To prepare 2~ acetic anhydride in pyridine, 0.8 g (0.47 ml) of 
75% perchloric acid is added dropwise to 30 ml of pyridine in a 
50-ml flask with magnetic stirring. 

The 0 . 5 5 ~  sodium hydroxide titrant is prepared by adding 430 
ml of water and 5400 ml of methyl Cellosolve or absolute methanol 
to 185 ml of saturated aqueous sodium hydroxide. 

One part of O.lyo neutralized aqueous Cresol Red is mixed with 
3 parts of O-lyo neutralized Thymol Blue to prepare the mixed 
indicator. 

A weighed sample containing from 3 to 4 millimoles of hydroxyl 
is placed in a 125-ml glass-stoppered flask. Five millilitres of 2~ 
acetic anhydride in ethyl acetate or pyridine are added. The mixture 
is stirred until solution is complete and the reaction is allowed to 
proceed for at  least 5 minutes at room temperature (some alcohols 
require a somewhat longer reaction period if pyridine is used as the 
solvent). One cr 2 ml of water are added, mixed, and then 10 ml of 
3 :  1 pyridine-water are added. The flask is Z!lewed t~ stand 5 
minutes. The mixture is then titrated with 0 . 5 5 ~  sodium hydroxide 
using the mixed indicator and the end-point is taken as the change 
from yellow to violet. A reagent blank is run by pipetting exactly 
5 ml of acetylating reagent into a 125-ml flask containing 1-2 ml of 
water. T e c  millilitres of 3 : 1 pyridine-water solution are added and 
the mixture is allowed to stand 5 minutes. The titration is perfmmed 
as for the sample. 

Caution ! Solutions acetyluted with perchloric acid present should not be 
heated and the sample and blank solutions should be disposed of pro n p t b  after 
the determination is  completed. 

The same workers3" used p-toluenesulphonic acid in pyridine to 
catalyse the acetylation of sugars. This reaction was completed in 
5-1" minutes at 50°C. Magnuson and Cerri33 claimed that 1,2-di- 
chloroethane is superior to ethyl acetate as the solvent for the per- 
chloric acid-catalysed acetylation. The perchloric acid-catalysed 
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system cannot be applicd to polyethylene and polypropylenc gycol 
ethers30. Erratic results are obtained, possibly due to oxidation of the 
chain by the pcrchloric acid. Pietrzyk and Beli~le3~ suggested 
2,4- dinitrobenzenesulphonic acid as a replacement for perchloric 
acid because i t  is highly acid and stable to heat and does not attack 
the polyglycol ethers. 

A method has bcen reported for the analysis of mixtures of alcohols 
based on the differencc in their esterification rates with acetic 
a n h ~ d r i d e ~ ~ .  With this method the primary and secondary alcohol 
contents of mixtures can be determined, primary and secondary 
alcohol groups on the same molecule can be distinguished, and 
alcohols of a homologous series-cven members different by only one 
carbon atom-can be distinguished. For the acetylation of mixtures 
of alcohols a conventional second-order rate plot shows a straight- 
line portion after the faster rcacting hydroxyl has been consumed. 
The straight line is extrapolated to zero time and the amount of 
slower reacting component is calculated. 

Pr0cedure3~: A sample containing 0.05 mole of hydroxyl is trans- 
ferred to a 250-ml volumetric flask with pyridine and diluted almost 
to 240 ml with pyridine. Tcn millilitres of acetic anhydride are 
pipetted into the flask. The mixture is rapidly diluted to volume 
with pyridine and the time noted. At intervals, 10 ml aliquots are 
pipetted into glass-stoppered flasks, 5 ml of water added and times 
again noted. Each is allowed to stand at  least 10 minutes and is then 
titrated with 0 . 1 ~  alcoholic potassium hydroxide to a mixed indicator 
end-point (a 2 * 1 mixture of 0.1 yo Nile Blue sulphate in 50% ethanol 
and lo/, phcnolphthalein in 95% ethanol). To determine the blank, 
10 ml of acetic anhydride are pipetted into a 250-ml volumetric flask 
and diluted to volume with pyridine. A 10-ml aliquot of this is 
trcated in the same manlier as the sample. 
Log ( b  - %)/(a - x )  is plotted against t ,  where x is the concentra- 

tion of anhydride consumcd in time I ,  a is the total initial hydroxyl 
group concentration and b is thc initial concentration of anhydridc. 
If the prescnce of two hydroxyl types is indicated by two slopes in the 
plot, a straight line is drawn representing the less reactive hydroxyl 
group (the second slope) and extrapolated to zero time. If the con- 
centration of the more reactive hydroxyl group is desigilated a,, then 
x = a, at the point (y) of intersection of the extrapolated Ijnc and 
the zero time coordinate. Substitution of a ,  for x gives the expression, 
log ( b  - a l ) / ( a  - a l )  = J .  Tile valuc ofy can be obtained from the 
plot and the equation solved for a,. Subtraction OF the concentration 
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of the more reactive liydroxyl group fi-om the initial total hydroxyl 
concentration gives the concentration of thc less reactive hydroxyl. 

The phthalation reaction is less rapid and is less widely applicable 
for hydroxyl analysis but does not suffer from inkerferencc by al- 
dehydes. Phenois fail to react with phthalic anhydride; therefore, 
alcohols can be determined in their presence with this reagent. 
Elving and W a r s h o ~ s k y ~ ~  carricd out the reaction eithcr under re- 
flux or in pressure bottles in the pi-escncc of pyridine. Thc titrations 
of the phthalic acid formed were madc with aqueous sodium 
hydroxide solution to a plicnolphthalein cnd-point. 

Procedure36: For samples containing a high percentage of ethanol, 
a sample weighing 1.0 to 1.5 g is pipetted into a weighed 50-ml volu- 
metric flask containing 30-40 ml of pyridine. For highcr alcohols and 
dilute solutions of cthanol, larger samples should bc taken. After 
reweighing, the solution is made to volume with pyridine. Into a 
pressure bottle are pipetted 25 ml of a solution of 20 g of phthalic 
anhydride in 200 ml of pyridine, ail4 10 m! of the sample solution are 
added. The sealed bottle is placed in an air oven at 100°C and is 
heated for 1 hour. After cooling to room temperature, the pressure is 
carefully released and 50 rnl of water are added. The mixture is 
cooled under a cold water tap and titrated with 0.35~ sodium 
hydroxide, with phenolphthalein as thc indicator. A blank deter- 
mination is made in the same manner and the reagents employed. 

Ethanol could be accurately determined in samples containing as 
much as 85% water. However, water adversely affects the phthala- 
tion of alcohols in general30. I t  appcars that the observed esterifica- 
tion of ethanol was actually the reaction of the alcohol and phthalic 
acid. 

Pyromellitic dianhydridc combines the advantages of acetic an- 
hydride and phthalic anhydride-it can be used in the presence of 
aldehydes, it is not volatile, it can be used to determine alcohols in 
the presence of phenols and its rate of reaction compares favourably 
with that of acetic anhydride3’. The reaction is best carried out in 
dimetlyl sulphoxide in the presence of ~ y r i d i n e ~ ~ .  All four acid 
groups are neutralized at the phenolphthalein cnd-point (equation 
8). Pyromellitic dianhydride does not attack ether linkages of poly- 
glycol ethers and is useful thereforc for the deterniination of the 
hydroxyl contents of these compounds. 

P r ~ c e d u r e ~ ~ :  Fifty millilitres of 0 . 5 ~  pyromellitic dianhydride 
(109 5 dissolved in 525 ml of dimcthyl sulphoxide and 425 ml of 
pyridine added) arc pipetted into a glass-stoppered 250-ml flask. 
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The sample containing 0.010 to 0.015 equivalents of alcohol is 
weighed and added to the reagent. The flask is placed on a steam 
bath and the stopper is moistened with pyridine and loosely seated. 
The contents are heated for 15-20 minutes (30 minutes for poly- 
glycols). 20 rnl of water are added and the heating continued for 2 
minutes. The mixture is then cooled to room temperature and 
titrated with 1 N sodium hydroxide solution to the phenolphthalein 
end-point. A blank in which only the sample is omitted is treated in 
the same manner. 

-COOH 

HOOC -COOH 
+ 4NaOH 

-COONa 

NaOOC -COONa 
+ 4H20  

Other anhydrides have been recornmended for hydrosyl deter-. 
minations and may offer advantages in specific situations. These 
include stearic anhydride39, o-sulphobenzoic anhydride40, prop- 
ionic anhydride4', succinic anhydride43 and 3-nitrophthalic an- 
hydride with triethylamine as the basic catalyst". The last three 
listed were specifically recommended l'or the determinations of 
poiygiycoi ethers. 

2. Acid-base methods (enols, phenols and nitroalcohols) 
Most alcohols are slightly acidic but not sufficiently to be titrated. 

However, cnols, phenols and nitroalcohols are acidic enough to be 
titratcd in nonaqueous media though not in water. Nitro- and 
polyiiitrophenols can also be titrated in aqueous media. 

Various nonaqueous media and titrants are used. Moss, Elliot and 
Hall44 used ethylenediamine as solvent and the sodium salt of 
etlianoiamine as titrant. Fritzq5 extended the method to iilckde 
dimethylformamide as solvent as well and used sodium ethoxide 
dissolved in benzene-methanol as titrant. Deal and and 
Harlow, Noble and Wyld47 summarize thc earlier methods for 
titrating weak acids in various solvents. The currently most popular 
method is described on the following page. 

C I1 G-L 
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Procedure48 : 
a.  Reagents and apparatus 

Beckman general purpose glass electrode, No. 4990-80. 
Beckmafin sleeve type c.alomel electrode, No. 11 70-7 1, modified by 

replacing the saturated aqueous KCl solution in the outer jacket 
with a saturated solution of KCl in methanol (designated here- 
after as methanol modified calomel electrode). 

Tetrabutylammonium hydroxide, 0 . 1 ~  in 10 : 1 benzene-methanol 
prepared as dcscribed below. 

Technical grade. Acetonitrile, pyridine and dimethylformamide. 
Benzene-isopropanol, 10 : 1. 
Thymol Blue indicator solution: 0-3 gin in 100 ml isopropanol. 
Azo Violet indicator, a saturated solution of j-nitrobenzcneazo- 

resorcinol in benzene. 
6 .  Preparation of titrant. Forty grammcs of tetrabutylammonium 

iodide arc dissolved in 90 ml of absolute methanol. Twenty grammes 
of finely powdered silver oxide are added, followed by vigorous 
agitation of the mixture for 1 hour. A few millilitres of the solution 
are centrifuged and <he supernatant is tested for iodide with aqueous 
silver nitrate. If the test is positive, 2 grammes of additional silver 
oxide are added and agitation is continued for an additional 30 
minutes. When the iodide test is negative, the mixture is filtered 
through a sintered glass filter funnel of fine porosity. The reaction 
flask and funnel are rinsed with three 50-ml portions of dry benzene 
which are addcd to the filtrate. The filtrate is diluted to one litre 
with dry benzene. This solution is flushed for 5 minutes with dry, 
prepurified nitrogen and then stcred in a reservoir protected fi-om 
carbon dioxide and moisture. The  titrant remains stable on extended 
storage. I t  is standardized against pure benzoic acid using either the 
visual or potentiometric methods described below. 

c. Potentiometric titrations. An accurately weighed sample, sufficient 
to consume 2-10 ml of titrant, is placed in a 250-ml beaker and dis- 
solved in 50 ml of solvent (see discussion below for choice of solvent). 
Insert the glass and methanol-modified calomel electrodes. The 
burette is covered with an Ascarite tube. Best results are obtained if 
titi’ations are carried out under a nitrogen blanket when dimethyl- 
formamide or pyridine are used as solvents. Titrant can be added in 
0.05 ml increments in the region of the end-point. A blank should be 
run on solvents to account €or any acidic impurities. A curve is 
plotted of millivolts against millilitres of titrants, the inflexion point 
or points are then determined. 
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Pyridine is reported to be the best solvent and to give the best end- 
points. However, dimethylformamidc is also usable. Acetonitrile is 
reported as the best of the neutral solvents. 

Good titrations can be obtained with the glass and the normal 
saturated calomel electrode. However, the sharpness of the inflexion 
points was markedly increased when the methanol-modified calomel 
electrode was used. 

Hydroxyl compounds titrated potentiometrically in the original 
work include phenol, resorcinol, hydroquinone, dimethyl dihydro- 
resorcinol, thymol, pyrogallic acid, catechol, u-, m- and p-hydroxy- 
benzoic acids, cresol. 

Tertiary biityl alcohol, isopropanol and acetone, as well as 
pyridine, were used as solvents, with a modified electrode system49. 
However, the general utility of the method remains as shown. 

d. Vkual titratiutzs. An accurate!y weighed sample, sufficient to con- 
sume 5-10 ml of titrarit is added to a 125-ml Erlenmeyer flask. 
Twenty-five ml of solvent is added with four droas of indicator 
(Thymol Blue for the weak acids or Azo Violet for the very weak 
acids). The titration should be as rapid as possible to the blue end- 
point in the case of Thymol Blue indicator to a violet (sometimes 
blue) end-point with the Azo Violet indicator. Blanks should be run 
on the solvents. 

u- and fi-nitrophenols were successfully titratcd using Thymol Blue 
as an indicator and pyridine as sample solvent. Phenol, fi-benzyl- 
phcnol, o-phenylphenol, 1- and 2-naphthols, 2,5-dimethylphenol, 
p-bromophenol, catechol, pyr.3gaXc acid and dimethyldihydro- 
resorcinol were successfully titrated in pyridine as solvent with 
A m  Violet as indicator. Acetonitrile as solvent was used to titrate 
1-naphthol. Phenolic compounds which were successfully titrated 
potentiometrically but which could not be visually titrated are 
thymol, hydroquinone, p-toluhydroquinone, m- and p-cresols. 

3. Determination of I,2 dihydroxy compounds (glycols) 

compounds is the oxidation with periodic acid. 

I 1  H II 
OH OH 0 0 

The most general method for specifically measuring 1,2 dihydroxy 

R-CH-CH-R' + HIO, > RCH + HCR' + H,O + H I O ~  

This reaction is specific and not generally influenced by the 
presence of nionohydric alcohols or by polyhydric alcohols where 



310 Sidiicy Siggia, .J. Gordon Hanna and Thomas R. Slenglc 

the hydroxyl groups arc not on adjacent carbon ztoms. Occasionally 
interference will be noted but this is rzre; for example: 2-butyne- 
l,.l-diol was found to be significantly oxidized by periodic acid unclcr 
conditions of the analysis. 

Procedure? A sample containing 0-0005-0.001 moles of di- 
Iiydroxy compound is weighed into a 50-ml glass-stoppered iodine 
flask. To this is added 100 ml of the reagent ( 5  g of HIO, dissolved 
in a mixture of 800 ml of acetic acid and 200 ml of distilled water). 
A blank is run on the reagent alone. The reaction mixture is allowed 
to stand for half an hour at  room temperature; a few samples may 
require one hour but this can only be determined by trial. At the elid 
of the reaction period 20 ml of 20% potassium iodide solution are 
added and the liberated iodine is titrated with 0 . 1 ~  sodium thio- 
sulphate. The titration on the sample should be more than 80% of 
the blank since the iodate formed in the reaction also liberatcs 
iodine, and, if all the periodic acid reacts, the back titration equals 
75% oCthe blank. . .  

A x N x MW x 100 
g x 2000 

yo glycol compound = 
- 

A = ml blank - ml sample 
N = normality thiosulphate 

Mw = mole weight glycol compound 
g = grammes sample 

Lcng reaction periods should be avoided in cases where the re- 
action products include formaldehyde or formic acid, which are 
subject to slow oxidation. 

! , ~ , ~ - T ~ I Y ~ ~ o x Y  compounds consume two moles of periodic acid 
and generally liberate one mole of formic acid from the central 
carbinol moiety. The method of Bradford et aIs1 enables the deter- 
mination of these compounds (i.e. glycerol) in the presence of 1,2 
dihydroxy compounds via the titration of the formic acid formed 
from the trihydroxy material. 

4. Determination of trace quantities of hydroxyl compounds 
a. Primary and secondary alcohols are determined through formation 

of benzoate esters, extraction of the ester and spectrometric deter- 
mination of the ester in the extract. Johnson and Critchfield5? 
esterified with 3,5-dinitrobenzoyl chloride. The ester was extracted 
with hexane. A colour was developed by addition of ZN sodium 
hydroxide and acetone to the extract, and measured at  575 mp. 

Scogginss3 esterified with p-nitrobenzoyl chloride, extracted with 



6. Detcction and dctcr~nination of hydroxyl groups 311 

cyclohcxane and measured the U.V. absorption of the cstcr in the 
extract at 253 mp. 

b. Secondaiy alcohols arc oxidized to the ketones4, the 2,4-dinitro- 
phenylhydrazone of which is then prepared and measured colori- 
metrically. Primary alcoliols do not interfere in this method since 
they are oxidized to carboxylic acids. 

c. Teriiary alcohols can be determined by reaction with hydriodic 
acid to form the corresponding alkyl halide”, which is extracted 
with cyclohexane and measured in the U.V. at  the wavelength of 
maximum absorption (267-269 mp). 

Esterificationsz has been tried, but the reaction is very slow. 
d. Phenols. The esterification 53 may wcll be usable for 

mcasuring traces of phenols although apparently they had not bcen 
tried. However, an excellent method is tlxc Azo dye formation when 
the phcnol is coupled with a diazonium compoundjG. 

By using diazotized sulphanilic acid, the acid group lends water 
solubility to the resultant dyes. The method is fast, specific and 
sensitive to lower than 1 ppm of most phenols or naphthols. 

111. PHYSICAL METHODS 

A. Infrared Spectroscopy 
1. Qualitative 

I n  the infrared region the hydroxyl groups exhibit strong absorp- 
tions which are highly sensitive to structure. These absorptions 
provide an important means of characterizing compounds contain- 
ing this function. Characteristic absorption positions are given in 
Table 1. 

The hydroxyl group is highly polar and subject ‘to strong associa- 
tion; therefore, the intensity of the hydroxyl stretching vibration is 
dependent on the degree of association in the system. Esscntially, 
complete dissociation is observed only in the vapour state or, in some 
cases, when the hydroxyl-containing compound is diluted cxten- 
sively with nonpolar solvents. I n  general, the presence of a band in  
the 2.7- to 3.0-p rcgion is a reliable indication of the presence of 
hydroxyl groups. Water, N-H groups and carbonyl groups cai.ise 
interfering absorptions in this area. 
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TABLE 1. Infrared vibrations of hydrosyl compounds. 

AkohoLs 
Fundamental vibration- in alcohols in gencral 

in primary alcohols 
in sccondacy alcohols 
in tertiary alcohols 
in alcohols in general 
in primary alcoliols 
in secondary alcohols 
in tertiary alcohols 
in alcohols in general 
in alcohols in general 
in alcohols in general 

First overtonc- 

Second overtone- 
Third overtone- 
Coinbination band- 

Phenols 
Fundamental vibration 
First ovcrtonc 
Second ovcrtonc (doublet) 
Third overtone (doublet) 

Wavelength, p Ref. 
2.75-2.77 57 

2.746-2.753 58 
2- 754-2- 762 58 
2.764-2-769 58 

1.40-1.46 59 
1*405-1.410 60 
1-41 3-1 4 1  5 60 
1 '4 18-1.420 60 
0.877-0.980 59 
0.738-0.744 61,62 

1 *95-2.15 58 

2.77-2.78 63 
1.404-1.418 64 

1-00 and  0.971 62,65 
0.7466 and 0.7698 66 

Bonded tyhxyl  stretcliiirg tibrat ions 

hydrogen bonding- dinieric 2.82-2.90 67 
polymeric 2.943.09 67 

hydrogen bonding- hydroxyl-organic group 
interaction 2.79-2-92 67 

(chelation) 3.12-4.00 68 

In  termolccular 

Intramolecular 

hydroxyl-metal intcraction 

Hydroxyls in general 
Hydroxjl bending vibration 

7.14-7.70 69 

Alcohols 
Primary- 

Secondary- 

Carbon-ovgetr stretcliiii~ vibrations 

straight chain 9.22-9-52 70 
a-branched and/or a-unsaturated beyond 9.52 70 
saturated aliphatic 8.90-9.20 70 
highly symmetrical 8.30-8'90 70 
branched at m e  a-carbon 9.1 G-9.20 70 
u-unsaturated 9.22-9'52 70 
alicyclic (5- or 6-membercd ring) 9.22-9.52 70 
di-a-unsaturated beyond 9.52 70 
a-branchcd and a-unsaturatcd beyond 9.52 70 
alicyclic (7- and 8-nicnil,crcd ring) beyond 9.52 70 

Tertiary- saturated aliphatic 8.30-8.90 70 
a-unsaturntcd 8.90-9-22 70 
cyclic 8.90-9.22 70 
highly unsaturatd 

(c.g. triphenylcarbinol) beyond 9.52 70 

Plceno Is 
Phenols in gcneral about 8.3 70 
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Both intermolecular and intramolecular associations of the 
hydroxyl group are possible and displace the absorption to longer 
wavelengths. The type and degree of intermolecular bonding are 
dependent on temperature, molecular structure and environment. 
High temperature favours dissociation. Normally, most alcohols are 
found as polymeric species in the absence of steric effects. Indications 
are that cyclic dimers occur at  relatively low concentrations as a 
result of nonlinear hydrogen bonding7'. Solute-solvent hydrogen 
bonding can also influence the infrared spectra. 

I n  contrast to intermolecular hydrogen bonding, which is highly 
concentration-dependent, intramolecular bonding is not affected by 
dilution with a nonpolar solvent such as carbon tetrachloride. Any 
electron-rich system, such as LL double bond, a cyclopropyl ring, an 
aromatic ring, a halogen atom, and carbonyl, amino, nitro, ether 
and ester groups, will in.teract with the hydroxyl group if close 
enough in space and result in a shift and splitting of the free hydroxyl 

Diols show both intermolecular and intramolecular bond- 

The molar absorptivitics of the hydroxyl groups of phenols are 
3-4 times larger than those of alcohols which vary between 30-100 
and remain within &lo% for alcohols of similar strilcture58. 

Hydrogen bonding also affects the hydroxyl bending vibrations, 
shifting the spectra to shorter wa~elengths7~. The C-0 stretching 
vibrations are of great value in the differentiation of primary, 
sccondary and tertiary alcohols for qualitative and structural 

ing72-74, 

2. Quantitative 

Many applicztioiis of' infrared spectroscopy to the quantitative 
determination of hydroxyl-containing compounds have been made. 
However, because of the tendency of hydroxyl groups to form bonds 
with other polar groups, there arc serious limitations of the tech- 
nique for general use. With proper control of the conditions, infra- 
red methods are successful in many specific situations. For example, 
samples have been diluted to the point where the concentration of 
the associatcd species is negligible and, in other cascs, samples are 
run under conditions of complete association. Other methods depend 
011 strict control of conditions so that the ratio of associated to un- 
associated species is constant and can be related to calibration curves 
prepared under the same conditions. Also, methods involving the 
preparation of derivatives and their examination at appropriate 
wavelengths have been used. 
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Ahlers and McTaggert70 deviscd infrared methods for thc deter- 
mination of hydroxyl groups in autoxidized or copolymerized fatty 
esters and related compounds. Mcasuremcnts were confined to 
dilute solutions in carbon tetrachloride where no absorption of the 
associated species was observed. The free nydroxyl deteimination 
was then based on the intensity of the absorption at 2-76 p. Crisler 
and B ~ r r i l l 6 ~  determined aliphatic primary alcohols, using the 
liydroxyl strctching overtone band a t  1-4 p and in 0-04-0.06~ solu- 
tions of the samples in carbon tetrachloride or tetrachloroethylcne. 
It was found that a single calibration curve cannot be used for all 
hydroxyl-containing compounds because thc band positions and 
intensities depend on the structures of the compounds. H i l t ~ n ~ ~  used 
the 2.0-3-2-p region to determine hydroxyl contents of polyesters 

. and polyethers in 1 : 10 chloroform-carbon tetrachloride as the 
solvent. Temperature control of 50.1 "C was found to be necessary 
and each new compound required calibration. Burns and M u r a ~ a ~ ~  
demonstrated that the hydroxyl absorptions at 2.84 p of 14 different 
polypropylene glycols follow Beer's law with a standard deviation of 
2.2%. The polypropylene glycols appear to exhibit intramolecular 
bonding through the hydroxyl group and an ether oxygen forming 
a five-membered ring. The hydroxyl band position was unaltered by 
dilution with benzene or carbon tetrachloride indicating the absence 
of intermolecular bonding. detcrmined the liydroxyl con- 
tents of alkyd resins in dichloromethane solutions at  2-85 p. Cor- 
rections were required fix the watcr and organic acid present in the 
resin. Adams80 determined the liydroxyl content of epoxy resins at  
3.08 p. Pyridine was used as a solvent to produce associated hydrosyl 
bands exclusively. I n  tlie determination of the hydroxyl equivalents 
of steroidssl, the absorbance in pyridjne was found to be linear with 
conccntration for the associatcd band which appears near 3.05 p 
and is essentially independent of the type of hydroxyl group, except- 
ing those with phenolic hydroxyl groups. Dvoryantseva and Sheinkers2 
used the molecular cxtinction coefficient of the band at  approxi- 
mately 3 p to determine the number of hydroxyl groups in  steroids 
that do riot contain phenolic hydroxyl groups. I t  was demonstrated 
that the extinction coefficient does not depend on the position of the 
hydroxyl group in the molecule but is an additive value depending 
on the number of these groups. 

Partridge and Kirbys3 used thc absorption band at 2-80 p to 
dctermine residual 2-ethylhexyl alcohol in di-2-ethylhexylphthalate. 
Interfercnce due to water was eliminated by subtraction of the 



6. Detection and detcrinination of hydroxyl groups 315 

absorptioii at  2-74, p. Mitchell, Bockman and Lec8* dcterniined thc 
acctyl content of cellulosc acetate by nicasuring the absorbance duc 
to residual hydroxyl groups a t  1.415 /A, Shauensteiii and Puchner65 
also used thc 1 -4-,u band to determine unbranched aliphatic primary 
alcohols in chloroform solution. The relative content of primary and 
secondary fatty alcohols (C, to C18) in various irldustrial products 
of tlie oxidation of paraffins was based on the relation between the 
molar extinction coefficient and wavc number in the region 960-1200 
cm-1 8'3. Oba87 used the 9.84-,u band to determine 0-2 to 5*oy0 
methanol in ethanol by a differential technique. Gronau, Broadlick 
and Hamilton88 determined the ethanol content of Thimerol 
Tincture NF at 11.37 ,u after extraction of the alcohol from the 
sample with carbon tetrachloride. 

Using a very thin absorption cell with barium fluoride windows, 
Potts and WrightB9 determined 5% solutions of ethylene glycol and 
diethy!ene glycol in water. The absorption at about 8.8 ,u deter- 
mines uniquely the amount of diethylenc glycol present; ethylene 
glycol can be determined by the absorption at  9.2 p after correcting 
for diethylene glycol present. I t  was also shown that 5y0 phenol and 
10% ethanol in water could be determincd. 

Friedelgo studied tlie absorbance at 2.89-3.01 ,u of 22 phenols, 
mostly alkyl derivatives. Compounds containing methyl groups in 
both ortho positions showed no associated hydroxyl band or shoulder 
but ethyl or larger groups ortho to the hydroxyl showed weak associ- 
ated hydroxyl bands a t  2-89-2.93 p. The usc of these bands for 
quantitative analysis was suggested. GodduD1 used the 2.7- -3.0-,u 
range for the qualitative and quantitative analysis of phenols. 
Samples containing as little as 25 ppm phenolic hydroxyl were 
analysed. The intramolecular bonding shifts in the hydroxyl band, 
which differ in degree depending on the type of phenol, were used 
to analyse mixtures which contain several phenolic species. Phenolic 
hydroxyl cnd groups were determined in solutions of aromatic 
polycarbonates using thc band at 2.79 p. Average molecular weights 
obtained by this method werc in good agreement with data from 
osmometry, fractionation methods and ultracentrifugation. 

Lippmaag2 measured the absorption of solutions of phenols in 
anisole at 2.82 p and 2-93 p in lithium fluoride cells. Beer's law was 
found applicable for concentrations of 0.1 to 0.4 g equivalents of 
phenolic hydroxyl per litre. The ratio of the molar extinction co- 
efficients for tlie two maxima was consistent for the phenols studied. 

Kyriacoug3 determined hydroxyl groups in polypropylcne glycol 
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by a procedurc which basically involved a spcctrophotometric 
titration with acctyl chloride. Different and dcfinitc amounts of 
acetyl chloride were added to equal weight portions of the sample. 
The amounts of acetylating reagent were choscn to obtain absorb- 
aiices between 0.2 and 0-8. Thc absorbance was determined for each 
portion a t  2.87 to 2.88 p and plotted vs the respective acetyl chloride 
concentration. The amount of acetyl chloride required to react with 
the sample was taken as the point at  which there was no further 
decrease in the hydroxyl absorption. Mamiya0” determined hydroxyl 
groups in polycthylenc and polypropylene glycols by titration of 
their toluene solutiom containing zinc powder with toluene solu- 
tions of acetyl chloride. The absorption at 1-45 p was used to deter- 
mine the end-point. 

Jaffe and PinchaP determined dipentaerythritol in the presence 
of pentaerythritol by measuring the absorption of thc corresponding 
acetates in carbon tetrachloride. The hydroxyl content of oxidizcd 
polyethylene was determined by infrared analysis after quantitative 
acetylation with acetic anhydridegG. 

Hendricksons7 determined primary hydroxyl groups in poly- 
glycols by following the rate of disappearance of the hydroxyl band 
at 3.05 ,u using triphenylchloromethane as the reactant. A rate plot 
was made and extrapolated to zero time. The rate of disappearance 
of the secondary hydroxyl band was measured and the quantity of 
primary alcohol determined by diffcrencc. 

B. Nuclear Magne’ic Resonance 

Nuclear magnetic resonance is a powerful tool for functional 
group analysis. Each distinct type of atom is characterized by a 
specific chemical shift which does not change greatly from one 
molecule to another. In a manner analogous to vibrational fre- 
quencies, tables of chemical shifts have been compiled for the com- 
mon functional groups containing hydrogeng8. Utilizino these data 
together with the rules governing multiplet splitting, it IS generally 
not difficult to assign the lines in an experimental spectrum. Con- 
sequently, n.m.r. has become one of the most commonly used 
instrumental methods in qualitative organic analysis. 

Protons bound to an oxygen atom have two propcrties which 
complicate the interpretation of their spectra. First, the -OH 
groups have a variable chemical shift, depending on the extent of 
hydrogen bonding, if present. Secondly, although the 0-H bond is 
thermodynamically stable, it is kinetically labile. The -OH proton 

3. 
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is capable of cxchanging with labile protons on other sites. If this 
crchange is rapid enough, scvcral distinct types of protons may lie 
observed as a singlc n.m.r. signal, thus confusing the assignment of 
the spectrum. Furthermore, this exchange will also lead to the col- 
lapse of the multiplet structure of thc -OH signal, causing the loss 
of valuable anxlytical information. 

Hydroxyl groups in liquid organic samplcs are oftcn involved in 
iiitermolccular hydrogcii bonding with solvents containing basic 
groups. If the solvent is inert, dimers and higher polymers may be 
formed, or intramolecular hydrogen bonds can be formed if the 
stcric factor is favourable. The complete absence of hydrogen bond- 
ing is observcd only when no intramolecular hydrogen bonding is 
possible and the sample is a very dilutc solution in an inert solvent. 
Then the chemical shift of the -OH proton of saturated aliphatic 
alcohols is approximately 0.5 ppm downfield from tetramethyl- 
silane (6 scalc) . Howcver, the experimental conditions most oftcn 
encountered in n.m.r. work involvc a moderately concentrated solu- 
tion of the sample in an iiiert solvent. Under these conditions, a 
chemical shift between 3.0 and 5.2 is seen for liydroxyl protons of 
saturated alcohols. A higher degree of hydrogen bonding is reflected 
by a larger downfield shift. 

A finite time is required for a collection ol’protons to come to 
equilibrium with the radio frequency field generated by the spectro- 
meter. This depends on the relaxation times of thc sample; it is 
usually several seconds for ordinary samples. Chemical processcs 
taking place within this time span will affcct the observed n.m.r. 
spectrum. Hydroxyl hydrogens may exchange with labilc protons 
ir, mineral acids, carboxylic acids, watcr zrid other -OH coniain- 
ing compounds; in the absence of these the -OH protons on a given 
compound will exchange with each other. The n.m.r. spectrum re- 
flects the exchange by an averaging process. When protons are 
exchanging rapidly betwccn sites that ordinarily would have differ- 
ent chemical shifts, only one line is observed. The shift of this line is 
the average shift of the two sites occupied by labile protons weighted 
Sor the relative numbcrs of each site present. I t  is given by the 
relation? 

= f l a I  + h a l I  

where Gobs is the experimental chemical shift, a, is the chemical shift 
at site I, and fir is the probability that a given proton be found at 
site I. The quantities fl l  and oII refer to site 11. In  cases where 
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exchange takcs place among equivalent sites, as in a pure liquid alco- 
hol, the process has no effect on the chemical shift; but i t  does 
eliminate the spin-spin coupling between the -OH proton and 
neighbouring protons causing collapse of the niultiplet structure of 
tlie line. iMultiplct collapse also results in exchznge between non- 
equivalent sites. 

1. Direct analysis 

Since -OH chemical shifts can vary over a large range, the 
presence of hydroxyl cannot lie establislied unequivocally from a 
simple n.m.r. spectrum. If an -OH group is suspected, and a single 
line is observed in the proper region, it can be tentatively assigned 
as an -OH signal, but additional information will be required to 
confirm the assignment. The chemical shifts €or several types of 
groups are given in Table 2. 

TADLE 2. Chemical shift". 

Group Ordinary Infinite 
conditions dilution 

Saturated alcohol 3.0-5.2 0.5 
Phenol 4.5-7.7 4.0-5'0 
En01 15'0-16*0 !5.0-16.0 

Shifts arc quoted in the 6 scale, ppin downfield from tctm- 
incthylsilane. 

c. Al!lcvnrliols. If the siiiiiple cmtains no acidic impurities, the -OH 
signal usually falls in the prcdicted region. I t  is not uncommon for 
the line to be broadened slightly due to incipient spin coupling with 
neighbouring protons. This often shows up as a lack of ringing on the 
-OH peak. This effect cannot be used to make reliable assignments, 
however. 

The common methods of.idcntifying -013 signals are based on 
the lability of the hydroxyl proton. A small quantity of acid addcd 
to the sample will cause a pronounced downfield shift of the -OH 
signal. This is due to the rapid exchange of acid protons with -OH 
groups which causes an averaging of the signals from the two sites. 
Since the shift difference between an alcohol and ail acid may be 
as large as 10 ppm, a relatively small amount of acid will cause a 
noticeable shift in the -OH resonance. Trifluoroacetic acid is a 
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favourite for this test since it is soluble in most n.m.r. solvents, and 
the molecule contains no protons other than the acid proton itself. 

Another experiment that is diagnostic of hydroxyl protons (or 
labile protons in generai) dcpends on hydrogen exchange with water. 
I f  the sample is shaken with a quantity of deuterium oxide, thc 
labile hydrogens will be replaced by deuterium. Since the latter give 
no signal, a drastic reduction in the intensity of the labile proton 
signal results. 

Recently a degrec of success has been achicved in hydroxyl 
detection through the artifice of tying up the proton in a strong 
hydrogen bond, using a strongly basic solvent such as acetone or 
dimetliyl sulphoxide (DMSO). In  such solvents the lability of the 
-OH proton is reduced and spin-spin coupling can be observed. 
O n  the basis of the splitting pattern, the -OH can be classified as 
primary, secondary or tertiary. Furthermore, since all of the hydro- 
gen bonding is between alcohcl and solvent, there is no alcohol 
association-dissociation equilibrium. Hence the chemical shift of 
the -OH group will be concentration independent, and useful 
shift measurements can be made at  convenient concentrations. 

Such measurements were first made in acetone so!utionlOOs lol 

where it was noted that the proton exchange of benzyl alcohol is 
strongly inhibited. Later, Chapman and I<inglOZ introduced the use 
of DM SO which is the favoured solvent today. I n  DMSO the -OH 
resonance is shifted downfield to 6 = 4 or lower, and the multiplet 
structure of the hydroxyl signal can be resolved. An early applica- 
tion of this technique was made by Casu et al1O3 in their study of 
reducing sugars. DMSO is an excellent solvent for sugars, and it has 
ihe eEect of siowing thc mutarotation to the point where the spec- 
trum of individual anomers can be seen, which is not the case in 
water. Since signals of iiidividual -OH groups can be distinguished, 
this is a powerful tool for the investigation of such molecules. This 
solvent has also been used in the study of the conformation of cyclo- 
hexanolsl0**. The coupling constant between the -OH and the 
carbinol protons has been used to estimate the HO-CH dihedral 
angle in a manner analogous to the work of Karplus*05 on HC-CH 
couplings. 

Unfortunately, the DMSO technique is not applicable to all 
alcohols. Traynham and I<nesel1OG discovered that the -OH split- 
ting does not always appear in alcohols which cmtain an  electron- 
withdrawing group close to the -OH. G~OUPS such as alkoxide, 
vinyl and halide are effective in this rcspect. In  some cases the 
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spiitting can be developed by shaking the sample with solid K,CO,, 
but some alcohols are intractable even with this treatment. Later, 
Moniz et all07 wcre able to observe -OH splitting in difficult cases 
by using dilute solutions in DMSO or in CCl, that had been rigor- 
ously dried. Replacement of CC1, by DMSO decreases the values of 
J1lc-oII and has a levelling effect on their variation. Rccently, 
Takino et all08 wcre unable to observe splittings in ccrtain alcohols. 
They suggested that acetone is more effective in producing splittings, 
although its effectiveness as a solvent is limited. 

There have been scveral studies of chemical shifts of alcohols in 
DMSO solution. For example, Brook and Pannell109 recorded 
hydroxyl shifts for a large number of substituted triphenylsilyl 
phenyl carbinols. They correlated the shifts with cmpirical para- 
meters such as Hammett’s 0 function. I n  general, however, -OH 
analysis has been based on splitting patterns rather than chemical 
shifts. A typical example is shown in the work of Rothweiler and 
Tarnmllo on the structure of the antibiotic phomin. They showed 
that both -OH groups on the molecule were secondary since they 
appeared as doublets which disappeared on treatment with D,O. 

When recording spectra in DMSO, it is very advantageous to use 
the deuterated solvent to avoid interference from solvent protons. 
If common DMSO must be used, one can anticipate difficulties due 
to overlap of the sample spectrum with the DMSO signal. All 
factors considered, the higher expense of DRTSO-d, is usually well 
justified. 

b. Phenols and ends.  These compounds have not been studied as 
extensively as alcohols. Sincc there are no protons neighbouring the 
phenolic group, the -OH shows no splitting and the chemical shift 
is the oiily parameier uLiainabie. I n  inert solvcnrs tile chemical 
shift is concentration dependent and ranges from 6 = 4.5-8. Somc 
o-substituted phenols are intramolecularly hydrogen bonded; their 
chemical shifts are nearly independent of concentration. The inter- 
molecular association of phenols does not Gccm in strong hydrogen 
bonding solvents such as DMSO, and useful shift data can be ob- 
tained. Traynham and Knesel’ll studied a large number of phenols 
in DMSO, and observed values ranging from 8.5-1 1.0 ppm down- 
field from TMS. Dietrich et all1, investigated a number of basic 
solvents and found that in hexamethylphosphoramide proton ex- 
change is sufficiently slowed to allow observation of a distinct -OH 
signal from each individual phenol in a mixture. Hexamethyl- 
phosphoramide (Hh-PA) is potentially as useful as DMSO. 
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S tablc eiiols owe their existence to strong intramolecular hydrogen 
bonds. The P-diketones are an especially favourable case and their 
enols have been studied in the greatest detail. The -OH cliernical 
shift is far downfield (6 = 15-16) and shows little concentration 
dependence. Since the keto-enol conversion is slow in these cases, the 
equilibrium can be studied by observing the relative areas under the 
peaks from the -CH= and the -CH,- groups. Many studies of keto- 
enol equilibria have been made, utilizing this approach. For ex- 
ample, Reeves113 studied the effect of the solvent on the acetyl- 
acetone equilibrium. An interesting, but not generally applicable, 
method was developed by Gorodetsky et al1l4. They observed the 
oxygen resonance in 170 enriched P-diketones. The spectra showed 
separate peaks for keto and enol forms, and it was possible to derive 
equilibrium constants for the conversion. 

2. Derivativization methods 
A different approach depeiids on making derivatives of the alcohol 

function, and then studying the derivatives. An early suggestion of 
this method was made by Jackrnan1l5 who noted that esterification 
of a n  alcohol resulted in a downfield shift of the a hydrogens. Useful 
structural information can be obtained frcm the multiplicity and the 
area of the shifted peaks. -Mathiasl10 has made a systematic study of 
this effect. One frequently finds that a proton signals from primary 
and secondary alcohols overlap. When the alcohols are acetylated, 
the resonances separate. I n  some cases this effect can be used to 
obtain primary/secondai-y ratios. 

Manatt117 proposed studying the resonance of the protons of the 
acetyl group. However, these protons are insensitive tc? their en- 
vironment, so the trifluoroacetate esters were prepared, and the l9F 
signal utilized as the analytical probe. Fluorlne chemical shifts are 
more sensitive than proton shifts in most cases. In  the fluorine- 
containing esters, separate signals from primary and secondary 
groups are often observed. This approach requires the use of a 19F 

spectrometer, but sometimes this problem can be circumvented by 
using the a protons. For example, Ludwig118 showed that the a 
proton signal could be used to determine primary/secondary ratios 
in alcohol mixtures. 

Babiec et a1119 prepared dichloroacetate esters by addition of 
dichloroacetic anhydride. The shielding of the lone proton on the 
dichloroacetyl group is sensitive to its environment, the order being 
tertiary > secondary > primary. The chemical shift will readily 
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distinguish between tertiary and secondary, but there is sometimes 
overlap between secondary and primary. Thc lattcr shift can be 
enhanced by the use ofDMSO-d, as a solvent. In cOmmon with other 
estorification techniques, the a hydrogens can also be used as the 
analytical probe, and they often serve as a useful check. 

Goodlett120 investigated the use of ketones and isocyanates as 
derivatizing agents. He concluded that trichloroacetyl isocyanate, 
TAI, (CC1,--CO-N=C=O) , was superior. This compound con- 
tains no protons, has a long shelf life and reacts smooLhly in situ, even 
with hindered -OH groups. The a protons are the analytical probe. 
Primary protons are shifted downfield by 0.5 to 0.9 ppm while 
sccondary protons are shifted by 1-0 to 1-5 ppm. The use of TAI is 
rk ther  discussed by Trehan et all21 and by Butler and Mueller122. 
The laticr gro'q has extended its use to -SH groups. 

Seikel et all23 recently studied the structwt of thom3:ic acid. 
Here the -OH spectrum is complicated by the fact that the c x -  
bind carbon is an  asymmetric centre. The TAI derivative was used 
to identify the peaks due to the carbinol hydrogens, while the split- 
ting pattern of the -OH was obtained from a solution of the alcohol 
itself in DMSO. With the combined results of these experiments, the 
authors were able to locate the hydroxyl group within the molecule. 

3. Hydrogen bonding 
A voluminous literature has developed on the use of n.m.r. for the 

study of association equilibria in alcohols and phenols. This subject 
is too vast to be reviewed herc, but several representative references 
will be cited. The work usually involves the determination of the 
-OX chemical shift as a function of concentration in some suitable 
solvent. The relative amounts of the various polymeric species can 
be calculated. 

Saunders and Hyne1z4 investigated the bchaviour of t-butanol in 
CCl, solution. Their data indicate a simple cquilibriurn between the 
unassociated alcohol and a trimeric species. I n  reviewing the earlier 
literature, Littlewood and Willmott125 were able to show that most 
alcohols associated into linear polymers of varying length. Phenols 
usually associate into trimers in solutionlz'j. 
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1. I N T R O D U C T I O N  

The percentagc of' chcinical litcrature which is in some way con- 
cerned with hydrogen bonding has increased steadily over the years 
since the concept of the H-bond was first introduced in 19201. 2. 

Furthermore, quantitative studies of the H-bonding of OH groups 
to a wide variety- of acceptors (bases) have made a decisive contribu- 
tion to our knowledge of the characteristic properties of H-bonds 
and their influence on chemical reactions and molecular structure. 
A comprehensive coilsideration of the appropriate data would be 
impossible here and is therefore not attempted. The authoritative 
text by Pimentel and McClellan2 on H-bonding was published in 
1960. We have therefore concentrated in this article on contributions 
which have appeared since that date with adequate reference to the 
older work where appropriate. In particular, results for phenols and 
alcohols are emphasized. 

The  theoretical interpretations of hydrogen bonding have been 
discussed by C o ~ i l s o n ~ ~ ~ ~  372 and h l u r r ~ l l ~ ~ ~ .  The relative magnitudes 
of the contributions due to electrostatic, exchange, induction, dis- 
persion and charge-transfer energies to the H-bond interaction are 
considered. A complete discussion would be inappropriate here. 
However, for weak hydrogen bonds the electrostatic energy is the 
dominant attractive contribution. Delczalization effects are only 
important for strong hydrogen bonds. The predominantly electro- 
static nature of hydrogen bonds favours a linear bond. However, 
bent bonds are possible. The variation of interaction energy with 
angle will be of the form E = E" cos 8 which reduces to zero when 
the bond angle is n / 2 .  In general, molecular orbitals with low 
s-character are better H-bond acceptors than orbitals with high 
s-character. 

The  acidity and basicity of OH groups are considered in sections 
V and VI. 

11. I N T E R M O L E C U L A R  H - B O N D I N G  

A. Self Association 
I. Aicohols 

Studies of the association of alcohols in the vapour phase have the 
advantage that they are free from the effects of solute-solvent inter- 
actions. It is well established that alcohol vapours exist as monomer, 
dimer and tetramer units3r *. Thermodynamic data for the forma- 
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tion of the dimers and tetramers of several alcohols are given in 
bIe 1. The tetramers are believed to be c ~ c l i c ~ - ~  (structure 1) 

Ref. -AH, -AS,  -AH, 
(kcal/mole) (e.u.) (kcal/mole) (e.u.) 

3.22 16.5 24.2 81-3 3 
4.0 11.0 22.1 94 6 
4.1 17.5 3 74 
3.5 18.4 5, 7 
4.0 11.0 20.1 88 8 
3.4 16.6 24.8 81-5 9 

75.3 11 
74-7 12 
82.2 13 

14 7 

both linear (2) and cyclic (3) dimers probably exist. The 
for methanol-d were deduced from in5ared spectra 
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The self association of alcohols in solution in nonpolar solvents 
has been widely studied in particular by measurement of infrared 
OH stretching frequencies lLZ4. The method is based on the principle 
that if an  OH group undergoes H-bonding a shift to lowcr fre- 
quencies occurs. Furthermore in general v(monomer) > yj(dimer) 
> ~(tr imer)  > v(tetramer) for the association of a particular mono- 
merz5* ?% sc. This is exemplified by data for the OH stretch 
frequencies of methanol at 20°K25. Frequencies were assigned as 
follows: for the monomer 3660 cm-l, cyclic dimer 3490 cm-l, cyclic 
trimer 3445 cm-l, ietramer 3290 cm-l, and for higher (linear) 
polymers 5250 cm-'. Explanations of why absorption bands in the 
region 2500-3400 cm-' are obtained for H-bonded systems have 
recently been discussed and summarized26-28. Proton magnetic 
resonance studies of alcohol association similarly allow association 
constants (from chemical shifts as a function of concentration) and 
heats of association (from chemical shifts as a function of temperature 
and concentration) to be evaluatedz4~ 28-31. Agreement between 
results from infrared and p.m.r. measurements is emphasized by the 
data in Table 2. Vapour pressures17 and v i s c o ~ i t i e s ~ ~ - ~ ~  have also 

TABLE 2. Thermodynamic parameters for the dimerization of some 
alcohols in carbon tetrachloride2"l 31. 

-AH -AS Method of 
(kcal/mole) (e.u.) determination Alcohol 

Methanol 9.2 
9.4 

Ethanol 7.2 
7.6 

t-Butanol 4.8 
4.4 

Di-t-butylcarbinol 4-12 
4.2 1 

i-Propanol 7.3 

28 1.r. 

20 1.r .  

p.m.r. 

p.m.r. 
p.m.r. 

1 1  1.r. 

p.m.r. 
13.1 1.r. 
13.9 p.m.r. 

been used to study the intermolecular H-bonding of alcohols. 
Calorimetric measurements of heats of H-bonding of alcohols have 
been 36. The dimers of methanol and ethanol are prob- 
ably cyclic?Os 24. However, for higher alcohols in which steric factors 
hinder the forniation of the cyclic dimer, the linear dimer becomes 
predominant24. The thermodynamic parameters for dimerization 
also reflect the effects of steric hindrance (Table 2)161 lo. Cyclic 
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trimers of methanol are supposed to e x i ~ t ~ ~ ~  zo but cyclic tetramers 
appear more likely31 19, 30. The association of 1-octanol is con- 
sidered to give both linear and cyclic tetramers for which free 
energies, enthalpies and entropies of formation have been deducedz3. 
The dimerization constant and heat of dimerization of cholesterol 
in CCI, at 23" are 4-5 l/mole and -1.8 kcal/mole respectivelyaa. A 
trimer has been reported for cholesterol in  CCI, 66. 

It does not follow that information about the H-bonding of 
alcohols in inert solvents may necessarily be equally applicable for 
the pure liquid alcohols. The heats of vaporization379 38, dielectric 
constants30, viscosities33. 3*1 and n.m.r. spectra40 of aliphatic liquid 
alcohols have all shown that the geometry of the alcohol molecules 
through steric factors greatly influences their H-bonding ability. 
Both linear and cyclic djmers may exist41 39. However, whether 
higher polymers are cyclic4p 17 or linea1-3~. 40 appears to be uncertain. 
Radial distribution functions41 for liquid methanol have shown that 
the 0 * - 0 distance (2-7 9.) for two H-bonded molecules is about 
the same as for the solid"9 43. The structure of liquid alcohols and 
alcohol-water mixtures has been reviewed by Franks and I ~ e s 4 ~ .  
The ei€ect of pressures up to 25,000 atm on the H-bonds of polyvinyl 
alcohol has been in~estigated4~. 

Structures of carbohydrate crystals show that in general all the 
hydroxyl groups are hydrogen- bonded46. X-ray studies of 8-0- 
g luc~pyranose~~  and methyl ,L?-~-xy1opyranoside~~ suggest that some 
of the OH groups are not H-bonded. However, the infrared spectra 
for these compounds are not compatible with this conc l~s ion~~ .  

2. Phenols 
The OH stretching frequencies and intensities of phenolss0* 51 

both follow a Hammett pa relationships2. for ortho-substituted phenols 
where intramolecular H-bonding can occur it is the frequency of 
the trans-hydroxyl group which correlates with the substituent con- 
stantS3. On H-bonding the OH stretch vibrations move to lower 
frequencies26. Hall and Wood26 have listed the following four specific 
frequencies for different types of interaction : 
type a: monomer, 361 1 cm-', 

type j3: acceptor end group (Ph-0.. YH ), 3599 cm-I, 

type y :  donor end group (Ph ), 3481 cm-l, 
\O-H.. . 

type 6:  OH acting as both acceptor and donor, 3393 cm-I. 
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The frequencies quoted refer to phenol itself in carbon tetrachloride 
solution2'* 32. The bands are shifted slightly for other sterically 
unhindered phenols. 

The frequency shifts of phenols on dimerization are greater for the 
phenols with the greatest H-bonding ability541 55.  In particular a 
pronounced reduction in dv is produced by bulky substituents in the 
2-position of phenolss9* O1. A comparison of the frequency shifts with 
the dimerization constants K for some phenols is given in Table 3. 

TABLE 3. Infrared frequency and p.m.r. signal shifts, association constants and 
hcats of association for the dimerization of some phenols in carbon tetrachloride 

(room temperaturc). 

Phenol 

~~ 

I\' - A H  dV A? 
(I/molc) (kcal/niole! (cm-l) (ppm) 

~ ~~~ 

Phenol 13 f 7 O  5- 12d 262c 3.05O 

4-Cresol 1 OJ 6.0Y' 276= 
2-Crcsol 8 f 4" 172" 2,049 
2-i-Propylphenol 1.7" 172c 1.789 
2-f-Butyl-4-methylphenol 1*37c 114' 

4-Chlorophenol 7.77G 3 . w  

2-f-Butylphenol 1 .Ob 70' 0.22" 
PY6-Di-t-bu tylphenol e.09 ca 3' 0.09 

a Ref. 56; b rcf. 57; c ref. 18; rcf. 58: ref. 59; I rcf. GO; ref. 62. 

Also tabulated are the shifts At in the p.m.r. signals caused by 
hydrogen bonding. In  general both G z  and dvS49 59,  6 1  decrease 
as K decreases. The p.m.r. chemical shift or the infrared frequency 
change on hydrogen bonding for a particular phenol gives an in- 
direct Pneasure of the ability of that phenol to form H-bonded 
dimers. Association constants may be deduced from A t  or A v  
measurements as a function of phenol concentration18t 56s 57. Vary- 
ing the temperature allows the enthalpy of dimerization to 
be caIculated58~ G3. The three enthalpies given in Table 3 show 
the same trcnd as the free energies of ionization of phenol 
(AG&B = 13-57 kcal/mole) G4, 4-chlorophenol (12.86 kcal/mole)64 
and 4-cresol (14.02 kcal/mole) 05. When deducing AH from infra- 
red frequency shifts it is unwise to assume that the temperature 
dependencies of the free and associatcd band absorptions are equalG3. 

For ortho-substituted phenols in which intramolecular H-bonds 
are possible intermolecular H-bonding may be redu~edO7-7~. For a 
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series of substituted 2-bromophenols as liquid films or nujol mulls 
a sharp infrared band at  ca 3500 cm-1 was assigned to intramole- 
cular H-bonds whereas a broad (3450-3250 cm-1) less intense 
absorption was attributed to intermo1ecula.r H-bondingG8. Many of 
the phenols showed bGth forins of bonding. Allan and ReevesGe have 
pointed out that the tram form of 2-halophenols is available in 
CS, solution as a hydrogen bond donor whereas the cis form can 
only act as a H-bond acceptor. Dimerjzation is considered to occur 
via hyclrogen bonding from a trans to a cis- isomcr as follows. 

1 (cis) (frans) ( c i s 4  rans d i mer) 

Equilibrium constants (mole fraction units, 300°K) are 23.48, 11.22 
and 5.24 for 2-chlorophenol, 2-bromophenol and 2-iodophenol 
respectively. The self association of phenols is also profoundly influ- 
enced by so1vent2l* 5 7 p  G1v 70. A solvent which is itself a strong 
H-bond acceptor such as dioxan", etherGs# ' 0  or pyridineG1 reduces 
the extent of phenol dimerization considerably. 

Evidence for the formation of phenol trimers in CCI, solution 
has been disc~ssed~~-74. Trimerization constants of 4-1 (mole/l) -2  

a t  25" 7 1  and 4.78 jnide/l)-3 a t  21" 7 4  have been evaluated for 
phenol in carbon tetrachloride. Trimerization is prevented for 
phenols such as 2-nitrophenol , 2-hydroxyacetophcnone and 2-fluoro- 
phenol in which intramolecular H-bonding occurs 78. Unlike the 
dimers which probably have an open-chain structure21 the phenol 
trimers are cyclic73. A trimolecular spxies containing two yhenol 
molecules and one water molecule has been assigned the structure 
4 7 5  with the benzene nnclei of the phcnol riiigs parallel and facing 

R, R 
0 

I 

R 

(5) 
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each other. However phenol (P) and water (W) in bciizcne, 1,2,2-1, 
tetrachloroethane and 1,2-dichloroet!ianc form a series of aggregatcs 
of stoichiometry P,, P,W, PW, gnd W, i 3 .  These are considered to 
have the cyclic structure 5 with R = H or C,H,. 

The -0-H - - - 0- vibrations in the far infrared of H-bonded 
forms of several phenols have been dctermixied7~. The stretching 
vibrations are in the range 98-187 cm-I. Phenols for which different 
H-bonded associates are known to exist showed more than one -OH 
out of plane deformation mode (yOH) in the range 280-690 cm-1. 
Thus each H-bonded species probably gives rise to its own distinct 
yOH fiequencies. I n  strongly intermolecularly H-bonded complexes 
yOH is around GOO cm-'. However, for sterically hindered phenols 
the mode becomes an -OH torsional vibration at about 300 cm-l. 
The H-bond stretching frequencies v ( 0  - * - 0) for two solid phases 
of phenol are 175 cm-l for a strongly H-bonded phase and 135 cm-l 
for a weakly H-bonded The frequency v ( 0  - 0) of the 
H-bond vibration is therefore, as expected, smaller for a weaker 
H-bond. However, this result does not appear to be general27. 

Phenols are strongly hydrogen bonded in the solid state. Phenol 
forms H-bonded chains in the form of a threefold ~ p i r a l 7 ~ ~  7 9 9  

The 2,3-, 2,5- and 2,6-xylenols80* 81 and resorcino1a3 are similar. 
Boiss4 has proposed that 4-cresol exists as H-bonded discrete tetra- 
mers and not as H-bonded chains. A second more weakly H-bonded 
phase of phenol appears at pressure greater than 5 kbar77. 

B. Alcohols as H-bonding Acids 
Infrared spectra of the complexes formed between six alcohols and 

several H-bond acceptors in the gas phase have been studied by 
Reece and Werneras. The OH stretch frequency shifts on H-bonding 
were found to obey a product rule d v  = A .  D cm-l where A and D 
are suitably defined acceptor and donor capacities. Similar results 
were obtained for the same complexes in CCI, solution. Equation (1) 
relates the frequency change on H-bonding in the vapour phase 

(1) 

with the corresponding change in CCl, solution. The equation was 
obeyed for six alcohols. Figure 1 demonstrates the relationship 
between Ail and the half-intensity widths of the bands due to the 
complexes o€ some alcohols with four H-bond acceptors85. Each 
acceptor gives its own characteristic line. Similar correlations of dv 
and 1': have been describedsG* 87 and the temperature dependence 

4 a p o u r  - - -1-7 + 0-8164vcc16 1- 1.2 x 10-4(d~)ccll)2 
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of , 4 3 1  and q has been investigatedss. Whereas A Y  varies significantly, 
v3 is insensitive to temperature. The increase in intensity AB" of 
the OH stretching absorption on H-bonding at 25" is related to dv 
by equation (2) For the complexes of methanol, ethanol and t-butanol 

AB" = 225418 (2) 

0 Methyl acetate 

A Acetone 

A Tetrahydro furon 

6 Diethyl ether 

I I I 
0 100 200 

Av vopour, (cm-') 
FIGURE 1 .  Correlation between v, for the H-bonded complex and dv on H-bonding 
for the complexes of some aliphatic alcohols with four H-bond acceptors85. 
Reproduced by permission from I. H. Reece and R. L. Werner, S/mtrochirn. Acta, 

24A, 1271 (1968). 

with acetone, ethyl acetate, dioxan, benzophenone, dimetliylform- 
amide and pyridines8. The intensities of the OH bands of the com- 
plexes of methanol and t-butanol with three substituted benzene 
derivatives are linearly related to C(q + uR), the sum of the induc- 
tive and resonance cr parameters for the substitueiits in the benzene 
ringsag. A linear relationship between band intensity and the nuclear 
quadrupole coupling constants of 5 acceptors has been demon- 
stratedsg. The coupling constants and z(oI + oR) were also linear 
functions of ( A v / v )  the relative frequency shifts on hydrogen 
bonding. 
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Gordon has discussed correlations between the equilibrium con- 
stants K,,,, and the infrared frequency shifts d Y for H-bond complex 
formation, pK, for the H-bond donors and fiKb for the H-bond 
acceptorsOO. For example, the shift dv for methanol-d (CH,OD) 
increases as the proton basicity of the acceptor molecules increases. 
This gLlieral trend has been tested for a range of 22 pK, units over 
which Av varies from 30 cm-' (for pK, N -11) to 270 cm-1 (for 
pK, -N +ll)91. The  association constants for the complexes of 
CH,OD €1-bonded with the n-systems of substituted benzenes in- 
crease with increasing proton basicity of the benzenesso. P.m.r. OH 
proton shifts dB on H-bonding lead to similar correlations since AS 
is a linear fhct ion of dv for alcohols. Thus equation (3) relates 
Av (crn-l) with A S  (ppm) for 2,2,2-trifluoroethanol H-bonding to 

(3) 

a series of Lewis bases of widely differing structural typesO2. The 
ability of methanol to H-bond to organophosphorus compounds 
depends upon the electron density on the phosphoryl oxygen of the 
latter. Support for this point is gained from the observed linear plot 
of log K,,,,, against the sum 2 u* of the Taft constants a* for the 
substituents in the organophosphorus compoundsg3. Plots of d 3' 

against a* for complexes of methanol with nitriles or isonitriles were 
similarly linear94. 

The Badger and Bauer'"9 1 5  relationship suggests that the relative 
frequency shift (dv/v)  when a hydrogen bonded complex is formed 
should provide an indirect measure of the strength of the H-bond. 
This has been generally acceptedsG. The relationship between AH 
and dv is exemplified by Figure 2 for the interactions of 3 alcohols 
with 9 Lewis bases95. However, the linear relationship is not always 
obeyed*% 9% 97. The H-bonding of alcohols to ketones shifts the 
C=O stretching frequency of the ketones to lower wavenumbersg8. 
A linear relationship between ( A  i~co/vco) and the H-bond energy has 
been rccorded for methanol-ketone The antisymmetric 
and symmetric stretching frequencies of the NH, group are shifted 
to lower frequencies when alcohols (or phenols) H-bond to aniline. 
The  magnitude of the shif'ts correlates both with the OH stretch 
shift d vOH and with pK, for the donor alcohol lo'. Thus for a more acidic 
alcohol a stronger H-bond is obtained as indicated by the larger 
changes in vOa and Y - ~ ,  on H-bonding. An approximate correlation 
exists between AH for H-bond formation and the intensity of the 
infrared OH stretching bands of the 33-bonded complexes of 

AS == 0 ~ 0 1 2 1 d ~  + 0.43 
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methanol, ethanol and t-butanol, each with the acceptors ace- 
tone, benzophenone, ethyl acetate, dioxan, diinethylformamide and 
pyridineOE. 

Heats of H-bond formation give somewhat scattered but approx- 
imately linear graphs when plotted against the corresponding 
entropies or free energies of ionization88m 061 0 7 ,  100, 103. Some selected 

7 

x 5  
9 

4 

3 

0 100 200 300 400 
AV (cm-' I 

FIGURE 2. Relationship between A H  and AIJ for 1,1,1,3,3,3-hexafl uoro-2-propanol 
(HFP), ethanol, and 2,2,2-trifluorocthanol (TFE) as 15-bond donolxQ5. Acceptors 
were ( 1 )  acetone, (2) 1,1 ,I-trifluoroacctonc, (3) di-i-propylether, (4) tctrahydro- 
furan, (5) N,N-dimethylacetamidc, (6) tetramethylurca, (7) N,N-dimethyltri- 
Auoroacetamide, (8) dimethyl sulphoxidc, (9) sulpholanc. Reproduced by pcr- 
mission from A. Kivinen, J. Murto and L. Kilpi, Stcornen Kcnlis~ilchli, 40B, 301 

(1967). 

values of dG, AH and A S  are given in Table 4. I n  general, as A H  
becomes more negative AS becomes more negative. A more negative 
AH implies a stronger H-bond and therefore a more restricted con- 
figuration in the H-bond cornplex9Gs 100. Therefore AS should also 
be more negative. I t  follows that the differences between A 3  arid 
AS for series of structurally related H-bond donors or acceptors 
contribute to AG in a compensating manner and therefore AG is 
comparatively insensitive to change. Increasing the acidity of the 
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donorlo' or the basicity of the acceptoro1, lo2 produces a stronger 
H-bijnd. These correlations may be upset if there is any steric 
hindrance to the formation of the H-bonded c0mplex9~. Thus the 

TABLE 4. Frce energy, enthalpy and entropy changes on forming H-bonded 
complexes of alcohols and H-bo>d acceptors in carbon tetrachloride solvent. 

Ref. 
- AG - A H  -AS Temp. Acceptor 

(kcal/mole) (kcal/molc) (e.u.) ("C) 
Alcohol 

Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Methanol 
Propan- 1-01 
Propan-2-01 
Butan-1-01 
Butan-2-ol 

Acetone 
Benzophenone 
E thylace tate 
Dioxan 
DMF 
Pyridine 
Pyridine 
Pyridinc 
Pyridine 
Pyridine 

0.35 
0.24 
0.20 
0-24 
1.01 
0.65 
0.19 
0.2 
0.5 
0.02 

2 *52 
2-16 
2.52 
2.80 
3.72 
3.88 
4.3 
6.1 
5.0 
4.1 

7.3 25 
6.5 25 
7.8 25 
8.6 25 
9.1 25 

10.8 25 
11.9 45 
18.9 45 
14.2 45 
12.6 45 

- 
88 
88 
88 
88 
88 
88 
96 
96 
96 
96 

logarithms of the association constants for a series of methanol- 
substituted pyridine complexes are a linear function of p K ,  for the 
pyridines, providing the latter have no bulky substltuents in the 
2 - p o s i t i o n ~ ~ ~ ~ .  However: for 2-i-propylpyridine, and 2,6-di-i-propyl- 
pyridine the H-bonding ability is reduced by steric factors to a much 
greater extent than the corresponding reduction in the Bransted 
basicity of the pyridines. This behaviour parallels the effect of bulky 
2-substituents on the Lewis basicity of pyridine104. i t  is relevant to 
note that although heats of H-bond formation have been usually 
deduced indirectly from infraredB3 or p.m.r. lo5  measurements direct 
calorimetry gives results close to the spectroscopic values lo3. 

The infrared vOH stretching frequencies and the H-bond enthalpies 
of alcohol-acceptor complexes are sensitive to charlges in solvent 
compositioii2*t loD$ l10. Typical frequency shifts are given in Table 5. 
Allerhand and Schleyer'OS found that an empirical relationship, 
equation (4), fitted the observed solvent shifts of the H-bond ?'OH 

(4) 

absorption bands. Here YO is the infrared frequency for the H- 
bonded complex for which vs is the corresponding frequency in a 
particular solvent, a is a function of the particular vibration being 
studied and G is a function only of the solvent. Equation (4) repre- 
sents an empirical form of the Kirkwood-Bauer-Magat relation- 

(Y" - v')/v' = UG 
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TABLE !ja. Infrarcd OH stretching frequcncy of the incthanol (0.05 mole/l)-ether 
complex in ether-chlcroform mixturcs22. 

~ ~~~~ ~ ~- ~ ~~ 

"/o CHCI, 0 10 20 30 35 40 45 
u (cm-l) 3508 3504 3498 3491 3482 3473 3465 

yo CHCI, 50 60 70 80 90 98 
v (crn-1) 3463 3459 3454 3452 34.19 3444 

Rcproduccd by perniission from L. J. Bcllamy, K. J. Morgan and R. J. Pacc, Specfro 
chim. Actn, 22, 535 (1966). 

Y = 3558 c n r l  for McOH-Et,O complcx in gas phase1". 

shipll?. The latter only fits the H-bond frequency shift data for the 
phenol-acetonitrile complex in CC1, solutions; equation (4) appears 
much more generally applicable. However, this approach has been 
criticized by Bellamy and co-workers22 who suggest that specific 
interactions between solvent molecules and H-bonded complexes are 
largely responsible for the observed results. Thus, for example, for 
the methanol-ether complex (Table 5) in chloroform the interaction 
between the proton donor solvent chloroform and the complex may 
be represented as 

/ CHZCH, 
C13C - ti-.- 0 - H -._ 0, 

/ CH,CH, 
CH3 

(6) 

and would be expected to lead to a decrease in frequency as the 
chloroform concentration is increased. Proton acceptor solvents give 
a similar effect. The magnitude of the shifts is therefore dependent 
on the extent to which the solvent molecules can act as H-bond 
donors or acceptors. 

Alcohols can hydrogen bond to the n-electron systems of olefins or 
aromatic hydrocarbons. H-bonding of this type is favoured by in- 
creasing the number of conjugated double bonds or the number of 
condensed rings in the n-system107. I t  has been suggested that this 
type of interaction is responsible for the affinity between many dyes 
and cellulosic substratesloe. Calorimetric measurements of heats 
of mixing of benzyl alcohol, ethylbenzene and cyclohexane have 
provided evidence for an OH+n H-bond interaction with 
AH = - 1 -48 kcal/mole1OG. For the m-cresol-m-xylene-cyclohexane 
system AH = -3.14 kcal/rnole: a stronger H-bond for a more acidic 

C I f  G-51 
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proton donor. A weak H-bond interaction exists between alcohols 
and nitro groups1139 l14. Thus, comparison of the OH stretching 
frequency of methanol in carbon tetrachloride, nitromethane, nitro- 
butane and nitrobenzene shows that vOH is displaced to lower fre- 
quencies in the latter three solvents114. Also the band intensity and 
half-width increase, both effects being characteristic of H-bond inter- 
actions86. When a nitro compound is added to methanol in CCI, a 
reduction in intensity (but no change in position) of the flee OH 
absorption occurs and a new broad maximum a t  a lower frcquency 
appears113. The nitro compounds must therefore be acting as H-bond 
proton acceptors. Phenol gives spectral shifts 2-3 times greater than 
those for methanol in accord with its greater strength as an acid. 

A study of the effect of H-bonding on the ring-chain tautomerism 
7 2 8 of oxazolidines demonstrates how H-bonding solvents can in- 

R R 

(7) (8) 

fluence tautomeric equilibria of solute species115. Structure 8 was 
favoured relative to 7 by using solvents which can H-bond strongly 
with the alcoholic group in 8. For a series of 8 solvents the H-bonding 
ability was assessed by measuring Avo= for di-t-butylcarbinol 
(DTBC) when mixed with each solvent in CCI, solution. The 
ent5alpy changes AN" for equilibrium 7 T, 8 in the 8 solvents were 
8 linear function of Av,,(DTBC) in the sense that as became 
greater so AH" became less positive cr  more negative. The effect of 
solvent on the equilibrium therefore primarily arises through the 
influence of H-bonding. 

C. Phenols as H-bonding Acids 
1. Phenol 

General studies of H-bonding of phenol to a variety of H-bond 
acceptors of different structural types have been made by Gram- 
stad116 and by Drago and c o - ~ o r k e r s ~ ~ ~ - 1 ~ 9 .  Acceptors included 
ethers, amines, aldehydes, ketones, esters, amides, sulphoxides, phos- 
phoryl compounds, acid fluorides and alkyl halides. The p.m.r.118 
and infrared1lG# 11' methods give results which are consistent with 
each Thus the p.m.r. chemical shifts of the phenol proton 
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cussed119. The correlation between the association constant and the 
infrared frequency shift for H-bond formation is not as general as the 
corresponding enthalpy correlations1". However, Gramstad116 has 
shown that a plot of Avo,  against log K,,,, is linear for H-bond 
bases of similar structural class. Figure 3 demonstrates these results. 
The changes in vOH frequency or do, chemical shift produced with 
phenolic H-bonds are greater the more strongly basic the acceptor 
molecule*zo. The magnitudes of the shifts also vary inversely as 
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the overall length (Rxy for X-H * * * Y) of the H-bond a t  equili- 
brium,'~ 8 G p  l20 .  The shifts in carbonyl stretch frequency when 
phenol H-bonds to ketones is a linear function of the enthalpy of 
formation of the H-bondso9. 

H-bonding of phenol with ten sulphoxides and three nitroso com- 
pounds has been studied by Gramstad'?'. Plots of log KssOc against 
dvOH, AH against Avo=, AG against dvon, A S  against AvOR and 
v+ against dvOH were all linear. Sulphoxides are intermediate be- 
tween amides and estersllc in their ability to form an H-bond with 
phencl. Nitroso compounds are intermediate between ald.ehydes 
TABLE 6. Thermodynamics of H-bond formation of compleses of phenol with 

several structural types of H-bond acceptor. 

Acceptor KliYSOC -AH - A S  Ref. Solvent (l/molc) (kcal/molc) (e.u.) 

Acetone 
Ethyl acetate 
Diethyl ether 
Diethyl sulphide 
Diethyl selenide 
Acetoni trile 
Benzonitrile 
Dimethyl sulphoxide 
Cyclohexyl fluoride 
Cyclohexyl chloride 
Cyclohexyl bromide 
Cyclohexyl iodide 
Pyridine 
4-Cyanopyridine 
4-t-Butylp yridine 

CCl, 
CCl, 
CCl, 
cc1, 
CCl, 
C&l, 
cm, 
c2c4 
CCI, 
CCll 
CCI, 
CCl, 
CCl, 
CCI, 
CCI, 

13.5 (25") 
9.3 (25") , 

0-84 (39") 
0.63 (39.5") 
5.69 (25") 
4.70 (25") 

187.7 (25") 
9-12 (25") 
4.34 (25") 
4.19 (25") 
3.99 (25") 

4.99 (37.5") 

59 (20") 
12 (20") 
84 (20"j 

3.3 
3.2 
5.63 
3-35 
3.15 
5.22 
4.62 
6.93 
3-13 
2.2 1 
2.05 
1 a72 
6.5 
3.2 
7.1 

6.2 117 
6.3 117 

14.9 128 
11.1 128 
11.0 128 
14.0 125 
12.4 125 
12.8 125 
6.1 127 
4-5 127 
4.0 127 
3.0 127 

14.Q 129 
6.0 129 

12.0 129 

and ketones. Nitro compounds form weakly H-bonded complexes 
with phenol1l3* l3'3. Phenol can H-bond to sulphones and sulphon- 
ates1z2. The frequency shifts AvoH correlate linearly with the sym- 
metric and asymmetric stretching frequencies of the sulphuryl 
(SO,-) group. A higher basicity gives a lower stretching fre- 
quency vso,. Log,, K,,,,, and the Taft o* constantss2 for the sub- 
stituents in a series of sulphones were both linear fLinctions of the 
observed OH stretch frequency shift for phenol on H-bonding. 
Similar results to those for organosulphur compounds have also been 
obtained for organophosphorus 1*33 124. 

The assvsiation constants of phenol with eight pyridines show 
a smooth dependence on the o-constants for the pyridine suhsti- 
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tuentslz0. Electron-withdrawing substitucnts give less negative en- 
thalpies and entropies of H-bond foimation in accord with the 
decrease in both the Lewis and Bransted basicity of the pyridine 
nitrogen atorn'o.1. Linear correlations between Avo, and u* were 
also observed for the H-bonding of phenol to nitriles and isonitrilesg4. 
For the latter, which probably exist as R-N + E C  -, phenol hydrogen 
bonds to the carbon and not to the nitrogen atom. The H-bond of 
phenol to isocyanides is stfonger than that to cyanides. For cyanides 
typical values for the enthalpy of H-bond formation are -3.54 > AH 
> -5.72 kcal/mole125. The more negative enthalpy changes are 
accompanied also by more negative entropies of €3-bond formation. 
The generality of this AH-AS correlation is exemplified by the data 
in Table 6 and also by the plot in Figure 4 which conipares results 
for several dift'erent H-bond donors as well as acceptors. 

16 

12 

X 

X 1 
0 *.? / 

~~ 

2 4 6 8 10 
- A H  (kcal) 

FIGURE 4. Relationship between AH and AS for the formation of H-bonded 
complexes (!25')1a5. X-phenol with nitriles; 0-t-butanol with nitriles; H--2,6- 
di-t-butylphenol with nitriles; 8 -alcohols with ethers, ketones etc.86; a-thio- 
cyanic acid with ethers. Reproduced by permission from M. C .  Sousa Lopes and 

H. W. Thompson, Spcctrochim. Ada,  24A, I367 (1968). 
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Enthalpy changes of -2.13, -1.65, -1.57 and -1-25 kcal/mole 
have been observed when phenol in tetrachloroethylene H-bonds to 
n-heptyl fluoride, n-heptyl chloride, n-heptyl bromide and n-heptyl 
iodide respectively126. The corresponding vOlI frequency shifts were 
39.7, 58-7, 69-2 and 71 cm-l. The enthalpy and frequency shift 
results therefore apparently lead to conflicting conclusions about 
the order of H-bond strength foi- the four interactions. The order of 
enthalpies is I < Br < C1 < F, that is: the correct order if the 
H-bond accepting ability of the halide is predominantly influenced 
by the electronegativity of the halogen atom. The Badger-Bauer 
relationshipl49 l5 is not applicable in this case. Similar results were 
obtained for the association of phenol with the four cyclohexyl 
halides in CCI, (Table 6)'". The relative frcquency shifts imOH for 
several acceptors are not a reliable measure of H-bond strength 
when different acceptor atoms are being compared. Phenol forms 
H-bonds with n-butyll?7 or ethyl198 (Table 6j chalcogenides of 
strengths ( - A H )  in the order: ether > sulphide > selenide. In 
contrast to the data for the alkyl halides the infrared vOH fre- 
quency1z7p 12* and p.m.r. OH chemical shift128 changes for the 
chalcogenides are both greater for the stronger H-bonds. 

Phenol H-bonds to the n-electrons of substituted benzenes. The 
vOH frequency shift on H-bonding is given by equation (7)I30 

where a,,, and up are the appropriate meta and para substituent con- 
stants respectively52. Equation (8) is 1 he corresponding result for 

(7) 

(8) 

substituted naphthalenes. That the best correlations were obtained 
by plotting dvoE against (cT,,~ + up) emphasizes the importance of 
the whole n-electron system as an H-bond acceptor130. For methyl 
substituted benzenes both Avo= and AG on H-bond formation with 
phenol increase regularly with the number of methyl groups substi- 
tuted in the benzene ring131. Similar results have been recorded for 
methyl-substituted furans and thiophens as H-bond acceptors132. 
Typical values of AG for phenol associating with condensed ben- 
zenoid systems in CC1, (20") are -0.62 kcal/mole (benzene) 
< AG < 0.46 kcal/mole (fluoranthene)lsl. Frequency shifts AvOH 
are generally below 100 cm-l, although hexamethylbenzene 
(AvOR = 127 cm-l) is an exception. 6,6-Dialkylfulvenes are stronger 
proton acceptors than methylbenzenes 13?. With arylfulvenes and 
azulenes as acceptors two infrared absorption maxima both char- 

dvOH = [ --62 (onL + op)/23 + (53 & 9) cm-' 

dYOH = [-44 c (% + 4 / 2 1  + (47 f 6) cm-' 
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acteristic of H-bonded complexes were observed13 2. These may be 
assigned to the H-bond complex of phenol to the benzene 9 and to 
the fulvene 10 ring for the arylfulvenes. I t  is logical teiitatively to 

y 3  x 

HOPh 

(9) 

assign the two bands for the azulenes to phenol €€-bonding to the 
seven 11 and to the five 12 membered ring. Alkyl groups increase 

(11) (1 2) 

the H-bonding basicity of olefins as measured by KLs,,, or AvOH 
on complexing with 134. 1,3-Butadienes give smaller fre- 
quency shifts but larger association constants than the monolefins. 

The effect of deuteration on the H-bond strength of phenol to 
several structurally dissimilar bases has been investigated by Singh 
and Ra0'35. The enthalpy of formation of the H-bond was always 
greater than that for the deuterium bond. Also dvOH > Avo,. The 
ratio of association constants K H / K D  was dependent on the structure 
of the acceptor molecule and varied from 0.2 for self-dimerization 
to 4.3 for association with tetra-tz-lieptylammonium iodide. 

2. Comparison of phenols 
a. Unhindered phenols. The ability of a phenol to form a strong 

H-bond increases with increasing Bronsted acidity of the phenol. 
The vOH frequency shift, log,, K,,,,,, and AH for H-bond formation 
of a series of phenols with a given acceptor are all linear functions of 
pK,  for the phenols. Acceptors for which one or other of these cor- 
relations have been established include methyl acetateg0, triethyl- 
arninego0, tr i-n-b~tylaminel~~, carbon di~ulphide '~~,  n-heptyl fluor- 
ide12G, several nitro ~ ~ r n p ~ u n d ~ ~ ~ ~ ,  and acetonesi. The typical re- 
lationship between acidity and H-bond strength is exemplified by 
the results of Huyskens and co-workers l 8 7  for tri-n-butylamine 
acceptor (Figure 5 ) .  
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The usual linear correlations of AH with A G and A vOH for H-bond 
formation were not observed when results for several phenols com- 
plexing with acetone were considereda'. However, the enthalpy 
changes were linear functions of the length of the H-bondsa7. 
Lengths ranged from 2-9 A (AH = -5.20 kcal/mole) for 3-bromo- 
phenol to 3.2 A (AH = -1.91 kcal/mole) for 2,6-di-t-butyl-4- 
methylphenol. The curvature of the AH against AG and AvOH 

0 2 4  6 8 10 12 

PK; (Hp25O) 

FIGUX 5. Corrclation bctween acidity of plicnols and AH for the formation of 
H-bonds between the phenols and tri-n-butylamine. AH data froin reference 137. 

graphs probably arises because some o€ the phenols studied had 
bulky ortfio substituents which introduce a scvere steric restriction to 
H-bonding. When meta and para substituted phenols only are con- 
sidered good linear correlations are obtained'26r 139. Thus equations 
(9) and (10) (AH kcal/mole; AvOH cm-l) describe the lines for a 
series of sterically unhindered phenols complexing with n-heptyl 
fluorideIz6 and diphenyl ~ulphoxide'~9 respectively, both in C2C1, 

(9) 

-AH = 0-0134dvoa + 3.378 (diphenyl sulphoxide) (10) 

-AH = 0 - 0 5 3 4 ~ ~ ~  (n-heptyl fluoride) 
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solvent. From the significant difference betwcen the two equations 
Ghersetti and LusalaQ concluded that Ailon can only bc used to 
estimate H-bond strcngths providing a givcn acccptor and a series 
of structurally related donors are being compared. 

For a given phenol bonding to a series structurally related 
acceptors both Avorr and log,, Ka,,, are linear functions of the 
o-constants for the substituents in the However, 
for a given acceptor both d v O N  and log,, K,,,,, are larger for a 
more acidic phenol. The  shifts in OH stretching frequencies for a 
series of $-substituted phenols on H-bonding to dioxan in cyclo- 
bexane increased linearlv with the increment in OH bond moment 
calculatcd to explain the measured dipole moments of the phenols 
in dioxan140. Equation (1 1) is applicable and emphasizes the simple 

(11) 

relatioilship between bond moment and EI-bonding strength. Penta- 
fluorophenol and 2,3,5,6-tetrafluorophenol form 2 : 1 crystalline 
complexes of type 13 (Y = 13 or F) with dioxanl"l. Pentafluoro- 

y = O * O O ~ ~ ~ A I J ~ H  - 1.43 

(13) 

phenol also forms complexes with triphenylphosphine oxide of 1 : 1, 
1 : 2 and 2 :  1 stoicliiometry142. Heats and enthalpies of formation 
of the complexes in CCl, are for (C,H,),PO - - - HOCFG, - 5-5 
kcal/mole and - 1.1 e.u., for (C,H,),PO - - - 2 HOCGF, - 4.8 kcal/ 
mole and -9-5 e.u., and for C,F,OH - - * 2 OP(C,H,), -1-9 kcal/ 
mole and -3.6 e.u. 

The H-bonding of phenols to aniline has been studied by Zeegers- 
Huyskens'O'. The OH stretch frequencies in the H-bonded com- 
plexes showed a steady drift to lower frequencies as the acidity of 
the phenols became greater. Thus = 3350 cm-I for 2,4,6-tri- 
methylphenol (pK, = 10.88) and yOH = 3160 cm-I for 4-nitro- 
phenol (pK, = 7.15) represent the extremes for the series. The 
asymmetric and symmetric stretching frequencies of the aniline 
NH, group showed corresponding shifts to lower frequency. 2,4-Di- 
nitrophenol, 2,6-dinitrophenol, pentachlorophenol, 2,3,5-trichloro- 
phenol, and 2,6-dichloro-4-nitrophenol form complexes with aniline 
in the solid phase which have a broad infrared absorption at 2100- 
2900 cm-l. This arises because proton transfer has occurred and the 



348 C. H. Rochester 

H-bond becomes NHf - - * 0-. The fluorescence spectrum of the 
a-naphthol-triethylamine H-bonded complex is identical with the 
fluorescence spectrum of a-naphthol in alkaline solution. Thus proton 
transfer from a-naphthol to triethylamine occurs when the H-bonded 
complex absorbs radiation. The excited state of the complex is in 
the ion-pair form 143. 

b. Steric egkct,. Bulky ortho substitue;its in phenols hinder the forma- 
tion of H-bonds which involve the OH grouplqJ. The effect o f  ortho 
substituents on the relative frequency shifts ( A  von/voH) for several 
phenols H-bonding to many acceptors of different structural types 
has been investigated by Bellamy and WilliamsG1. Plots (Figure 6) of 

40 60 80 100 120 140 20 

I O ” ~  v/v + constant 

FIGURE 6. Relative frequency shifts for four phenols compared with those for 
phenol itself on H-bonding to 23 acceptor solvents61. The intercepts <in the 
103Av/v axis are staggercd by 20 units for clarity. Reproduced by permission from 

L. J. Bellamy and R. L. Williams, PTOG. Roy. Soc., A254, 119 (1960). 

( A  vOH /Y,,) for 2-i-propyl, 2,6-dimethyl, 2,6-diethyl and 2,6-di-i- 
propyl phenols against ( A  vOH/vOH) for phenol were linear, suggest- 
ing the absence of steric effects. For 2,6-di-t-butylphenol the geo- 
metry of the acceptor molecules has a decisive influence on whether 
H-bonding can occur. There is no associaticn with pyridine, tri- 
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cdiylaminc, dimetliylamine or ether except at high concentrations. 
However, 2,6-di-t-butylphcnol docs H-bond to dioxan. I t  appears 
uncertain whether H-bonding to n-electron systems can occurG1 or 
not130. 

Although the frequency shift data only give a clcar iiidication of 
steric hindrance for 2,6-di-t-butylphenol, the association constants of 
several phenols with ethers show that smaller ortho substituents than 
t-butyl also have an effectl43. This is exemplified by tlie figures in 
Table 7. Onc ortho alkyl group is not sufficient to cause an appreciable 

TABLE 7. Equilibrium constants (l/molc) for the association of some 
substitutcd phcnols with cthers in CCl, at 29" 145. 

Piu?iof substituents 
2-M~thyl 3-4 3.2 2.6 1.7 

2-t-Butyl 3.7 4.1 2.9 2.3 
2-i-Propyl 3.9 3.9 3.0 2.0 

2,6-Dimethyl . 0.67 0.62 0.63 0.22 
2,6-Di-i-propyl 0.5 1 0.48 0.23 0.19 
2,6-Di-t-butyl -0 -0 -0 -0 

steric effect. However 2,6-dialkyl substitution produces a steric in- 
hibition to H-bond formation which is more severe either for larger 
alkyl groups or for a more sterically hindered acceptor site. Associa- 
tion constants for H-bonding of N-methylacetamide or N, N-di- 
methylacetamide with three phenols were in the order 2,G-di-t- 
butylphenol < 2-methyl-6-t-butylphenol < 2-t-butylphenol, which 
is consistent with the expected relative steric requirements of the 
phenols146. The steric hindrance to H-bonding of 2,4,6-tri-t-butyl- 
phenol with acetone147 is paralleled by a corresponding hindrance to 
the H-bonding of phenol with the oxygen atom attached to C, of 
2,6-di-t-butyl-1,4-benzoq~inone~~~. I n  general, steric factors hzve a 
greater influence on H-bonding association than on tlie proton 
acidity of phenols". This difference parallels tlie relative effects of 
bulky 2,6-~ubstituents on the Lewis and Brcansted basicity of 
p yridines l O 4 .  

that the reduction in Kassoc caused by steric 
interference is an entropy rather than an  enthalpy effect does not 
seem to be wholly justifiedg7* 1 2 5 9  IgG. Thus for 2,6-di-t-butylphenol 
H-bonding to acetonitrile (C2C14, 25") K,,,,, = 0.41 l/m-ole, 

The 
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AH = -0.8 kcal/mole and AS = - 4 4  e.u., and H-bonding to 
benzonitrile Ka,,,, = 0.43 l/mole, AH = -0.9 kcal/mole and 
A S  = -4.6 e.u.115. Comparison with the corresponding results for 
phenol (Table 6) shows that both the enthalpy and entropy changes 
are affected. I n  general steric hindrance leads to a weaker ( - A H  
smaller) and longer H-bondg7 than would be expected from elec- 
tronic considerations alone. 

3. Solvent effects 

The frequency shifts observed for H-bonded complexes on chang- 
ing the solvent may be approximately fitted to the Kirkwood-Bauer- 
Magat equation (1 2) 113 provided no specific interactions occur 
between the solvent molecules and the complex149. C is a constant 

& - I  
Y = Yo - c- 

2c: 3- 1 
for a particular complcx, E is the dielectric constant of the solvent 
and yo is the OH stretching frequency for the complex in the vapour 
phase. Thus vOH is a linear function of (e l -  1 ) / ( 2 ~  +- 1) for 
the H-bonded complexes phenol-acetonitrile, phenol-propionitrile, 
phenol-methyl iodide and phenol-dimethyl sulphoxide in various 
solventslOO~ lJ9. The values of C for the complexes of five phenols 
with acetonitrile in acetonitrile-tetrachloroethene mixtures werc a 
linear function of the c-constants5z for the substituents iii the phenol 
rings149. Equation (12) is not consistent with the frequency shifts 
for the phenol-ether complex in ether-chloroform mixturcs109. In  
this context the empirical equation (4) is found to have a wider 
generality than equation (12) log. However, a more rigorous theory 
of solvent eflccts should also take variations of refractive index n of 
the solvent into accoLntls0. Thus the BuckinghamlS0 equation (13) 
often gives an impressive agreement between experimental and cal- 

& - 1  n? - l 
2nZ + 1 Y = 1’ 0 - G m -  c2 

culated frequency shifts (Table 8)  1‘19. Extensions of the Buckingham 
equation have also been testede9$ l49. 

The effect of specific solute-solvent interactions on the behaviour 
of H-bonded complexes in different solvents must also be con- 
sidered22* 110- l S 1 3  152. Thus for the phenol-triphenylphosphine oxide 
complex in CBr,/CCI, mixtures AH, AG and A S  for H-bond forma- 
tion all become less negative as the mole fraction of CBr, in the 
solvent is i n c r e a s ~ d ~ ~ ~ .  This probably arises because a specific inter- 



7. Acidity and Inter- and Ixitra-Molecular H-Bonds 35 1 

action be tween triphenylphosphine oxide and CBr, occurs and is 
much stronger than the corresponding interaction with CCl,. 
Specific solvent effccts are most likely to influence the H-bond in a 
solute complex when the solvent molecules thcmsehes can. act as 
H-bond donors or acceptors". An example has been given in struc- 
ture 6 above. The OH stretch frequencies for the H-bonded com- 
plexes of phenol with di-n-butyl ether or mesitylene in n-hexane, 
carbon tetrachloride or chloroform are all dependent on tempera- 
ture. I t  has been argued15' that these results indicate that specific 
solvent-solute interactions are the predominant cause of solvent 
effects on H-bond equilibria. The 'inductive association' concept of 
solvationlog* is considered unsatisfactory. 

TABLE 8. Comparison of thc experimental OH stretch frequencies 
Sor the phenol-tetrahydrofuran H-bonded complex in CCl, with 

the values calculated from equation (1 3 ) I h 0 .  

Volume yo YOU (experimental) VOH (calculated) 
te trahydrofuran (cm-') (cm-1) 

1 3323 3323.5 
10 3319 33 18.5 
30 3313 33 12.0 
50 3307 330743 
70 3305 3305.3 

100 3304 3303-7 

o-!-Alkylphenols cxist as cis and trans isorners'53. The cis-trans 
ratio a t  equilibrium is increased by solvents which can act as 
acceptors for an H-bond from the OH of the cis isomer154. H-bond- 
ing from the trans isomer is sterically hindered. The solvation by 
water of the conjugate acid of 2,4,6-trimethoxybenzene is increased 
by progressively substituting OH groups for OCH, groups155. In  the 
tri-substituted compounds solvation by H-bonding decreases in the 
order (OH), > (OH), (OCH,) > (OH) (OCH,), > (OCH,),. In 
a similar way, substituting hydroxyl groups in aromatic nuclei 
should increase their solvation through H-bonding and therefore 
their solubility in water. The reverse is often true, particularly for 
heterocyclic nuclei 56. The hydroxypteridines are a good example: 
the solubilities are in general in the order tetrahydroxypteridine 
< triliydroxypteridines < dihydroxypteridines < hydroxypteri- 
dines < pteridine. The increase in H-bonding ability in the solid 
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state clearly outweighs the increased solvatioii of the molecules on 
adding an OH group. 

4. Spectroscopy and H-bonding 
H-bonding alters the p.m.r. clieniical shifts and infrared stretching 

frequencies of the OH group. Shifts in the stretching frequencies 
associated with the acceptor site in molecules to which phenols are 
H-bonding have also been noted089 09*  lo1. H-bonding by 2- or 4-sub- 
stituted phenols produces appreciable shifts in p.m.r. spectra of the 
ring protons of the phenolsl20. The perturbation to the OH group 
caused by the formation of an H-bond is spread over the whole 
phenol molecule. The P-X* traasition in the electronic spectrum of 
phenols is generally shifted to lower frequencies (longer wavelength) 
when a phenol becomes an H-bond 167-160t 16*. The 
stabilization of the appropriate ground ( lA1) and excited ( lB2-) 
states on H-bonding is greater for the latter than for the former and 
therefore a smaller excitation energy is necessary to induce the elec- 
tronic transition in the H-bonded moleculel60. The conclusion15e 
that 4-nitrophenol is a stronger H-bond donor in the excited state 
than in the ground state is analogous to the increase in acidity of 
some phenols in going from the ground to the excited stateslsl. 

Far infrared76* 779 163-168 studies have given values for the vibra- 
tional frequencies of the H-bonds between phenols and various 
electron acceptors. For phenol the H-bond stretching frequency vu 
is 175 cm-l for the solid76. 7 7 *  1e3, 162 cm-l for the and 
130-150 cm-' for solutions in CCI, 1 6 3 9  165. The frequencies for sub- 
stituted phenols are shifted769 l 6 3 ,  167 but there is no direct correla- 
tion between the values of vu and thc corresponding changes in 
Avo= for the OH stretching frequenciesi6* 1 6 7 .  If both the H-bond 
frequency a', and the OH frequency shift AvOH were a reliable 
measure of H-bond strength a smooth relationship between the two 
would be expected. For the phenol-triethylamine, phenol-tri- 
methylamine and phenol-pyridine complexes the v, frequencies arc 
123 cm-l, 143 cm-l and 134 cm-l respectively165. The values are 
120 cm-l, 141 cm-l and 130 cm-' for the corresponding C,H,OD 
complexes. The Y, frequency for a particular complex varies with 
solvent composition. Thus, for thc: phenol-pyridine complex in 
pyridine-carbon tetrachloride mixtures vu (cm-l) varies linearly 
with the mole fraction X,, of pyridine according to equation (14) lE6. 

(14) X,, = 0 . 1 2 6 ~ ~  - 16.455 



7. Acidity and Inter- and Intra-Molecular H-Bonds 353 

111. INTRAMOLlECULAR H-BONDING* 

A. Alcohols 

The easiest test for intramolecular H-bonding is to measure the 
variation of infrared or Raman spectra at low concentrations or 
pressureslGS. The spectral characteristics of intermolecular H-bond- 
ing disappear at low concentrations when H-bonding intermolecular 
association becomes absent. Intramolecular H-bonding does not 
disappear. A general comparison of the properties of intra- and inter- 
molecular H-bonds has been given by Pimentel and McClellan16B. 

Intramolecular H-bonding in dihydroxy compounds was studied 
by Kuhn170. I n  general, only those compounds for which the calcu- 
lated length of the H-bond was less than 3.3 A formed intramole- 
cular H-bonds. Thus, cyclohexane-l,4-diol does not H-bond intra- 
molecularly. However, cyclohexane- 1,3-diol forms an H-bond in its 
cis form but not in its tram form. The strongest intramolecular bond 
(measured as that giving the largest shift Avo=)  was for 1,2-dimethyl- 
olcyclohexane in which thz H-bond leads to the formation of a 
seven-membered ring. I n  the series HO(CH,),OH the Avo, difFer- 
ences between the frequencies for the free and the intramolecularly 
H-bonded OH groups were (CCI, solvent) 32 cm-l for n = 2, 
78 cm-l for tz = 3, and 156 cm-' for it = 4. The H-bond is appar- 
ently stronger when the geometry of the molecule allows a close 
approach of the two OH groups. For n = 6 however no intra- 
molecular H-bond is formed. Such bonding is favoured when it 
leads to the formation of five-, six- or seven-membered ring 
structures 74. 

Although cyclohexane- 1,4-diol does not form an intramolecular 
H-bond 70 its cis, cis, cis-2,5-dialkyl derivatives (14) in CCl, (25 ") 
can exist in intramolecularly H-bonded twist conformations 
(15)l7,9 172. The population of ;he 
upon the size of the alkyl groups 

R l  

twist form at equilibria depends 
R, and R,. I t  is about 5% for 

O/H H 

* Intramolecular H-bonding leads to cyclic structures. The number of atoms 
in an H-bonded ring is counted in this section to include the hydrogen atom 
involved in the H-bond. 
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R, = R, = CH,, >98% for R, = R, = t-alkyl, 14% for R, = CH,, 
R, = CH(CH,), or R1 = CH,, R, = C(CH,),, and ahout 80% 
or R, =1: R, = sec-alkyl. Incrcasiiig thc size of R, or R, increases 
the proportion of the H-bonded twist structure. Structure 16 which 
resembles the shape of trans decalin has been suggested for th,e 
H-bonded form of heptane-1,4,7-triol- 1-methyl ether",. The H- 
bonded structures of the isomeric triols 1 , 1 , 1-trimethylolcthane and 
pentane-lY3,5-triol are probably 17 and 18 respectively. 

/ C l C - . 0 - C H 3  H \o... \o"' kO H 
. _. 

C-C-0.. / c-c- - 

Intramolecular H-bonding from OH to the ether linkage in the 
series MeO(CH,),OH is favoured when a five-, six- or seven- 
membered ring re~ults''~. For n = 2,3 and 4 the yon frequency 
shifts in going from the nonbonded to the H-bonded conformations 
were 30, 86 and 180 cm-1 respectively175. The corresponding heats 
of H-bond formation (CCl, solvent) were 2200, 2100 and 2700 
cal/mole respectively, The Badger-Bauer relationship14- l5 is not 
applicable for these intramolecular H-bonds. 

Intramolecular H-bonding occurs in both the cis and trans-2- 
alkoxy-3-hydroxytetrahydrofurans17s. For the latter, because the 
alkoxy and hydroxy groups are trans, H-honding between OH and 
the heterocyclic oxygen must occur. A possible structure for the 
H-bonded form of the trans isomcr is 19 in which R = CH,, 

(1 9) (20) (21 1 

CH3CH2, CH(CH,) ,, or C(CH,),. The infrared frequency differ- 
ence between yon for non H-bonded and H-bonded forms is about 
24 cm-1 for all four alkyl substituents. Proton magnetic resonance 
hydroxy proton chemical shifts and rates of change of chemical shift 
with concentration at infinite dilution sometimes enable intra- and 
inter-molecular H-bonding to be distinguished. Thus for fifteen 
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isomcric cpoxyalcohols with the l~icyclo[2,2,1] heptanc skcletoii the 
chemical shifts (relative to tetramethylsilane) werc characteristically 
largc and tlic limiting slopes of tlic chemical shift against concentra- 
tion plots were small in cases where intramolecular H-bonding 
occurred177. Compounds 20 and 21 serve as examples. For 20 in 
which H-bonding to an epoxide linkage occurs, the limiting chemical 
shift (CCl, solvent) was 192.0 cps and the limiting slope 85 cps/mole 
fraction. The corresponding figures for 21 which can only H-bond 
intermolecularly were 44.0 cps and 3580 cps/mole fraction. The 
large concentration dependence of the chemical shift for inter- 
molecular H-bonding compared to that for intramolecular H-bond- 
ing is a general result169. Infrared evidence has been recorded for 
the intramolecular H-bonding by OH groups to the oxirane rings 
of some epoxyalcohols17~. Thus for glycidol (in CCl,) three vOH 
absorptions exist at 3638, 361 1.8 and 3590 cm-I. The first is due to 
free OH and the last to OH H-bonded to the epoxide oxygen atom. 
The middle band has been ascribed to H-bonding of OH to the 
electrons of the CO bond of the oxirane ring. This interaction is 
favoured when the OH is orientated in the plane of the ring. 

The strength of the intramolecular H-bond between the alcoholic 
OH and the ethylenic double bond n-electrons in etliylenic alcohols 
depends upon the relative positions of the OH group and the double 
bond in the molecules1 799 Hydroxy stretching frequency shifts 
on H-bonding are 1-2 cm-l for a,/3 ethylenic alcohols, 25-45 cm-l 
for a P,y double bcnd, and 60 cm-I for a y,6 bond. The correspond- 
ing enthalpies of H-bond formation AH are -0.8 kcal/mole (c(,/3), 

-1.0 kcaI/mole @,y) and -2.3 kcal/mole (y ,6) .  The heat of 
formation of an intramolecular H-bond between an alcohol group 
and a triple bond in /3,y acetylenic alcohols is about -1.1 kcal/ 
mole181. Frequency shifts Avo,  on H-bonding for the intramolecular 
interactions between the hydroxyl groups and the n-electrons of 
unsaturated bonds in the methyl esters of unsaturated monohydroxy 
acids may be divided into three groups depending upon the geometry 
of the molecules182. I t  has been concluded that studies of the 
strength of H-bonds in  novel compounds might prove a useful aid 
in the determination of molecular structure182. A further example 
involving OH +z H-bonding is analogous to the difference (dis- 
cussed above) in H-bonding properties of structures 20 and 21. 
Thus for 22 and 23 the limiting chemical shifts were 60-5 ppm and 
12 1.0 ppm and the limiting chemical shift against concentration 
slopes were 2380 and 320 ppm/mole fraction r c s p e c t i ~ c l y ~ ~ ~ .  Clcarly 
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H OH H OH 

(22) (23) 

the geometry of 23 is such that OH +n intramolecular bonding can 
occur whereas in 22 it becomes impossible. 

In many compounds competition between different types of 
intramolecular H-bonding can cccur. Thus for the phenyl-ct,o- 
alkanediols PhCHOH (CH,),OH the H-bonding of the hydroxyl 
groups with each other and with the phenyl n-electron system has 
been studiedlS3. The primary hydroxyl group H-bonds to both the 
secondary OH and the phenyl ring if n = 1. However for n = 2 or 3 
only bonding to the secondary OH groups occurs. The primary OH 
is not intramolecularly H-bonded when n = 4. The secondary OH 
H-bonds to the primary OH and the phenyl ring when 1 ,< n < 3 
but only to the n-system when n > 3. For example, for l-phenyl- 
propane-1,3-diol (n = 2) there are four infrared OH stretching 
absorptions which have been assigned in accord with structures 24 

and 25. Competition between different intramolecular H-bonding 
possibilities is further exemplified by a study of substituted benzyl 
alcohols with structure 26 in which Y = H or O H  and X is C-C, 
CH-CH ( c k  or trans) or CH,CH, Four H-bonded structures 
(27-30) are possible. The infrared ifOH frequencies were around 
3640 cm-l for 26,3618 cm-l for 27,3585 cm-l for 28 and 3535 cm-l 

H 
/ 
0 
\ / / \  / 

Y 0 Y 0 Y 

H, CH? CHZ HZC H CHZ 
/ && &a 6x6 

(26) (27) (28) 
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Y 
/ 

? - H - - - ~  

(29) (30) 

for 29. Conformer 30 was oiily observed for two of thc alcohols for 
which volI (30) were 3507 and 3575 cm-1. From the relative in- 
tensities of the absorptions the proportions of each conformer at 
equilibrium in CCl, were evaluated. The results aie given in 
Table 9. For the dihydroxy compounds (Y = OH) the sum of the 
conformations for both OH groups contributes to the infrared 
intensities. 

TABLE go. Approximate percentages of each conformer of the substituted benzyl 
alcohols (26) present in CCI, at about 30°C lE4. 

Substituents Conformers 
7 1 

X Y 26 27 28 29 30 

E C  
crc 
CH=CH (cis) 
CH=CH (cis) 
CH=CH (IYuatlr) 
CH-CH (tram) 
CHZ-CHZ 
CH,-CH, 

H 35 40 25 
OH 2.5 40 15 20 
H 25 50 15 10 
OH 25 50 15 10 Notobsd. 
H 20 55 15 10 
OH 20 55 15 10 Notobsd. 
H 10 75 15 
OH 20 60 10 10 

Reproduced by permission from I .  D. Campbell, G .  Eglington and R. A. Raphael, 
J .  Chm. SOC. (B), 338 (1968). 

Intramolecular H-bonding in hydroxyketones and hydroxyesters 
leads to a reduction in thc carbonyl stretching frequency. The p.m.r. 
chemical shifts of the OH protons for a series of such compounds 
were a linear function of the carbonyl stretching frequencies in the 
H-bonded molecules1s5. The stronger the H-bond the lower is vcz0. 
Intramolecular H-bonding of OH to a carbonyl group also produces 
the usual shift to lower frequencies of the OH stretching vibration. 
For a series of ketoalcohols the shift Avo,  may be correlated with 
the relative geometrical orientation of the hydroxyl group and the 
lone pair electrons on the oxygen atom of the carbonyl group186. 
Th.e frequency shift is biggest for shorter H-bonds alid for bonds in 
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which the maximum overlap occurs between the orbitals of the 
hydroxyl hydrogen atom and the lone pair molecular orbitals of 
the carbonyl oxygen atoms. Therc is evidence that the latter are 
predominantly 2p in character. I n  some cases where this interaction 
is unlikely from steric considerations there is still a small Avo= shift 
(8-34 cm -I) indicative of a weak intramolecular H-bond. This has 
been attributed to an interaction between the hydroxyl groups and 
the n-electrons of the carbonyl group. An example is 5oc-cholesian- 
5a-ol-4-one (31) for which Avo= = 11 cm-l. For 5a-hydroxyer- 
gos:a-7,22-dien-3-one (32) competition occurs between H-bonding 
to a carbonyl group and an ethylenic double bond. The relevant 
frequency shifts are 10 and 24 cm-1 respectively. 

(31 1 (32) 

H-bonding intramolecular interactions between the alcoholic 
group and the ic-electrons of the cyano group occur in  a-cyano- 
alkanols94p Thus, for example, the OH stretch absorption for 
cyclohexanone cyanohydrin is symmetric ( Y,,,, 3591 cm-l) indi- 
cating that the molecule esists predominantly in onc of the inter- 
acting conformations 33 or 34 and not as the non-interacting forms 

H 
0’ ; 

(33) 

(35) 
c 
Ill 
N 

(36) 

35 or 36. For the cyanoalkanols NC(CH,),,OH an H-bond inter- 
action with the CN n-electrons occurs only if n = 1 or 2. 
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The frequency shifts d vOk[ for intramolecular H-bonding in the 
2-lialoethanols were 12 cm-1 for F, 32 cm-l for C1, 38 cm-l for Br 
and 46 cm-l for I lea. However, the strengths ( - A H )  of the H-bonds 
are in the order F > C1 -N Br > I l a D .  The Badger-Bauer relation- 

is therefore not applicable. I n  general the H-bond strength 
increases with increasing electronegativity of the halogen atom. 
The frequency shifts dvOH cannot be used to compare H-bond 
strengths whcn the interactions involve different acceptor atoms or 
groups. None of the 3-halopropanols can form an intramolecular 
H-bondlDO. The enthalpy of H-bond formation is too small compared 
with the entropy loss on forming a cyclic H-bonded structure when a 
ring of six or more atoms would result. 

Aminoalkanols can form either NH - - - 0 or OH - - N intra- 
molecular H-bonds. For examp!e, the enthalpies of interconversion 
of the three predominant conformers of N-rncthylethanolamine are 
as follows1D1 (C,Cl, solvent). 

.... / 
‘ H  

NHCH3 -0.7 kcd/mole CH’2cfZ H . 0” N’ 
I --A 

\ .:.- ‘CH, 
,CHZCH, 

H’ 
HO 

(37) (38) (391 

The OH - - N interaction provides the most stable conformer. For 
the dicthylaminoalkanols (C,H,) ,N(CH,) ,,OH the A vOII values are 
much larger than those for the corresponding halo, cyano or 
alkoxyalkanols18s~ lD3. Furthermore, cyclic H-bonded conformers 
could be detected for n < 5 although the equilibrium constants for 
formation of the conformers from the non H-bonded forms decreased 
in the sequence 14, 4.7, 3.5, 0.11 for n = 2, 3, 4 and 5. For n = 6 
intramolecular H-bonding could not be detected. 

Evidcnce for intramolecular H-bonding between hydroxyl groups 
and nitro groups in 2-nitroalcohols includes the detection of vOH 
absorption bands for the alcohols which are at 10-28 cm-l lower 
rrequencies than the bands for the non H-bonded alcohols113. 
Spectra of two 2-alkyl-2-nitropropane-1,3-diols showed three absorp- 
tions: a free OH band at  3632 cm-’, an OH * * - 0,N bonded band 
at 3604 cm-’ and an OH - . - O H  absorption at 3550 cm-l. The 
nitro group is a weaker acceptor than the second hydroxyl group but 
is suitably orientated for an interaction to occur. 

A concentration-independent sideband at lower frequencies than 
hc main absorption appears on the hydroxyl stretch band contour 
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for aliphatic alcohols in carbon t e t r a ~ h l o r i d e ~ ~ ~ .  This has been 
attributed to an interaction between the CH group in the */ position 
and the lone pair electrons on the oxygen atom of the hydroxyl 
group. Interaction enthalpies of -0.44 kcal/mole for n-beptanol 
and - 1-06 kcal/mole for 4-heptanol have bcen deduced. 

0. Phenols 

2-Substituted phenols exist as cis 40 or trans 41 isomersz1* 5 3 p  61* 1 5 4 B  

155. The hydroxyl group is in the plane of the benzene ring even for 
2,6-di-t-butyl phenols51 8 61. For bulky 2-substituents the trans isomer 
becomes preferred to the cis isomer with increasing size of the 
group”* 1 5 4 s  l 5 5 .  However, if the group is capable of acting as an H- 

(40) (41 1 (42) 

bond acceptor intramolecular H-bonding 42 occurs and leads to an 
increase in the thermodynamic stability of the cis isomer535 e78 6 9 3  lS4. 

The experimental differcnces (Table 10) in vOH frequencies for 40 
and 42 are characteristic of an H-bonding interaction in the latter. 
The  corresponding shifts of‘ the hydroxyl proton magnetic resonance 
signal do, are approximately a linear function of dvol1 679  lQ4. This 
is an analogous result to the one, exemplified by equation (3), for 
intermolecular H-bonds. Typical valucs of ASoH and d ~ * ~ ~  for the 
intramolccular H-bonding of phenols are given in Table 10. The 
1,2-did catechol shows two vOH absorptions of about equal intensity, 
one at  3618 cm-I- due to 2n OH group acting as an H-bond acceptor 
and one a t  3570 cm-l due to the other OH group which is the 
H-bond donor173. The 1,2,3-triol pyrogallol exists as a conformer in 
which two of thc OH groups act as H-bond donors. 

The out of planc deformation vibration yon of the O H  group in 
intramolecularly H-bonded 2-substituted phenols occurs in the 
300-860 cm-l frequency region202. A curved plot of yon against 
vOH has been obtained for about 50 phenols with yon increasing as 
vOH decreases. Comparing H-bonds of quite different strengths, the 
strongest bonds give rise to the highest yOH Frequencies. The far 
infrared vo H-bond stretching frequency for 2-chlorophenol is at 
84 cm-l which is about 40 cm-’ lower than v,, for the cresols, 
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TABLE 10. Typical changes in the position of the OH p.m.r. sig- 
nal ASon and infrared shifts Avo, caused by intramolecular H-bond- 

ing of phenols in carbon tetrachloridce7* 194* l e s s  ?03. 

36 1 

Phenol 

Salicylaldehyde 
2-Nitrophenol 
Methyl salicylate 
2-Iodophenol 
2-Methosypheno 
2-Chlorophenol 
2-Bromophenol 
2-Allylphenol 
2-Fluorophenol 
2-Cresol 

CHO 
NO, 
COOCH, 
I 
OCH, 
c1 
Br 
CH,CH=CH, 
F 
CH, 

6.7 1 
6.34 
6.32 
1.33 
1.18 
1.17 
1.15 
1 *07 
0.80 
0.32 

47 1 
364 
395 
105 
60 
61 
92 
66 
18 

-8 

a hleasurcd with rcspect to a cyclohexane internal standard and cor- 
rected for ring currents. 

3-chl~ro=henoI, and 4-chlorophenol which cannot form intra- 
molecular H-bondslG7. 

For 2-halophenols the trans-cis ratios and the infrared frequency 
shifts Avo= (Table 10) both increase in the order F < C1 < Br 
< I 6 7 ,  194-lg7. However, measurements of the enthalpies of forma- 
tion of the H-bonds (Table 11) have shown that this is not the same 

TABLE 1 I. Strengths of the intramolecular H-bond of 2-halophenols as a function 
of solvent. 

- 
- A H  - A H  - A H  

in vapour in CS2 in CCI,CCl, 
Phenol (kcal/mole) lg6 (kcal/mole) (kcal/mole) lo: 

2-Chlorophenol 3.41 2.36 
2-Bromophenol 3.13 2.14 
2-Iodophenol 2.75 1 -65 
2-Chlorophcnol-d 2-81 
2-Bromophenol-d 2.65 
2-Todophenol-d 2-65 

1 a28 
1-86 
0.99 

as the order of H-bond strengths679 l g 7 9  lg8. I n  the vapour and in 
CC1, solution the order of strength is I < Br < C1 whereas in 
ethylene tetrachloride solvent the OH - - - Br H-bond becomes the 
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strongest. From a study of the infrared spectra of unsymmctrical 
2,6-dilialophcnols in CCl,, it has becn deduced that the OH - - F 
intramoiecular H-bond is intermediate in strength between the 
bonds to Br and to I 190. The Badger-Bauer relationship1% 1 5  is 
dearly not obeyed for these H-bonds. The infrared frequency shifts 
are anomalous because of an orbital-orbital repulsion between the 
donated lonc pair orbital of the halogens and the 0-I-I bonding 
orbital*gg. The greatly varying size of the halogen atoms also has an 
effectlg7 t lg9. Anomalies in the correlation between p.m.r. chemical 
shift and H-bond strength have been attributed to the varying dia- 
magnetic anisotropies of the ortho C-X group for the four halogens6'. 
Comparison of the enthalpies in Table 11 for phenol vapours and in 
CCI,CCl, or CS,  solutions emphasizes the effect of solvent on the 
strength of intramolecular H-bonds. The reduction in M-bond 
strength is due to the stabilization of the trans isomers 41 of the 
phenols through intermolecular interaction with the solvent68* 
In the vapour phase the OD - - - X intramolecular bonds are weaker 
than the corresponding OH - - - X interactions (TabIe 11) lg8. How- 
ever, in general a D-bond can be weaker or stronger than the 
corresponding H-bond depending on the shape of the potential 
function and the geometry of the particular interaction being con- 
sidered. A quantum mechanical tunnel effect may also be signifi- 
cant201. 

The vOH frequency shifts and enthalpies of intramolecular H-bond 
formation for some interactions between OH groups and n-electrons 
are given in Table 12. The frequency shifts are the same order of 

TABLE 12. Frequency shifts and enthalpies of intramolecular H-bonding of 
phenol OH group to z-electrons (CCI, solvent)203. 204. 

Phenol Avo,, wn A v o ,  - A H  
(cm-l) (cm-l) (kcal /mole) 

6-Methyl-2-(,8-methylallyl)phenol 
2-( P-1\IIethylallyl)phenol 
2-Isopropenylphenol 
2-Isobutcnylpheiiol 37.0 
2-Allylplie~iol 

2- (trans-Propenyl) phenol 
2-Benzylphenol 
2-Phenylphenol 

2-(ci~-Propenyl)phenol 24.2 

99.2 0.98 
91.8 1.04 
82.0 0.76 
70.5 
65.6 0.46 
63.6 
59.7 -0.60 
50.8 0.33 
42.0 1 -45 

0 For explanation see test. 
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magnitude as those for the 2-halophenols (Table 10) although the 
enthalpies (Table 11) show that the OH - - - z interactions are some- 
what weaker. That  an interaction occurs for 2-phenylphenol implies 
that the two benzene rings are not cop1anar1Q~~ zo2.  For 2-isobutenyl- 
phenol and 2- (cis-propeny1)phenol thrce distinct OH stretching 
absorptions have been 0bserved~O3. Because of steric requirements 
in these compounds the coplanarity of the 2-substituents and the 
benzene ring is not possible. However, because a minimum reson- 
ance interaction occurs when the substituents are a t  90" to the 
plane of the ring this orientation is also not energetically favoured. 
I t  follows that there are two stable conformers, one in which the 
angle of twist 8 of the C=C bond is somewhere between 0" and 90" 
out of the plane of the benzene ring, and the other for which 
90" < 8 < 180". The actual value of 0 depends on the balance be- 
tween the steric repulsions which increase as 0 -+Oo or 8 +180" and 
the stabilizing resonance interaction which decreases as 0 -+goo. 
H-bonding interaction between OH acd the z-electrons can occur 
in both conformers and gives rise to the two vOH frequencies (Table 
12) due to 13-bonded OH. For 2- (trans-prcjpenyl) phenol the pro- 
penyl group can exist coplanar with the phenyl ring but orientated 
away from the OH group. A very weak OH - * - z interaction occui-s, 
making the enthalpy of the H-bond appear to be smaller than the 
resonance energy involved. 

Large shifts of the OH p.m.r. signal and infrared stretch frequency 
occur when an  OH group intramolecularly H-bonds to the lone pair 
clectrons OR a carbonyl oxygen atomo'e 185p l 9 4 ~  l959 ZOn9 ?05. The 
vOII absorption is moved about 350-500 cm-l (Table 10) and be- 
comes very broad because of the contributions of several resonance 
forms exemplified by 43, 44 and 45 9 %  ?02.  A six-membered H- 

(43) (44) (45) 

bonded ring is formed. The spectroscopic results suggest a strong 
H-bond and this is confirmed by the enthalpies of H-bond formation 
which were ( - A H  kcal/mole) 5.7, 6-9, 9.0 and 8.4 for the methyl 
esters of 3-hydroxy-2-naphthoic acid, salicylic acid, 2-hydroxy- 1- 
naphthoic acid and 1-hydroxy-2-naphthoic acid respectively, and 
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6.8 for 2-hydroxy- I-naphthaldehyde”. The shifts in the carbonyl 
stretching frequency for these H-bonded phenols correlate both with 
the p.m.r. chemical shiftsls5 and with the strengths ( - A H )  of the 
H-bonds”. The strengths of the H-bonds are increased by substi- 
tuents in the 3-position which force the carbonyl group nearer tc the 
hydroxyl group thus increasing the interactionzoG. A different steric 
effect is observed for 2-hydroxy-4,6-di-t-butylbenzophenone (46) 
which shows two voII bands a t  3609 cm-l and 3588 cm-l The 
latter is attributed to a weak interaction 47 between OH and the 

(46) (47) 

n-electrons of the carbonyl bond which is twisted out of the plane of 
the phenol ring. The twisting occurs because of the steric repulsion 
between a t-butyl group and the second benzene ring. A similar 
OH - - z (C=O) interaction has been proposed for aliphatic 
sys 

The electronic spectra of 2-hydroxyacetoplienone and of 2- 
hydroxybenzaldehyde are nearly identical in ether and in cyclo- 
hexanelS7. The intermolecular H-bond in these compounds is 
sufficiently strong to prevent intermolecular H-bonding to solvent 
ether. However, the tautomzric equilibria of some dihydroxydi- 
phenoquinones is influenced by solvent. Thus 3,3’-dihydroxy-4,4,’- 
diphenoquinone (48) (49) exists predominantly as its diphenoquin- 
one form (48) in dioxan and as its 2-benzoquinone form (49) in 

H 

(48) (49) 

metlianolzo7. In  the H-bond donor solvent intermolecular inter- 
actions become more significant than intramo!ecular H-bonding. 

The high first ionization constant of salicylic and related acids 
may be attributed to the strong intramolecular H-bond between the 
ortho phenol and carboxylate groups in the acid anions208-212. The 
second ionization constant of substituted salicylic acids is unusually 
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srna1!?l3. A kinetic study214 has shown that the rate of abstraction of 
the salicylate OH protori by hydroxide ions is slow since the intra- 
molecular H-bond must be broken if the reaction is to take place. 

A strong intramolecular H-bond 50 from OH to a nitro group 
exists in 2-nitrophenols"'G. The canonical formulation 51 requires 

that the nitro group should be coplanar with the benzene ring; a 
requirement for the formation of a strong bond1I3. Small 3- or 6- 
substituents strengthen the H-bond interaction probably because 
the nitro or hydroxyl groups are pushed slightly closer together202. 
Thus 3- and 6-methyl-2-nitrophenol have stronger H-bond inter- 
action than 2-nitrophen01~'~. For 3,6-dimethyl-2-nitrophenol the 
effect is further magnified. However, more bulky 3-substituents 
[e.g., C1, C(CH),, CFJ twist the nitro group out of the plane of 
the aromatic ring and weaken the H-bond2'59 2173 218. Similar 
effects have been observed for the nitro coumarins2l5. Changes in 
solvent can also alter the extent and strength of intramolecular 
H-bonds. Thus 3-trifluoromethyl-2-nitrophenol has a weak intra- 
molecular H-bond interaction in cyclohexane solvent but no such 
interaction in ether, methanol or waterZ18. Intermolecular solute- 
solvent H-bonding becomes predominant in these three solvents. 
For 3-hydroxy-2-nitrophenol which has two intramolecular inter- 
actions even ethanol solvent fails to disrupt both H-bonds completely. 
The ability of a polar solvent to disrupt an intramolecular H-bond 
depends not only on the overall strength of the H-bond but also on 
the individual acidity of the donor and the basicity of the acceptor 
in  the H-bond interaction2l9. Thus, comparing the effect of an 
H-bond accepting solvent (dioxan, acetone) on two intramolecular 
H-bonds of equal strength the H-bond which owes its strength to 
the high acidity of the H-bond donor rather than to the basicity of 
the acceptor will be ruptured more easily. 

Intramolecular H-bonding in Schiff bases has been investigated 
by p.m.r.22n-223, infraredz24 and e l e ~ t r o n i c ~ ~ ~ *  2 2 G  spectroscopy. 
Schiff bases undergo a keto (52)-eno! (53) equilibrium the position 



366 C .  H. Rochester 

of which is influenced by solvent220-222. Specific H-bonding inter- 
actions of the solvent are more important than variations in dielectric 
constant. Thus in chloroform (dielectric constant E = 4-81 p )  thcre 
is a greater proportion of 52 (R = C,H5) at equilibrium than there 
is in acetonitrile ( E  = 37.5,~). This is unexpected but explicable in 
terms of a specific solute-solvent interaction between CHCl, and the 
carbonyl group of the keto form 52 222. Other specific solute-solvent 
interactions for H-bond donor and acceptor solvents have been dis- 
cussed by Charette and co-workers22S. Intcrmolecular H-bonding 
(dimerization) of Schiff bases also occurs in solution to a small 
extent2Z5. .4t equilibrium there is therefore competition between 
intramolecuhr, solute-solute intermolecular, and solute-solvent 
intermolecular H-l.>ondiiig. H-bonding in aromatic azo compounds 

R R R 
I I I 

(52) (53) (54) 

54 is analogous to that in Schiff bases. The intramolecular H-bond 
in substituted a-benzeneazo-B-naphthol compounds is stronger than 
that in the corresponding 2-benzeneazophenol cornpound~2~~.  Intra- 
molecular H-bonding from OH to the n-electrons of a -CH=N- 
double bond occurs in benzylidine-2-aminophenol (55) and salicyli- 
dene-2-aminophenol (56) 228. The infrared vOII stretching frequency 
for the latter may be compared with those for salycilidene-2- 

358C cm-’ 

4 3540 cm-’ 

H0; k 0 o  C,rJ/CHZ H-oD a:,; 
- 2650 cm-’ -2780 cm-’  

a l $ H  -8 
3443 cni - 

(56) (57) 
(55) 

hydroxybenzylamine (57). The presence of an OH - - * n (CH=N) 
interaction in 56 results in the OH - - - N (lone pair) interaction 
being wcaker in 56 than in 57. In general for intramolecular II-bond 
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interactions OH - - - N bonds are stronger than OH - * * 0 
bonds228, 220. 

IV. H-BONDING AND KINETICS 

The influence of solvent on the kinetics of reactions in solution 
embraces many differcnt effects. Specific H-bonding solute-solvent 
interactions play an important role in determining the reaction rates. 
Thus there are significant differences bctween the variations with 
increasing acid concentration of the rates of aromatic hydrogen 
exchange for 1,3,5-trihydroxybenzene and 1,3,5-ti-imethoxybenzene. 
For the HCl catalysed reactions plots of log,, kexp against tlie Ham- 
mett acidity f ~ i n c t i o n ~ ~ ~ - ~ ~ ~  had slopes of 0-80 for 1,3,5trihydroxy- 
benzene, and 1-14 for 1,3,5-trimetho~ybenzene~~~. These results are 
in part due to specific H-bonding interactions betwecn solvent water 
and the phenolic OH groups in the reactant 1,3,5-trihydroxybenzene 
and l-metho~y-3,5-dihydroxybeiizene~~~. The correlation between 
acidity function dependencies and the solvatioii of reacting mole- 
cules and of tramition states has been discussed for both acid- 
c a t a l y ~ c d ~ ~ ~ r  3 3 5  and base-catalysed z:16. 

The second-order rate constants for the alcoholysis of acetic 
anhydride in  carbon tetrachloride or cyclohexane decrease as the 
concentration of the alcohol is increasedz3 '. Similar decreases occur 
if typical H-bond acceptors such as dioxan or acetone are added. 
Hydrogen bonding of the reacting alcohols either with themselves 
or with other molecules results in the need to break the H-bonds 
before the trapsition state in the reaction can be formed. The 
activation energy for the reaction is increased by an amount corres- 
ponding to the energy required to break the H-bonds. The relative 
rates of ethanolysis in  benzene and cycloliexane are 0.264 : 1 which 
is consistent with an  estimate that a fraction 0.24 of ethanol in 
benzene is monomeric whereas the other 76% is H-bonded in an 
ROH - - - n(C,H,) in t~ rac t ion~~ ' .  

The activation parameters for the inversion of the methyl ether of 
l-liydroxy-5,7-dihydrodibenz[c,e]oxepin are insensitive to change 
of solvent from CDCl, to dimethyl sulphoxide2". 

The inversion may be represented, looking end on along the two 
benzene rings, as shown at  the top of the next page. 

For the parent piicnol the activation energy is about 1 kcal/mole 
less in (CH,),SO than in CDCl,. In the latter solvent tlie phenol is 
stabilized with respect to the transition state by an iiitramolecular 
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OH - * * 7c interaction 58 which leads to a non-planar configuration 
for the molecule. I n  dimethyi sulphoxide a strong intermolecular 
H-bond is formed which stabilizes, through canonical structures 
such as 59, the planar configuration which is required for the 

activated coniplex in the inversion. The OH - * - n intramolecular 
H-bond does not exist in (CH,),SO. The stabilization of the transi- 
tion state i;i ( G 3 , j  ,SO through intermolccular H-bonding and the 
ground state in CDCl, through intramolecular H-bonding may both 
contribute to the observed difference between the activation energies 
in the two solvents. 

The influence of solute-solvent interactions on the rates of acid- 
base reactions of some phenols and their anions in methanol has 
been The rate constants 2nd deuterium isotope effects 
for the ionization of some phenolic azobenzene derivatives are influ- 
enced by the intramolecular OH - - - NH-bonds in the reacting 
rn0lecules~2~. The removal of the second phenolic proton from the 
salicylate anion is retarded by intramolecular H-bonding with the 
neighbouring carboxylate The relative rates of removal of 
tritium from OH-labelled 2- and 4-nitrophenol by methyl radicals 
show that for this reaction tritium participating in an intramolecular 
H-bond is more reactive than tritium in an intermolecular 
H - b ~ n d : ~ ~ .  The rates of intermolecular proton transfer reactions are 
in accord with the order of H-bond strengthsza1. For example, in 
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the absence of charge or steric effects, proton translrers from OH to 
0 are faster than those from OH to N. 

V. T H E  ACIDITY O F  HYDROXYL GROUPS 

A. Alcobols 
The most reliable measurements of the acidity of alcohols in water 

were made by Long and Ballinger"2-"44 using a conductivity 
mcthod (Table 13). Data for several ca rb in01s~~~  and fluorinated 
a l ~ o h o l s ~ ~ 6 ~  2 4 7 ~  258 are also available. The high acidity of perfluoro- 
pinacol has been attributed to OH - - - 0- intramolecular H-bond- 
ing in the anion formed when an OH proton is removed from the 

TABLE 13. Thc acidity of some alcohols in watcr at 25"C0. 

Alcohol PK* Reference 
~ ~~~~ 

Water 
Methanol 
Ethanol 
2,2,2-Trichlorocthano 
2,2,2-Trifluorocthanol 
2,2,3,3-Tetraff uoropropan- 1-01 
2,2-Dichloroethanol 
Ally1 alcohol 
Prop-2-yn- 1-01 
2-Methoxyethanol 
2-Chloroethanol 
1,1 , 1 -Trifliioro-3-aminopropan-2-01 
1 , 1 , I  -Trifluo~o-3-diethylaminopropan-2-o! 
Ethylene glycol 
Glycerol 
Pentaerythritol 

2,2,3,3-Tetrafluoro- lY4-butanediol 

2,2,3,3,4,4,5,5-0ctafluoro- lY6-hexancdiol 

Perfluoro-t-bu tanol 
Peihoropinacol 
Hexafluoro-2-propanol 
l-Phenyl-2,2,2-trifluoromethylctl~anol 
1 -(4-Methoxypheny1)-2,2,2-trifluoroethanol 
1 -(4-Methylphenyl)-2,2,2-trifluorocthanol 
1 - (3-Bromopheny1)- 2,2,2- tri fluoroe than01 
1 - (3-Nitrophenyl)-2,2,2-trifluoroethanol 

~ ~~ 

15-74 245 
15.5 243 
15.9 243 
12-24 243 

12.74 243 
12.89 243 
15.5 243 
: 3.55 243 
14-8 243 
14.31 252 
12-29 247 
12-56 247 
1 5*4b 243 
1 4 0 4 ~  243 
14*lb 243 

246 {::::: 246 
246 {;;:A: 246 

9.52 258 
595b 258 
3-30 253 

11.90 259 
12.24 259 
12.04 259 
11.50 259 
11.23 259 

12.3; 12.37; 12.42 246, 242, 247 

a See also J. Murto, this volume, Chap. 20, Tzble 3. 
b First dissociation; second dissociation. 
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dio1258. The pK, values for the substituted methanols (RCH,OH) 2 4 3  

are a linear function of the Tafr cr* constants for the R substitu- 
ents248e 249. Equation (15) is applicable, the observcd pK, values 

(15) 

being within 50.2 unit of the predicted values244$ 250. The figure 
of 1-42 for p* is close to that of 1-36 from measurement 
of the relative acidities of some alcohols in  i-propanol s0lution2~~. 
Ionization constants of 2-chlor0ethanol~~~ and 2,2,2-trifluoro- 
ethanol242 in D 2 0  arc given by pK, = 14.99 and pK, = 13.02 
respectively. The magnitudes of the isotope effects are consistent 
with the corresponding magnitudes for certain phenols and car- 
boxylic acids""3- 244. The pK, of several fluorinated alcohols in 
50% aqueous cthanol have been reportedZs3. However, potentio- 
metric measurernent246~ 2.171 2 5 3  of such high pK, values is probably 
not very a c c ~ r a t e 2 ~ ~ .  The acidity of some hydroxyalkylpyridines 
(and their conjugate acids) in water and in i-propanol are influenced 
by the electronic and steric effects of the substituent groups254. 
The intramolecular OH - - - z and OH - - - NH-bonds which exist 
in these compounds in CCI, are absent in polar hydroxylic sol- 
vents where solute-solvent intermolecular H-bonding becomes pre- 
dominant. 

The thermodynamics of ionization of several carbohydrates and 
their derivatives have been studied by thermometric titrimetry 
(Table 14)255t 2 5 G 9  2 5 7 .  'The ionization occurs fiom the 1-position in 
the mcnosaccharides. Changing from a pentose to a hexose or alter- 
ing the stereochemistry of the hydroxyl groups only has a small 
effect on the observed thermodynamic quantities. Replacement of 
a hydroxyl group by a hydrogen atom (cf. ribose and 2-deoxyribose; 
glucose and 2-deoxyglucose) produces only small changes in pKa, 
AH and A S .  Both 2' and 3' hydroxy groups are necessary if adenosine 
(60) and its derivatives are to show their acidity. Thus, the substitu- 
tion of CH, for H 011 the 2' hydroxyl or the substitution of H for 
either the 2' or the 3' hydroxyl in adenosine leads to a considerable 
reduction in acidity for the molecule as a wh0le25~. The enhanced 

pKa = 15.9 - 1.420" 

)=J <p 2 0 pNQ OH H 0 

\N// HZN N OH OH H2N 

NJ 
(60) (61 1 
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TABLE 14. Thermodynanlics of ionization of some carbohydratcs and their 
derivatives in water (25°)255* 267. 

gem Diol pK, Ref. 

C, H, C (OH) $ F, 10.00 259 
4-CH30C,H4C(OH),CF, 10.18 259 
4-CH,C,H,C (OH),CF, 10.15 259 
3-BrC,H4C(OH) ,CF, 9.51 259 
3-NO,C,H,C(OH) 2CF3 9.18 259 
CHAOH) 2 13.27 260 
CH,CH(OH) 13.57 260 
CC1,CH (OH) 10.04 260 

Compound 

gem Diol pK, Ref. 

CF'3C(OH)2CF, 6.58 258 
CF,ClC(OH),CF,Cl 6.67 258 
CFzCIC(0H) ZCFCIZ 6.48 258 
CFCl,C(OH),CFCI, 6,42 258 
CFZHC (OH),CF,Cl 7.90 258 
CF,HC(OH)2CF,H 8-79 258 
CF,C(OH),CHBr, 7.69 258 
(CH,),CHCH(OH), 13.77 261 

AH" -AS" 
(kcal/mole) (e.u.) 

- 
Fructose 12.27 8.2 28.6 
Glucosc 12-46 7.7 31.3 
2-Deoxyglucose 12.52 8.2 29.7 
Mannose 12.08 7-9 28.9 
Galac tosc 12.48 9.0 26.9 
Arabinose 12.54 8.3 29-6 
Xylose 12.29 8.2 28.7 
Ribose 12.22 8.1 28.7 
2-Deosyri bose 12.67 7.7 32.1 
Lyxose 12.1 1 8.0 28.6 
Adenosinea 12.35 9.7 24.0 
9-8-D-Xylofuranosyladciiinen 12.34 8.4 28.3 

Glucose 6-phosphatea 11.71 8.4 25.0 
Adenosine 5'-monophosphat~~ 13.06 10.9 23.3 

Ribose 5-phosphaten 13.05 6.1 39.4 

C H G-N 
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hydrates which are formed by the addition of water to an aldehyde 
ketonc according to the equilibrium 

RIRZCOf HZO + R , R & ( O H ) ,  

Equilibrium constants for the hydration equilibria have been sum- 
marized by Be112'j2. The anion of the gem diol can be assumed to be 
formed either by the loss of a proton from the diol or by the addition 
of an hydroxide ion to the unhydrated carbonyl compound. Alde- 
hydes and ketones can also ionize to enolate anions in solution. 
However, for those gem diols for which pK, has been determined 
the amount of enolate anion formed at  equilibrium is negligibly 
small. Corrclations between the pK, values and Hammett (cr) or 
Taft (cr*) constants have been notedz50~ z5g, 2sOs zo2. Evaluation of 
pK, values from studies of the ionization of the enolic tautomers of 
ketones requires knowlcdge of the equilibrium constants for the 
lieto-en01 tautomerism of the neutral molecules in s o l ~ t i o n ~ ~ ~ .  Thus 
for acetylacetonc the ratio of enolate anion to neutral keto + enol 
species is in accord with pK, = 8.9. However, the equilibrium con- 
stant for the tautomerism is [C(enol)/C(diketo)j = 0.25 and there- 
fore 8-2 is the true pKa of the enol form of the diketone. Several 
combined studies of keto-cnol equilibria and acidity have been 
rnade263-zG*. The enols of some substituted cyclohexane-l,3-diones 
(e.g., dimedone pK, = 5.23 for the enol have pK, -5 in 
water263. The strongest acid of this type appears to he 2,4-dimethyl- 
cyclobutane-l,3-dione with pK, = 2-8. In  general in 1,3-diketones 
or P-ketocsters enolization leads to a conjugated system and ioniza- 
tion leads to resonance stability and delocalization of charge in the 
ion. These compounds are more acidic than monoketones (e.g., 
acetone"9) in which thesc effects cannot occur. The enols of ring 
1,3-diketones or 2-acetyl or 2-formyl cycloalkan-1-ones are more 
acidic than analogous non-cyclic compoundszs". The effect of sub- 
stitucnt R on the acidity of the enols CH,COCR=C(OH)CH, of 
acetylacetones correlates with the Taft 0% constants for RZ5O. 

The ability to undergo self-ionization is an important property 
of hydroxylic solvents. The ionic products (Table 16) of four alcohols 
have been determined by e.m.f. nieasurementsz70* 271. Values for 
methanol from 0" to 45" have also been determined and give 
AH = 11.0 kcal/mole for the self-ionization a t  25°C 273. Conduc- 
tivity results are probably less reliablez73. 
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TABLE 16. Thc ionic product of alcohols at 25°C. 

K - a,,,-. ~ l l O l I , +  
s -  (allon = 1 in pure iiquid) 

aZIIOH 

Alcohol PKSQ DKSb Rcf. 

Methanol 16.707 16.916 270 
Ethanol 18.67 18-88 271 
it-Propanol 19.24 19.43 271 
i-Propanol 20.58 20.80 27 1 

O K, in units of (molality)?. 
K in units of (molarity)?. 

(pKso = pKsb -1- 2 loglo d ,  ulicre d is thc density of the parti- 
cular alcohol at 2 5 O . )  

B. Phenols 
1. Ionization o i  phenols in water 

a. General correlations. There have been many studies of the acidity 
of phenols in aqueous solution~4~ 659  274--322. These include not only 
measurement of pK,  cornp pi la ti on^^^^^ 3019 3 2 1 9  32?) but also of en- 
thalpies, entropies, heat capacities (Table 17) and v0lumes3~0 of 
ionization. Results for many substituted naphthols are also avail- 
able2"P 321-323. Biggs and Robinson293 showed that equation (16) 

(16) 

was applicable for the ionization of fourteen 3- and 4-substituted 
phenols. The substituent a-constants in the Hammett equation52 
were deduced by.taking p = 1 for the corresponding benzoic acids. 
4-Substituents which can undergo mesomeric interaction with the 
aromatic ring may not fit the correlation324. For 3-substituted 
phenols the correlation between pK, and (i is excellent at  any 
temperature in the range 1T)"C < to < 55°C 2 7 7 .  Substituted 2-nitro- 

303 and 2,4-dinitrop1ienols3O1 and 2,4,6-trinitrophenols301 
also exhibit linear relationships between pK,  and a-constants 
although substituents which twist nitro groups out of coplanarity 
with the ringsZ5 give anomalous results. I n  general equation (17) is 
applicable and has been tested for a large number of sterically un- 
hindered Here 2 (i is the sum of'the a-constailts for the 

pKa = 9.919 - 2.2290 

PK, 9.94 - 2-26 CJ (17) 
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phenol substituents. These correlations have been rccently re- 
viewed250. The effect of substituents on the acidity of 1-naphthol 
and 2-naphthol has been correlated with a-constants'"0. 

Intramolecular H-bonding accounts for the high first ionization 
constant~Os-212 and the low second ionization constant2l3* 214 OF 
salicylic acid. The intramolecular OH - - - 7t interaction in 2-allyl- 
phenol has been invoked to explain the observed entropy of ioniza- 
tion of this phenol in water288. Comparison of entropies of ionization 
of nitrophenols suggests there is negligiblc intramolecular H-bondins 
for 2-nitrophenol in aqueous ~ o l u t i o n ~ ~ ~ ~  330. 

Linear correlations between free energies, enthalpies, and entropies 
of ionization (Table 17) have been analysed in detail for several 
classes of phenols27% 277. I n  general 2- and 4-substituted phenols 
show excellent linear correlations but thc plots for 3-substituted 
phenols are not so good. The entropies of ionization of 4-substituted 
phenols are a linear function of the 0'' substituent constants275* 334. 

Providing there are no appreciable steric effxts the free energies of 
ionization (or pK,) of phenols are additive, a particular substituent 
in a particular ring position always producing a similar increment 
to AGO or pK, 05,  374. For 3,5-disubstituted phenols the entropies of 
ionization are also additive274. Equation (18) is applicable. This 

(18) 

result is demonstrated in Figure 7 (data are in Table 17). 
The volume of ionization of phenol in water is -17.0 cm3/ 

moIe320. 
The acidity of many -phenols in D 2 0  has hecii m e a ~ u r e d ~ ~ o - ~ ~ ~ .  

Deuteration results in increases in pK, in the range 0.44 ,< ApK, 
< 0-62. ApK, is a linear function of pK,(H20) with positive slope 
0.0183329 333. The following equation is applicable333. A few results 

AS,,, = 1.91 (f0.08) AS3 - 24.5 (f0.4) 

pK,(D,O) - pK,(H,O) = ApK, = 0.41 + O.0l8pKa(H,O) (19) 

are included in Table 18. 
6. Hepler's theory. Hepler and c0-workers27~~ 2 8 0 p  3 8 2 1  3 3 G ~  3 2 7  have 

considered the effect of a substituent on the acidity of phenol in 
terms of equilibrium (20) in which HA, is a substituted phenol and 

(20) 

HA,, is phenol itself. The increm-ent 6AG" in the free energy of 
ionization in going €rom HA,, to HA, (6dG" = AG," - AG,,") is 
equal to thc free energy change for reaction (20). The corresponding 

H M a q )  + A,,-(aq) + As-(aq) + HAu(aq) 
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FIGURE 7. Effcct of 3-substituents on thc entropy of ionization of phenol in 
water274. Rcprodwed by pcrmission from P. D. Bolton, F. M. Hall and J. Kudryn- 

ski, Aus!rutian J .  Chin., 21, 1541 (1968). 

increments in enthalpy and entropy change may each be written 
in terms of internal and external contributions as follows 

6AH" = AH,, + AHext and 6AS" = ASint + AS,,, (21) 

. Taking AS,,, N 0 3 2 6 9  3 2 7  gives 6dS" = AS,,,. Also equation (22) is 

6AH" = AH,ut + PAS,,, (22) 
applicable providing equation (23) is assumed valid3z6$ 327. Com- 

AH,,, = = padso (23) 
bination of these equations ieads to equation (24) fbr the increment 
in AGO produced by a substituent. 

(24) 
Estimation of p is difficult. A method dependent on the assumption 
in equation (25) was originally suggested32'. 

(25) 
Here v, and I $ ,  are the OH stretching frequencies of the uiisubstituted 

6AG" = AHInt + ( p  - T)6dS0 

AH,,,, = Q ( v , ~  - yu') 
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and substituted phenols and a is a proportionality constant. Two 
other methods have also been d e s c r i b e ~ l ~ ~ ~ ~  326. Hepler326 concluded 
that 270" < c 320°K. A more recent value of 311" has Seen 
deduced"4. The closeness of p to the absolute temperature 298" 
leads to 

which, combined with equation (24), 
( p  - T)GAS"<AHi"t (26) 

6AG" AH& (2 7) 

2 6 G  

The increment to the pK, of phenol produced by a substituent is 
therefore largely an internal enthalpy effect. Changes in solute- 
solvent interactions play a smaller role because the associated 
enthalpy and entropy changes approximately (or exactly? cancel. 
The effect of substituents on the entropies reflcct changes in solute- 
solvent interactions2768 2a7. Thus, for example, AS" for 3-nitrophenol 
is more negative than AS" for 4-nitrophenol (Table 17). In the anion 
of 4-nitrophenol charge is delocalized from the phenoxide oxygen 
atom by the mesomeric effect of the nitro group. This does not occur 
in the 3-nitrophenoxide anion. The solvation of the phenoxide group 
is greater in the 3-nitrophenol anion because of the greater localized 
charge density on the oxygen atom. A more negative entropy of 
ionization is therefore expected276. 

c. Steric efects. Bulky substituents in the 2-position of phenols lead 
to decreases in acidity because of steric effects311. Thus, for example, 
pK, = 10.23 for 4-t-hutylphenol300~ 312 and pKG = 11.34 for 2-t- 
butylpheno1300. Equation (1 7) is not obeyed283. Linear Hammett 
plots52 are obtained for series of substituted phenols all with the 
same 2- or 2,6-substituent groups. However, the slopes p differ from 
that (2.26) for the unhindered phenols. Thus p = 2.610 for 4-sub- 
stituted 2,6-dichlorophenol~~~~, p = 2.700 for 4-substituted 2,6-di- 
methylphenols314 and p = 3.50 for 4-substituted 2,6-di-t-butyl- 
phenols3l2. The increment in pK, produced by a given 4-substituent 
is increased when bulky substituents are present in the 2,6-positions. 
This has been attributed to steric inhibition of solvation of the phenol 

3 1 2 9  31'*s 315. The anomalous acidities of 4-nitroso-2,6-di- 
methylpheno1314 and 4-nitroso-2,6-di-t-butylplienol31~ have been 
ascribed to the predominant existence of the quinone monoxime 
tautomers of these molecules in solution. 

The additive nature of pK, G 5 9  274  is often absent when steric 
factors are operating3O09 3139 329. For the cresols and xylenols the 
pK, increments are additive and so steric effects are not obvious 
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from consideration of AGO aloneo5. However, comparison of the 
pK, values for these phenols with the corresponding values for thc 
picoliiies and lutidines suggests that one !?-methyl subatituent in a 
phenol introduces an incremeiii to pKa of -.I 0- I/!. units through steric 
hindrance to solvatioii of the phenol anions310. 

A further steric effect arises when substitueiits which can undergo 
mesomeric interaction with the benzene nucleus are twisted out of 
the plane of the ring3zs. Thus the increment in pK, on introducing 
3,5-dimetliyl groups into 4-nitrophenol is 1.06 units3O9 compared 
with +0.21 unitsG5 €or the same substitution in phenol itself. 

TABLE 18. EEeci of deuterium substitution and electronic excitation on the 
acidity of phenols161* 333. Values for the excited states Mere deduced via the 

Forstcr cycle. 

Phenol f lKn(Hz0)  fl&* (&O) f)&(DEO) pK*(D,O) 

4-I~kthosyphenol 10.20 5.7 10.85 6-2 
Phenol 9.99 4.1 10.62 4.6 
3-Metlioxyphenol 9.65 4.6 10.20 5.1 
2-Naphthol 9-46 2.5, 3.0 10.06 
4-Bromophenol 9.34 2.9 9.94 3.4 
1-Naphthol 9.23 2.0 

4-Phenolsulphonate 9.03 2.3 9.52 2.7 
4-Hydroxypheny l 

trimethylammonium chloride 8.34 1.6 8-90 2.0 
3-Hydroxypyrene-5,8,10- 

trisulphonate 7-30 1.0 

2-Naphthol-5-sulphor.ate 9.18 0.53 
2-Naphthol-6-sulphoiiate 9.10 1 -65 

d. Acidity of Phenols in excited electronic states. Phenols in their elec- 
tronically excited states are more acidic than the ground state mole- 
cules. The pK, of an excited state may be deduced from the absorp- 
tion spectrum of the ground state and the fluorescence spectrum of 
the excited state using equation (28) in which pK, refers to the 
ground state and LIP,, (cm-l) is the arithmetic mean of the spectral 
shifts in absorption and fluorescence in going from the neutral acid 
to its anion. 

0-625 
T pK,* = pK, - 

The determination of pK, of excited states has bcen discussed in 
detail by WellerlG1. 

Results for the first excited singlet state of some phenols in water 
and in D,Q are given in Table 18. The deuterium isotope effect 
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ApK,* for the excited molecules is consistciit with equation (19) and 
therefore the isotope effects for thc ground and excited states con- 
form to the same equation3". The valucs of pK,,* deduced rrom the 
Forster cycle are in reasonable agreement with values cvaluated 
from kinetic measurements'*'. For a series of 4-substituted 
phenols (pK, - pKa*) correlates with the substituent a-constants 
and is greater for more electron-withdrawing groups334. A value 
pKa(293") = 8.1 has been reported for the triplet state of /?-naphthol 
in wate~-335. pK,* values for thirteen phenols in their lowest singlet 
excited states have been measured by Avigal, Feitelson and 
O t t ~ l e n g h i ~ ~ ~ .  

2. Non-aqueous and mixed aqueous solvents 

The effect of solvent on acid-base equilibria has been discussed in 
detail by Bel133G. He concluded that 'the relative strengths of acids 
of thc same charge and chemical type are independent of the sol- 
vent'. This conclusion is justified for the ionization of p h e n ~ l s ~ ~ ~ - ~ ~ O .  
For phenol itself at  25°C pK, = 14-46 in methan01~~0 and 15-58 in 

zl' (both with K,  in molarity units). Ionization constants 
for the cresols and xylenols in methanol have been measured3Sg. 
An increment of +0.33 units due to steric effects has been estimated 
to contribute to the pK, of 2-rnethyl phenols342. For pentamethyl- 
phenol pK8(25") = 16-35 in rnc than01~~~.  The acidity of several 
nitrophenols in 338: 344, ethanolSJ5, aceto- 
nitrile347 and alcohol-water mixtures3 51-354 has been determined. 
Among the factors affecting relative acidities of a given phenol in 
different solvents330 must be included comparison of solvent-solute 
interactions and particularly solvation effects around the phenol 
anions337. Hammett pu correlations have been tested for 4-substi- 
tuted phenols, 2,6-dimethylphenols and 2,6-dichloroplienols in 
hydroxylic and aprotic For each solvent p is higher for 
2,6-dimethyl or 2,6-dichloro phenols than for unhindered phenols. 
This is attributed to steric inhibition to solvation in all solvents. 

The effect of steric hindrance on acidity is particularly marked 
when 2,6-di-t-butyl groups are introduced into phenol, 4-cresol or 
4-t-b~tylphenol~~O~ 312* 3 9 9 .  For methanol solvent the change in pK, 
is about +2-7 units3z9. However, 2,6-t-butyl-4-nitrophenol is a 
stronger acid than 4-nitrophenol3'** R40~ 3,'s. In  general, for a series 
of 4-substituted 2,6-di-t-butylphenols in methanol a plot of pKa 
against Q gave p = 4-76 compared with p = 2.24 for the corres- 
ponding 4-substituted phenols349. Similar results are obtained for 
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aqueous and 50-50 volume yo ethanol-water solutions312. Rocliestcr 
and Rossall have measured the free energiesydo, enthalpies, entro- 
pies349 and volumes350 of ionization of 4-t-butylphenol, phenol, 
4-kromoplieno1, 4-formylphenol, 4-nitrophenol and their 2,6-di-t- 
butyl analogues in methanol. The effects of 2,6-di-t-butyl groups on 
the acidity of phenols are largely caused by the influence of steric 
factors on solute-solvent interactions particularly for the phenol 
anions. 

C. Heteroaromatic Hydroxyl Compounds 
The study of the ionization of hydroxy substituted heteroaromatic 

molecules is often complicated by the possibility of several tautomeric 
structures for the parent molecule. In  fact, measurement of the 
acidity of these compounds provides information about the extent 
of the tautomeric equilibria3561 35'. The method is exemplified by 
the work of Mas0n~~5.  Thus for 2-hydroxypyi-idine (62) a tautomer 
with either zwitterionic (63) or amide (64) character exists in 
equilibrium with 62. Mason deduced that pK,(2Oo) = 8.66 for the 
ionization of the OH proton in 62 and pK, = 0.75 for the corres- 
ponding OH dissociation of the conjugate acid 65 of 62. Care must 

be taken to distinguish between the loss of NH and OH protons in 
thesc molecules. This can only bc done if a complete knowledge of 
the equilibrium concentrations of all the possible tautomcrs of each 
acid and base species is obtained. Infrared, ultraviolet and p.m.1.. 
spectroscopy are often useful in this respect.370. 

The ionization constants of thehydroxyl groups ineighteen hetero- 
cyclic hydroxyl compounds have bcen correlated with the z-electron 
energies of the species present in the equilibria3~~. The effect of 
substituents on the acidity of heterocyclic hydroxyl compounds is 
consistent with the Hammett po relation~hip2~0. 

The true OH dissociation constants of the ground states of 
3-hydroxyquinoline (66) and its conjugate acid 67 are given by 
pKa(2O0) = 8.03 and 5.52 r e s p e c t i ~ e l y ~ ~ ~ " .  In  their lowest electronic- 
ally excited states these acidities are iiicreascd to pKa(18") = 3.6 
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and -0.3 respectively35*. This effect is similar to that observed for 
phenolS161, 333,  334. 

VI. THE PROTONATION OF HYDROXYL GROUPS 

Aliphatic alcohols are protonated in concentrated acid solu- 
t i o n ~ ~ ~ ~ ~  3G0. The basicities of eight alcohols have been tabulated by 
Arnettgl. They range from pK,(CH30H2+) = -2-2 to pK, = -7-0 
for the conjugate acid of p-phenyl-p-hydroxypropionic acid. For the 
conjugate acids of a series of glycols 4.4 < pK, < 1.5 361 and for 
phenol pK,  = -6.74 a t  0°C 362. The protonation of three alcohols 
in acetonitrile has been studied by Kolthoff and C h a n t o ~ n i ~ ~ ~ .  

Methyl alcohol and n-butyl alcohol form the species ROH,, 
(ROH),H+ and (ROH),H+ whereas t-butyl alcohol only forms the 
first two of these. The structures 68 and 69 may be written for the 

+ 

protonated alcohol dirner and trimer respectively. An appreciable 
concentration of 69 is only present a t  alcohol concentrations about 
or > 1 ~ .  

In  1 0 0 ~ o  sulphuric acid triarylcarbinols gjve a cryoscopic van't 
Hoff factor i = 4 364--3Gt. The relevant ionization equilibrium is 
given by equation (29). Equilibrium constants K for equilibrium 

(29) 

Ar,COH + H +  + Ar,C+ + H 2 0  (30) 
(30) have been deduced from measurements using concentrated 
s u l p h ~ r i c ~ ~ 7 ,  hydrochloric368, perchI0iic36~, nitric3Gg and phosphoric 
acids368. Thus pK ranges from -0.82 for 4,4',4"-trirnethoxytri- 

Ar,COH + 2 H S O 4  + Ar,C+ 4 H,O+ + 2 HS0,-  
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phenylcarbinol to 16-27 for 4,4’,4”-trinitrotriphenylcarbiiiol in 
water at 25°C 367.  

The author wishes to thank Drs. P. Jackson, R. B. Cundall, J. C. 
Roberts and B. Rossall for discussion and advice during the pre- 
paration of this article. 
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1. INTRODUCT’IQN 

In this chapter we are conccrned only with the hydroxyl group as a 
substituent and with its effects on chemical reactions occurring at  
some other site in the molecule. No consideration is given to re- 
actions which lead to chemical modification of the hydroxyl group, 
unless this is temporary and leads to a product with the hydroxyl 
group apparently unchanged. 

The hydroxyl group is highly polar; it displays strong directing 
and activating effects and it is often a convenient scapegoat when 
reaction rates or products are unexpected. There has had to be much 
selection from thc large body of information; we have chosen the 
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data which appeared to be most generally useful and we lia\.e pre- 
ferred the quantitative study to the qualitative observation. 

In discussing polar effects, our use of symbols is similar to that 
of Chuchanil. For example, electron attraction by an inductive 
mechanism is a -I effect, and electron release by the conjuga- 
tive (resonance) mechanism is a +R effect. Work on linear free- 
energy relationships has given rise to several scales for substituent 
constants. Of the symbols to which reference is made in thc follow- 
ing sections, Q is the Jaffi-Hammett substituent constant2; Zrn (or ZP) 
is the constant derived for the meta- (or para-) position from a par- 
Licular reaction series; a" and a'~ are, respectively, Taft's3 and 
Wepster's4 versions of substituent constants free from resonance inter- 
action; uI and are the polar and resonance contributions of a 
given substituent as resolved by Taft5 (a = oZ + an); Q+ is the con- 
stant applicable to a +X substituent when conjugated to an electron- 
deficient reaction site6, and assumed to apply to normal e1ectr.o- 
philic substitution at  the benzene ring; a- is the constant for a -I< 
substituent when conjugated to a negatively charged site. 

I I .  REACTIONS OF ALIPHATIC SYSTEMS 

A. Electronic Effects 

Attcrnpts to apply Hamniett-type structure-reactivity relation- 
ships to aliphatic systems have becn limited in number and in scope 
by difficulties in the assessment and control of steric effects. 

The first attempt to eliminate steric influences was that of Robcrts 
and Moreland7 who measured the relative reactivities of a number 
of 4-substituted bicyclo[2,2,2] octane- 1-carboxylic acids, in which 
the carbon cage has a rigidity comparable with that of the benzene 
ring. They demonstrated the existence of a linear free-cnergy re- 
lationship between the acidity and the rates of both the reaction 
with diphenyldiazomethane and ester hydrolysis. 

The derived substituent constants (a' values) were indicative of 
polar (inductive) effects and may be considered as equivalent to 
oI values. The results showcd that, in the absence of steric and 
resonance effects, the liydroxyl grozp behaves as a moderately strong 
elcctron-withdrawing substituent roughly comparable in strength 
with the carbethoxy substituent. 

Later work by other groups89 9s 10 extended this series. Other rele- 
vant studies involving relatively rigid systems are those by Siege1 

li' < OH - C02Et < Br < CN 
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and Komarmyl' on the 1,4-disubstituted cyclohexane series and by 
Stetter and M a y e P  on 1,3-derivatives of adamantane. 

A more extensive treatment of aliphatic systems became possible 
when Taft derived substitueiit constants (o* values) from the 
measurement of base-catalysed ester hydrolysis rates l3. He did this 
through a comparison with corresponding rates of acid hydrolysis, 
in which similar steric effects are expected, but in which polar effects 
are unimportant. Most of Taft's polar subsiituent constants referred 
to CH,X groups and he used these constants to correlate other 
aliphatic reaction data. The results showed that the cxperimental 
approaches of Taft and of Roberts were compatible and reinforced 
one another. 

Taft's substituent constant for the hydroxymethyl group (0.555) 
was based on eleven reaction series. I t  was found that the mean 
deviation for this substitiient was considerably greater than for most 
others. However, the deviation was not large enough to be un- 
acceptable and, since a wide variety of solvents and reaction con- 
ditions were used, the variation could possibly be attributed to 
changes in solvation of the hyd.roxy1 group. For this group, the 
differences between individual (i values (both for Taft's reactions 
and for other, more recent studies) cannot be systematically linked 
to changes in either solvent or reaction type but there are in fact 
no spectacular departures from the mean. I n  all of the reactions the 
hydroxyl group appears to act as a moderately consistent and quite 
strongly electron-withdrawing substituent. 

Several groups of workers14-21 have been able to correlate ali- 
phatic reactivities by means of Hammett aromatic substituent con- 
stants in unsaturated structures which allow conjugation between 
substituent and reaction site. I n  these cases the system would be 
expected to beai- some resemblance to that of a para-substituted 
benzene derivative. These reactions cannot be satisfactorily cnr- 
related by means of inductive substituent constants. 

I t  is therefore assumed that the resonance component of a normal 
aromatic substituent constant (on) is making an effective contribu- 
tion. I n  later work5, Taft changed from cr values to the more con- 
venient oz scale by using the relationship crIx = 0.45 ocHZx. This oI 
scalc, derived from aliphatic reactivities, is but one of three available 
scales which differ from each other in their experimental origins 
but which should give, within experimental limits, identical values 
for a given substituent. A second scale is based on the separation of 
normal arcmatic cr values into inductive and resonance compon- 
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ents??, and thc third is based on lDF shielding parameters of m- 
substituted fluorobcnzeneszs. Table 1, ccmpiled from figures in the 
revicw by Ritchie and Sagerza, shows the differcnces between the 
scales that exist for representative substituents. As an example of 

TABLE 1. Aliphatic substitucnt constants. 

=I 01 a1 
(aliphatic) (aromatic) (n.m.r.) 

X 

-N( CH,) ,+ 
-NO, 
-CN 
- 1: 
-c1 
-Br 
-I 
-CQR 
-COCH3 
-OCH3 
-OH 
-NH, 
-H 

-0- 
-CX,  

0.92 
0.63 
0.56 
0.52 
0.47 
0.45 
0.38 
0.30 
0.28 
0.25 
0.25 
0.10 
0.00 
0.00 
- 

0.90 
0.68 
0.52 
0.45 
0.42 
0.45 
0.42 
0.34 
0.32 

0.32 
0.04 
0.00 

-0.03 
-0.12 

0.28 

0.93 
0.60 
0.53 
0.52 

0 4 4  

0.2 1 
0.23 
0.29 
0.16 
0.05 
0.00 

-0.08 
-0.16 

- 

- 

the general success of the treatment, Figure 1 shows the good cor- 
relation obtained between the pK,’s for aliphatic acids of the type 
XCH,CO,H in water and 02 (n.m.r.), the scale for which the greatest 
number of cI values have been measured. 

B. Proximity Effects 
1. Nucleophiiie siibstitution 

Compounds of the type X-CEI(OH)(R)-X, where X is a good 
leaving group (as X-), are often unstable, breaking down to give 
carbonyl compounds and HX. 

With the hydroxyl substituent on a P-carbon or on a more distant 
atom, the compounds are stable, and several mcchanistic studies of 
nucleophilic displacement are available. I n  most cases the leaving 
group X has been C1, Br or I but the same principles should apply to 
other cases in which X is any good leaving group. -4 general pre- 
diction based on eiectronic factors is that the presence of the electron- 
withdrawing hydroxyl group should result in a decrease in the rate 
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of halide displacement, because the positive nature of the attached 
carbon atom is increased in the transition state. This is particularly 
the case for tertiary halides which solvolyse by a S,l mechanism. 
The effect of the corresponding ionized substituent, (0 -) which 
should be inductively electron-relezsing, is more difficult to assess. 
Through its +I effect, it should stabilize the transition state but, 
because of its negative charge, approach ofthc attacking nucleophile 
may be hindered. However, under the basic conditions producing 
the alkoxide ion, the normal reaction of HO-(CH,),n-X is intra- 

u,"(n rn r) 

FIGURE 1. Correlation of tlic acid dissociation constants of XCH,C02H in water 
at 25" 35 with a, (n.m.r.). 

molecular and results in the formation of cyclic ethers", even in the 
case where n = 2. Such reactions, leading to the conversion of OH 
into some other functional group, do not come within the scope of 
this review, unless the cyclic ether is a transient intermediate in a 
reaction regenerating the hydroxyl substituent. Of the cyclic ethers 
formed, only the ethylene oxides (oxiranes) show any tendency to 
cleave in the presence of alkoxide or hydroxide ions, and the con- 
ditions are frequently more vigorous than those required for oxirane 
formation from the halohydrin. 

There are at least two cases in which such breakdown is unavoid- 
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able and in which the cyclic intermediate is not isolated. Myszkowski 
and co-workers27 examined the kinetics of alkaline hydrolysis of 
1,3-dichloro-2-propanol and observed that the rate of liberation of 
chloride ion was greater than the rate of formation of glycerol. They 
suggested that glycidol was an intermediate in the reaction and pro- 
posed the following mechanism. 

0 I I K  I 
CHOH ~ 

I I I I I 
CH,CI CHJI CH2CI CH,OH 

CH,OH CH2CI CH,-CI po CH2, 
P 

>CH'  ~ OH-> (!H/ - CHOH OH- > CH-0-  - 
CH,OH 

Buchanan and Oakesz6 reported examples of intramolecular 
nucleophilic catalysis of the opening of an oxetane ring. They 
found, for instance, that the 3,li-oxide ring of 3,5-anhydro- 1,2-0- 
isopropylidene-rr.-D-,olucofuranose is opened more rapidly than that 
of the corresponding xylose derivative. The ring-opening reaction is 
believed to involve the reversible formation of a 5,6-epoxide inter- 
mediate: 

CH,OH L' 

Under neutral or acidic conditions, oxirane and oxetane inter- 
mediates are not formed29. Normal solvolysis products are obtained 
and the reaction rates are compatible with those predicted from 
simple electronic effects. 

2. Hydrolysis of carboxyl derivatives 
Bruice and Benkovic30 have given an authoritative account of 

hydroxyl group participation in some ester and amide reactions; 
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sections of Capon’s comprehensive review3I are also relevant. I n  
the hydrolysis of simple hydroxy-amides, the combined work of 
Bruice32 and of Zurn33 has established neighbouring group participa- 
tion for the y-  and 6-hydroxyl substituents, which leads to much 
faster hydrolysis than that shown by the corresponding unsubstituted 
amides. For y-hydroxybutyramide hydrolysis over different pH 
ranges, Bruice has suggested mechanisms involving lactone or pr’o- 
tonated lactone intermediates: 

,C-NH, 

Neutral H2C 
I 

Lactone intermediates have alsi. been suggested for other cases 
in which hydrolysis of an amide group is accelerated by the presence 
of a d-substituted hydroxyl 35. 

The participation by hydroxyl groups in the alkaline ester 
hydrolysis of 1,Z- and 1,3-diol monoesters has been established by a 
number of workers. Henbest and Lovel13G measured the extent of 
hydrolysis under standard conditions for cholestane-3,5-diol mono- 
acetates. The results shown on p. 401 indicate that cis-1,3-diaxial 
compounds (2) and (4) are hydrolysed more rapidly than trans-1,3- 
compounds, (1) and (3)”. 

Other significant increases in the rates of alkaline methanolysis 

* This is in spite of the genera1 obscivation for alicyclic compounds that 
equatorial acetates are more susceptible to alkaline hydrolysis than axial ones40. 
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of cis-1,3-diaxial diol monoesters have been noted for derivatives 
of the steroidal alkaloids, germine and cervine3’-3D. Similar accelera- 
tions have been observed in the alkaline hydrolysis of 1,2-diol 
monoesters in cholestane-3~,4f?-diol and its derivativesq1. 

For 1,2-diol monoesters in five-membered rings, in both substi- 
tuted cyclopentanes”2 and tetral1ydrofurans4~, there are marked rate 
accelerations, thc effect of a cis-hydroxyl group being greater than a 
trans-group. 

For all these observations a hydrogen-bonding explanation is 
generally accepted, but there Is difficulty in deciding whether the 
ezective hydrogen bond is to the ether oxygen or to the carbonyl 
oxygen atoni: 

Henbest and Kupchan have both favoured ether-oxygen par- 
ticipation in tlic cyclohexane dcrivatives examined by them. Bruice 
and Fife42, after kinetic and infrared studies, firmly concluded that, 
for the hydrolysis of 1,2- and 1,3-~yclopentanediol monoacetates, 
the transition state is cne in which the activating hydrogen bond is 
to the carbonyl oxygen atom. However, generalizations are not 
readily made and, as has been emphasized in more than one report, 
the geometry may be all-important. Capori31 has also pointed out 
that the rate enhancement is not usually very great and that this 
also makes it difficult to generalize. 
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3. Hydrolysis of Phosphorus (v) esters 
The stability of phosphorus esters to basic hydrolysis can be 

severely reduced by a ncighbouring hydroxyl group44. Cyclic inter- 
mediates are believed to be formed and subsequently hydrolysed: 

In the case of the alkaline hydrolysis of 0-cyclohexyl 0-2-hydroxy 
ethyl phosphate, an alternative hydrolysis path, involving an epoxide 
as the cyclic intermediate, has also been observed: 

H,C”\ 0 

H,C .’/ 0- 
I P c  + C6H,,0H 

When there arc alkyl substituents on C-1 and C-2 of the 2-hydroxy 
ethyl group, there is an even greater predominance of the epoxidc 
route. I n  these cases the products are mainly cyclohexyl phosp-hate 
and the glycol. 

The accelerating effect of similarly placed, B-hydroxyl, substitu- 
ents has also been observed by Larsson and Wallerberg45 for the 
alkaline hydrolysis of alkoxy-diethyl-phosphine oxides, ROP(0) (Et) 2. 

Rate constants are as follows: 

R k x 10‘ (l/mole sec) 
CHSCHZ- 0.573 
CH3C)CHzCHz- 2-55 
HOCHZCHZ- 4.42 
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The authors attribute the rate enhancement to acid catalysis via 
hydrogen-bonding : 

Et n n M  r 0.- HC-CH, I 

1 Et E t  J 1-CH, 

They believe that ester hydrolysis in compounds of this type is 
SN2 (on phosphorus) and, if so, this would seem to be the only 
reported case in which an un-ionized hydroxyl group acts as an acid 
catalyst for a nucleophilic displacement. 

4. Aliphatic acid-base equilibria 
I n  the series glycollic acid ( K ,  = 1.5 x lo-’), hydracrylic acid 

(HOCH,CH,CO,H; 0.31 1 x 1 0 - 4 )  and y-hydroxybutyric acid 
(0.193 x 10-a)a6, the changes in acidity constant are close to those 
predicted from application of the Taft fall-off factor13 of 1/2*8. 
There is therefore no participation by the hydroxyl substituent. 

For 1,2-disubstituted-4-t-butylcyclohexanc and trans-decalin de- 
rivatives, Sicher and co-workers47 examined the influence of a 
neighbouring hydroxyl group on the pK, values of equatorial and 
axial carboxylic acids and ammonium ions. Their results indicated 
that the introduction of an axial hydroxyl group adjacent to an 
axial carboxyl or ammonium group lowers the pK, by about 0-45 
unit (for acids) or 0.90 unit (for amines). The arrangement of the 
two groups is trans and the effect can be regarded as a simple polar 
one. The assumption was made that any marked variation from these 
figures for other orientations is caused by interaction between the 
hydroxyl group and the functional group. Hydrogen-bonding was 
proposed but r.0 detailed mechanism was offered. Sicher’s results 
are summarized below; d p R  is the difference between the trans 
diaxial value and the pK aitually found: 

Conformation 
-OH -CO,H -NH,+ 

c C 

a C 

e a 

a e 
e a 

C e 

tran.P boat 
c i P  boat 

a Froin bicycl0[2,2,2]octanc dcrivativis. 
C X G-0 

4 K  

+0.12 
-; 0.36 
+ 0.94 
-0.23 
- 0.49 
- 0.24 
-0.16 
- 0.72 
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No allowarrce was made for any steric effect caused by the presence 
of the hydroxyl group but, if this is accepted as minor, the results 
indicate that hydroxyl group participation increases acid strength 
for carboxyiic acids and decreases base strength for amines. These 
effccts are predictable on the basis of stabilizing hydrogen bonds in 
the carboxylate ion and the free amine: 

H ..- 0, - .;;O 
0’ C 

I I 

-.. 
NH2 

I I 

Kilpatrick and Morse48 have measured the dissociation constants 
cf the various hi;dioxycyclohexaiiecarlmxylic acids in  water, glycol, 
methanol and ethanol. The results are given in Table 2. 

TABLE 2. pK’s  of cis- and trans-hydroxycyclohexanecarboxylic acids. 

cis 2-OH ca or ac 1 -60 3 0 6  4 4 2  17.0 
LYUIU 2-OH ee or aa 2.08 21.0 2-33 7.79 
cis 3-OH ce or aa 2.50 18.2 1-70 3.09 
~YQTU 3-OH ca or ae 1.53 9-06 0.8 17 1.56 
cis 4-OH ea or ae 1.46 8.62 0.761 1.48 
trans 4-OH ee or aa 2.10 14.8 1.50 2.45 
Cyclohexanecarboxylic acid 1 *25 9.50 0.923 1 -70 

The situation is much more complex than that in Sicher’s system; 
for each case there are two possible conformations for the mclecule 
in the ionized and in the un-ionized states and the pK,’s of axial and 
equatorial carboxyl groups differ considerably. I n  spite of this, it is 
apparent from the Table that as the solvent becomes less polar, and 
consequently less capable of effectively solvating carboxylate anions, 
the strength of each 2-hydroxy acid relative to that of cyclohexane- 
carboxylic acid in the same solvent is increased markedly. For 
example, although the cis-2-hydroxy acid and the unsubstituted acid 
have roughly comparable strengths in water, the former is ten times 
stronger in ethanol. The acid-strengthening effect is presumably due 
to  hydrogen-bonding bctween the hydroxyi group and the carboxyl- 
ate ion and seems to be greater for ea conformational relationships 
than ee (the most probable conformation for the trans-2-hydroxy 
compound). This is supported by Sicher’s observations. 

Since the acid-strengthening effect (relative to cyclohexane- 
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carboxylic acid) associated with solvent change is only significant 
for the cis-2-hydroxyl derivatives, participation by the hydroxyl 
group in the 3- and 4-positions may be presumed to be relatively 
unimportant. 

C. Miscellaneous Aliphatic Reactions 

Howard49 has reported that 2-cyclopentylidene-cyclopentanol ( 5 ) ,  
on hydrogenation over Raney-nickel gives at  least 96% trans-2- 
cyciopentylcyclopentanol (6) and only 1-2% of the cis-isomer. The 

(5) (6) 

overwhelming preference for the trans-isomer in spite of the essentially 
planar nature of 5 is attributed to some form of bonding between the 
hydroxyl group and the catalyst surface, resulting in cis-addition of 
hydrogen from the ‘hydroxyl’ side of the molecule. A similar effect 
has been reported by Henbest50 and by Nishimura51 in cholestene 
derivatives. 

However, in the course of other work on steroid derivatives in 
which the hydroxyl group is more remote from the double bond, 
it was noted that &-hydrogenation appeared to he the result of a 
main attack from the side of the ring remote from the hydroxyl 
group52, which is simply exerting a steric effect. The difference in 
findings may arise from differences in cztalyst and in reaction 
conditions. 

111. R E A C T I O N S  O F  A R O M A T I C  S I D E - C H A I N S  
A. Electronic Effects 

I n  this section we consider the effects of nzetn- and para-hydroxyl 
substituents on side-chain reactivities. The proximity effects norm- 
ally associated with ortilo-substituents are particularly prominent 
with hydro-xyl substituents; because of their high polarity and their 
tendency to form hydrogen-bonds, these substituents often compli- 
cate the transition state through direct interaction with groups at  
the reaction site*. 

* In spite of this, Tribble and Traynhamc3 have recently determined Q- values 
for a large number of ortho-substituents from n.m.r. measurements. The measured 
value for o-hydroxyl ( -0.40) proved to be within the range of reportedfi-hydroxyl 
values. 
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A large amount of general information is available on the effect 
of m- and p-hydroxyl groups on side-chain rcactivity. Much of this 
is qualitative, and a useful picture of the electronic effects of the 
hydroxyl substituent is only obtained by restricting discussion to 
those cases in which there are quantitative data on reactivity effects 
relative to other substituents. This restriction results in a marked 
reduction in the number of reactions to be considered. 

Most of these reaction series were looked at by Jaffe,, who cor- 
related each set of data by means of the Hammett equation and 
calculated 0 values for the meta- and para-hydroxyl substituent. He 
found that, compared with most other substituents, the derived a 
values showed a much greater variation from reaction to reaction 
and that it was not possible to estimate a reliable value for either 
om or oD. 

There seem to be about sixty reactions (see Tables 3-8) from 
which we can derive, with varying reliability, about forty a, values 
and about fifty a, values for the hydroxyl group. The observed 
variations in these substituent constants may be caused by in- 
sufficient or inaccurate data ( l ) ,  or they may reflect the variation 
of substituent constants with solvent (2), or with the nature of the 
side-chain (3). 

The first of these causes is the most serious and can hinder 
attempts to systematize varia2ons of types (2) and (3). Some early, 
imprecise work is readily recognized and may be ignored. In  other 
studies, inaccurate experimental information on known ‘well- 
behaved‘ substituents (e.g., H, m-CH,, m-C1, m-NO,) can lead to 
quite serious errors in a, for the hydroxyl substituent because this 
adds to the uncertainties in extrapolation. For a,fl.on the problem 
is not serious because the value of this constant is normally within 
the range covered by the reliable substituents. In fact, for the meta- 
hydroxyl substituent, one can clearly see the variation of o with 
solvent. With C T ~ - ~ ~  random scatter is often increased by the inclusion 
of results derived from studies which cover too few ‘well-behaved’ 
substituents; this is especially true of some earlier investigations. In  
addition, in compiling tables for this section, we have excluded 
reaction series which have to be built up from the studies of separate 
working groups; any exceptions arc specified. 

1. Solvent effects 

I n  Table 3 are listed the data on acidity constants of meta- and 
para-substituted benzoic acids in various solvents. I t  will be seen 



TABLE 3. Ionization of ArC02H in various solvents. 

Reaction System Probable range of an, and aPa Ref. 

H,O, 25" 

I-?,O, 25" 

H,O, 25" 

H,O, 25" 

26.5% Dioxan-H,O, 25" 
43.5% Dioxan-H,O, 25" 

73,5% Dioxan-H,O, 25" 

20% EtOH-H,Ob, 25" 

40% EtOH-HZO, 25" 

50% EtOH-HZO, 25" 

50% EtOH-HZO, 25" 

70% EtOH-HZO, 25" 

80% EtOH-H20, 25" 

90% EtOH-H,O, 25" 

EtOH, 25" 

MeOH, 25" 

n-PrOH, 25" 

95% EtOH-HZO, 25" 

n-BuOH, 25" 

Glycol, 25" 

Benzenec, 25" 

m 54 

m 54 
L 

P - - P - 
55 

56 

57 
57 

57 

58 

58 

58 

59 

58 

58 

58 

58 
60 

61 

62 

63 

64 

65 

0 The range of o values indicated in the table was determined by basing Hammett 
plots on only a small number of 'well-behaved substituents' (m-NO,, m-CN, m-C1, m-Br, 
m-I, H, m-CH,). Wc would consider any sigma value within the ranges tabulated to bc 
acceptable. The spread is not intended as an indication of the experimental error in any 
of the individual points. 

CBased on the equilibrium constant for the reaction bctween the benzoic acid and 
Insufficient points for a reljablc rho value. An estimate of p = 1.2 was used. 

diphenylguanidine. 

that in only two cases has the benzoic acid series been systematically 
studied by more than one group of investigators-in water, and in 
50% ethanol. Of the four sets of data on aqueous solution, those 
from studies (3) and (4) must be considered the most reliable by a 
considerable margin. 
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Much nfTzb!e 3 is based on the ::.crk of two groups. Most results 
support a generalization that, in moving from water to solutions 
containing substantial proportions of low molecular-weight alcohols, 
the value ofem shifts from a value of about f-0.1 to a figure of approx- 
imately -0.1. This is an  appreciable changs. I n  the move from 
water to dioxan-rich solvents, the shift in sigma values is very much 
smaller. There is one report on benzene as solvent, and the sigma 
value is intermediate between those in water and alcohols; on the 
whole, this conclusion is supported by other isolated studies on non- 
polar solvents. 

The 6, values from Bright's data5* on ethanol-water mixtures 
perhaps imply changes similar to those observed for om-a shift to 
TIiore negative values as the proportion of alcohol is increased. But 
the work of'KilpatrickG0-64 does not indicate that the values in pure 
alcoholic solvents are substantially different from the figure in water. 

2. Dependence on side-chain 
Two key reviews of (T values are relevant: that by Taft and Lewis3 

in which they compiled a list of (TO values, and that by 'CVepster4, 
who derived 0% values. Taft and Lewis do not quote a value for 
8, or aO,, for the hydroxyl group in hydroxylic solvents, but merely 
state that the value is strongly dependent on the nature of the 
solvent. They give figures for amo and a;, relating to nonaqueous 
solvents, of +0.04 and -0.13 respectively, and these may be based 
on Reaction 21 in Table 3. I n  his paper, Wepster reports o'\,t-olx as 
+0.095 f 0.025 and concludes that 

There are no Hammett data covering the effect of either a meta- 
or para-hydroxyl substituent on the reactivity of a functional group 
which is insulated from the benzene ring (e.g., by a methylene group) 
and there is therefore no standard of reference for any discussion of 
variations in interaction between such a substituent 2nd the side- 
chain. I n  Tables 4-7 data on a selection of different reactions are 
given. If  a reaction has been investigated by more than one group 
under similar conditions, we have made the choice of what appears 
to be the most reliable figure. The reactions are classified on the 
basis of the electronic nature of the side-chain. 

There are only four reactions in the Tables in which the values 
for a, differ significantly from those expected from the nature of 
the reaction solvent. These are reactions (33), (34.1, (38) and (43). 
For reactions (33) and (34) the differences may be caused by 
hydrogen-bonding between solvent and phenolic oxygen; in each 

is variable. 
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instance similar positive deviations in 3 have been noted for the 
mdn-alkoxy 75. 

The ep vaIues covcr a wide range but, as a rough guide, they can 
be placed in one of two groups-the values between -0.2 and 
-0-4, which may arbitrarily be called ‘normal’ substituent con- 
stants, and the ‘exalted’ values lying between -0-5 and -0.9. The 
first range is generally linked with the reactions of weak --R and 
with +X side-chains; the second range is applicable to strong --R 
side-chains. Clear exceptions to the generalization are reactions 
(31), (42), (43) and (50). The high value for 6, in reaction (31) is 
matched by the correspondingly high negative CT value required 
for the para-amino group in this reaction (but not for the fi-methoxyl 
group). However, the rho value for the reaction is rather low (about 
0.45) and the experimental error may be greater than usual. 

The high sigma value in reaction (50) is interesting. Althoiigh 
the reaction is tabulated as that of a +R (amino) side-chain, the 
suggested mechanismas involves an electron-deficient nitrogen 
intermediate: 

- t 
Ar-N-C=N-N=N 

I 
N H2 

We should therefore treat the reaction as that of a strong --R side- 
chain, and it yields a 6D value within the expected range for such a 
reaction. 

The value for eP for phenol dissociation appears to be out of line, 
but this trend towards leas negative GD values for phenolic ioniza- 
iki-is is also discernible for the p-NH, group-and is possibly true 
for other +R substituents. 

The exalted sigma values obtained for reactions either involving 
‘strong’ --R side-chains and/or attack at aromatic centres can, of 
course, be at1:ributed to large changes in resonance interaction in 
the system in going from the ground state to the transition state. 
Within the given range, the values appear to either be around 
-0.6 (--R side-chains) or around -0.8 (aromatic centres), but 
once again the data are not numerous. 

3. Comparison of substituent constants far methoayl and hydroxyl 

The substituent constants for the methoxyl group, like those for 
the hydroxyl group, appear to vary from reaction to rcaction. The 

groups 
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para-methoxyl group appears to parallel the para-hydroxyl group in 
reactivity but to be slightly less reactive. 

For the mela-methoxyl substituent Taft3 suggests a value of +0.13 
for pure aqueous solutions and +0.06 for nonliydroxylic media 
and most mixed aqueous organic solvents. Only a minority of the 
listed reaction studies (Tables 3-7) yield datz on both the m-OH 
and rn-OMe substituents and most of these refer to aqueous solution. 
In his review, Wepster4 has tabulated 6 values for m-OMe for forty 
reactions and although there is a tendency for C?oAI\lo to fall to about 
+0-05 in alcoholic solvents it rarely becomes negative, and never 
as negative as m-OH in similar solvents. This implies that negative 
shifts of m-OH in alcoholic solvents may be caused by hydrogen- 
bonding of the phenolic hydroxyl group, perhaps in the manner 
proposed by de la Mares3. 

4. The oxide ion substituent as an activating group 
I n  contrast to the -OH group which is inductively electron- 

withdrawing ( -I) and conjugatively electron-releasing ( +R), the 
negatively charged oxygen of a phenoxide ion is strongly electron- 
releasing by both mechanisms (+I, +R). There are few data avail- 
able, however, to give a quantitative estimate of its reactivity. For 
only six reaction series can the effect of an 0- substituent in the 
rneta- (or para-) position bc estimated as a 6 value. These are given 
in Table 8. It is clear from the Table that few useful conclusions can 
be drawn, and practically all that can be said about C?, is that, as 
would be predicted, it is negative. 

Reactions (581, (59) and (60) involve attack by the negatively 
charged hydroxide ion on a species already bearing a negative 
charge. Such attack would be comparatively slow and would lead, 
in these cases, to and OV values more negative than otherwise 
expected. It is noteworthy that Sv for reaction (56) is less negative 
than for other reactions. 

The one apparently abnormal value in Table 8 is the value for 
6, in reaction (61). There is only one reported measurement of 
pK, for resorcinolgg and until this figure receivcs further support, it 
shoilld be treated with caution. 

5. The substituent constant for the  hydroxyl group 

para-hydroxyl substituents are given in Table 9. 
The generally accepted substituent constant: for the mctn- and 
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TABLE 9. Substitueiit constants for the hydroxyl group. 
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Author Symbol urn 

JaffP a -0.002 f 0.106 
McDaiiiel and Brownloo U +0.121 f 0.02 
Wepster a” -toe095 f 0.025 
Taft3 0 0  ( +0*04) 
Brown and Okamotoe a+- - 
Deno76 a+ 
Hinelol a $. 0.165 
Yukawa-Tsuno O a0 

- 

- 

-0.357 f 0.104 
-0.357 f 0.04 
-0.178 f 0.036 

(-0.13) 
- 0.92 
- 0.82 
-0.21 
-0.16 

aNonliydroxylic solvent only. Thc value in liydroxylic solvents is variable. 
In addition, for thc -0- substituent, jam6 gives unL as -0.708 and up as -0.52; Hine 

suggests - 0.47 and - 0.8 1 respectively. 

The available data lead us to suggest that the following hydroxyl 

+0.10 f 0 4 5  for aqueous and water-rich aqueous mixtures. 
-0-10 f 0.03 for alcohols and alcohol-rich solvents. 

+0-20 f 0.05 for very strongly acidic solutions (e.g., H,S04) 

These values are considercd to be independent of the nature of the 
side-chain. 

uP45 -0.20 to -0.40 for reactions of weak --R and +X side- 

sigma values can be expected under the given conditions: 

a,n-OH 

0.0 f 0.05 for nonhydroxylic solvents. 

chains, e.g., CO,H, NH, 

e.g., CO,H,+, -C(R)=NH,+ 
-0.50 to -0.80 for reactions of strong --R side-chains, 

-0-70 to -0.90 for electrophilic aromatic, substitution. 

For 
outside the given ranges. 

solvent dependence is considered unlikely to shift the values 

6. The substituent constant for the oxide ion 

There are two influential features of this substituent : the elec- 
tronic effect of the group, and the overall charge on the molecule 
in the transition state. With only three reactions as a guide, the 
rough estimate of a,, is -0.35 f 0.1. For uz, the best that can be 
said is that the value is expected to lie between -0.5 and -1.0, 
higher values being associated with nucleophilic attacks on nega- 
tively charged substrates. 
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B. Proximity Erects 
1. Aromatic acid-base equilibria 

The best known and most widely quoted example of the proximity 
effect of a hydroxyl group on an acid-base reaction is the abnormally 
high acidity of salicylic acid103. This can be seen most readily by 
comparison with the other monohydroxybenzoic acids and meth- 
oxybenzoic acids: 

lo5 K,  in H,O, 25" 

D. A. R. Happer and J. Vaughan 

0 m I 
hydroxy ( K l )  105 8.3 2.9 
methoxy 8-06 8.17 3.38 

This high acidity is attributed to abnormal stabilization of the 
salicylic acid mcno-anion by internal hydrogen-bonding: 

The negative charge is shared by all three oxygen atoms. The im- 
portance of the proton in stabilizing the system is illustrated by the 
fact that K ,  for salicylic acid is more than 2500 times smallcr than 
that for either the meta- or the para-isomer. However, the issue is 
complicated by the effect of high charge repulsion in the ortlro- 
dianion. 

Dippy and co-workers*04 have reported that 6-nitrosalicylic acid 
(7) is a weaker acid than o-nitrobenzoic acid (8) indicating that the 
acid-strengthening factor in salicylic acid is no longer present in 7. 

(7) (8) 

K, = 5.81 x K, = 6-71 x lo-' 

Dippy considers that the carboxyl group is forced out of plane. I n  
these circumstances hydrogen-bonding is less effective a d  stabiliza- 
tion of the mono-anion accordingly lower. 

I n  the case of 2,6-dihydroxybenzoic acid (pK, = 1-3) the prox- 
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imity effect in the primary dissociation is even grcater105; the pK, 
of 2,6-dimethoxybcnzoic acid is 3.44lo6. A similar but much smaller 
exaltation of pK,  is fcund for catechol. 

pK, of phenolsz5, H,O, 25" 

0 m P 
hydroxy 9.48 9.44 9.96 

hydroxyme thy1 9.92 9.83 9.82 
inethoxy 9.98 9.65 10.21 

It will be seen that for the hydroxymethyl phenols, differences are 
too small to be significant. 

For o-aminophenols, there is no evidence for hydroxyl participa- 
tion. Furthermore, no pK, value is available for the o-hydroxy- 
benzylammonium ion, and no conclusion can be drawn fi-om the 
closely similar figures for 2-hydroxy-3-methoxybenzylamine (8.70) 
and 3-hydroxy-2-methoxybenzylamine (8.89) lo '. 
2. Hydrolysis of carboxyl derivatives 

Bender, Kezdy and Zerner lo8 found that the alkaline hydrolysis 
of p-nitrophenyl-5-nitrosalicylate was unexpectedly fast. The data 
were consistent with either 9, reaction of hydroxide ion with the 
un-ionized ester (intramolecular general acid-mcleophilic catalysis) 
or 10, reaction of the ionized ester with water (intramolecular 
general-base catalysis). The accelerations observed for the reaction 

(9) (10) 

were much greater than those for corresponding reactions involving 
nucleophiles in which acidic hydrogens are absent (e.g. azide ion) 
and mechanism 10 was considered to be the more likely. 

Other studies of esterification and ester hydrolysis have led to 
the suggestion of lactone intermediates. Kupchan and Saettonelo9 
have proposed that the esterification of o-hydroxyphenoxyacetic acid 
proceeds through the lactone since the rate is at  ieast ten times 
greater than that of the o-OCH,, 0-C1 or p-OH compounds. The 
considerable accelerating effect of a 2-hydroxy substituent on the 
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rate of hydrolysis of methyl triptoate has also been accounted for in 
terms of the intermediacy of a lactonell". 

The occurrence of intramolecular general-base catalysis in amide 
hydrolysis has been established by Bruice and Tannerll', who in- 
vestigated the mechanism of hydrolysis of salicylamides. If general- 
base catalysis were operative, the introduction of a nitro group in 
the 5-position should increase the reactivity of the amide side-chain 
and decrease the ability of the oxide ion substituent to act as a gen- 
eral base. If intramolecular general-acid catalysis occurred, on both 
ground? the introduction of the nitro group should increase the 
reaction rate. The rate of hydrolysis for salicylamide proved to be 
lower than for the 5-nitro compound, a result that supported the 
general-base mechanism. 

IV. AROMATIC SUIBSTITUTIOM REACTIONS 

A. Electrophilic Substitutions-General Considerations 
The very large amount of information available in this field en- 

forced selection. Most of the subsequent sections deal with this type 
of aromatic substitution. We have decided that the more profitable 
results are those related to phenol itself. The extrerrxly powerful 
directing and activating effect of the hydroxyl group gives it a strong 
tendency to swamp the effects of most other substituents in phenol 
derivatives*, and it is often true that trends observed for phenol can 
be carried over to its substitution products. 

1. The mechanism for electrophilic aromatic substitution in phenol 
The generally accepted mechanism for electrophilic aromatic 

substitution involves the rate-determining formation of an inter- 
mediate CY complex (Wheland intermediate) followed by rapid loss 
ofproton112, e.g., for benzene, 

x 

There is no evidence against a Wheland intermediate in the case 
of substitution in phenols, but there is considerable support for the 
opinion that the actual scheme is much more complex than that 

the 5-position; Fries rcnrrnngement of thc acetate also leads to the 5-ketone113. 
* A notable exception is that 2,4-dimethoxyphenol undergoes bromination in 
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pictured herc. For instance, it has been established that, in certain 
halogenations of phenol, dienone intermediates may be formed and 
that weakening or breaking of the O-H bond may be involved in 
the rate-determining step”. Whether this is caused by hydroxyl 
‘liyperconjugation’ or solvent interactions is still a matter for argu- 
ment. However, the observaticm that phenol is more activated than 
anisole in the para-position and that phenol is brominated in acetic 
acid nearly twice as rapidly as in O-deuteroacetic acid demonstrate 
the inadequacy of the simple mechanism, at  least for halogenations”. 

Electrophilic attack at  the ortho-position of phenol may be com- 
plicated by interaction with the hydroxyl group. I n  some cases the 
electrophile attacks oxygen first and later migrates; in others some 
h r m  of weak bonding between the attacking electrophile and the 
phenolic oxygen results in abnormally high ortlzo-jara ratios. I n  the 
case of phenoxides, participation in ortho attack may be even more 
pronounced. One case has been reported where the phenoxide ion 
oxygen acts as a general base in removing the proton from the 
Wheland intermediate. I n  other cases, ortho attack may be preceded 
by the formation of some sort of preliminary complex involving the 
0- substituent, the associated metal ion and the electrophile. It is 
probable, indeed, that electrophilic substitution at  the ortho-position 
of phenols and phenoxides is rarely a ‘normal’ reaction. 

2. The ortho-para ratio 
The usual site for electrophilic attack on the aromatic ring of 

phenol is ortho orpara to the hydroxyl group. There is some activation 
of the mta-position. Illuminati114 estimates a value for a,+ of 
-0.133 for bromination in acetic acid but in view of the very high 
rho value (> 10) for this system and the relatively high negative value 
expected for a, and aD (a, -0.8), one would not predict appreci- 
able amounts of meta-substitution products. The occurrence of meta- 
substitution products is most common in cases such as sulphonation 
or Friedel-Crafts reactions, where substitution is reversible and the 
meta-isomer is thermodynamically the most stable. 

I n  a monosubstituted benzene derivative, the steric effect of the 
substituent normally decreases the accessibility of the ortho-positions. 
In  addition, the --I and + R  electronic characteristics of the hydroxyl 
group combine to favour para- substitution. Overall then, an ortho- 
para ratio of less than the statistical 2 :  1 should be found. Some 

* The mechanism of bromination of phenols is discussed thoroughly by de la 
Maree3. 
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experimental observations support this prediction but in the majority 
of cases the ortho-para ratio is high, sometimes greatcr than 2 : 1. An 
accounting in terms of participation by the OH or 0- group has 
been referred to in the previous section. 

3. Replacement of substituents other than hydrogen 
Substitutions of this type have been observed quite frequently in 

aromatic systems":. They can be divided conveniently ir?to two 
groups: those in which the replacement group is hydrogen, and those 
in which the electrophile is some other group or atom. The replace- 
ment of substituents by hydrogen is the most widespread, probably 
because the hydrogen ion is an extremely powerful electrophile and 
can readily be generated in high concentrations. The ease of reaction 
varies considerably. Some groups such as MgX are displaced ex- 
tremely readily while others require strong acids and/or activation 
by other substituents in the ring, e.g., protodehalogenation. One or 
two of the reactions are mentioned elsewhere in this review- 
dealkylation, desulphonation, desilylation and degermylation for 
instance. The pronounced activating effect of the hydroxyl substit- 
uent ortho or para to the leaving electrophile is most apparent in 
the more difficult displacements, e.g., dehalogenation and decar- 
boxylationl l 5. 

The replacement of substituents by groups other than hydrogen 
are not as common, because these reactions are reversible and re- 
stricted to powerful attacking electrophiles. A number of such dis- 
placements have been observed in nitration and halogenation. For 
example, para-substituents are often replaced during nitration or 
halogenation of phenols116. However, in these cases the mechanism 
may not be simple. Addition products of phenols have been isolated 
during the course of halogenationsg3, and the normal product of 
bromination of phenol in aqueous solution is the ketone, 2,4,4,6- 
tetrabromocyclohexadienonell '. 

B. ortho-para Ratios in E fectrophilic Substitution 
I .  Nitration and nitrosation 

The nitration of aromatic compounds has been extensively 
studied, and some impressive and comprehensive reviews are 
available' ' 20. 

a. Nitration in organic solvents. O n  the nitration of phenol, perhaps 
the most surprising feature of the data is the constancy of the 
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ortho-lara ratio €or nitration in organic solvents. Table 10 is from the 
work of Arnall121. 

TABLE 10. Nitration of phenol with nitric acid in various solvents. 

Solvent 
Nitrophenol (yo) 

orlfio Farc niela 

Acetic anhydride 59.6 37.8 2 *6 
Acetic acid 59.2 38.1 2.7 
Acetone 57.4 39.6 3.0 
Ether 57.8 39.2 3-0 

Ethanol 57.7 39.2 3.1 
Ethanol-acetic acid (2 : 1 )  57.6 39.3 3.1 

The change in orientation with temperature is not great at room 
temperatures and above. Presumably this is because nitration, un- 
like sulphonatioii and Friedel-Crafts alkylation and acylation, is 
not reversible under the reaction conditicns. However, a t  low 
temperatures a change in the ortlzo-para ratio has been observed by 
Spryskov'22 for nitration with nitric acid-acetic anhydride mixtures. 

TABLE 1 1 .  Nitration of phenol with 99.6% HNO, 
in acetic anhydridc. 

Nitrophenol (yo) 
T("C)  ortho pul'u mrla 

+20 54.9 45 
0 62-5 32.3 5.2 

-15 68.8 ___- 31.2 
- 30 72.0 28.0 - 
-50 79.5 16.2 4.3 
-56 80.0 16.3 3.7 
-70 79.0 16.0 5.0 

A limiting o :  p :  m ratio of 80: 16: 4 appears to be obtained for 
temperatures below -50". The increased amount of ortho-product 
may be attributable to increased participation by the hydroxyl 
group at low temperatures. Participation by the lone pairs on ihe 
oxygen has been proposed123 to explain the anomalously large 



422 D. A. I t .  Happcr arid J. Vauglian 

amount of orlho-product formed during the nitration of anisole by 
acetyl nitrate, e.g., 

An alternative explanation based on a change in the nitrati:ig 
agent is also possible. Bordwell and Garbisch'24 have shown that 
whereas acetyl nitrate is rapidly formed by the reaction of nitric acid 
and acetic anhydride at room temperature, at -10" most of the 
nitric acid does not react, and nitration is a much slower process. 
Spryskov's nitration technique involved the addition of the nitric 
acid last; accordingly the nitrating agent under his conditions is 
more likely to be nitric acid or H,NO,+ than acetyl nitrate except 
for his runs at  0" 2nd above. I t  may be significant that the runs with 
the highest ortho-para ratios are also those which would be expected 
to involve reaction of nitric acid rather than the larger acetyl nitrate 
species. However, since the ortho-para ratio has in many cases proved 
to be almost independent of the nitrating agent, this explanation is 
not as attractive as the first. 

6. Nitration in aqueous solution. Ingold arid c o - ~ o r k e r s ~ * ~  have in- 
vestigated the nitration of phenol in aqueous solution and found 
that the reaction is catalysed by nitrous acid which, if not initially 
present, is formed as a by-product. In  addition to the effect of the 
catalyst on reaction rates, the ortho-para ratio is drastically changed. 
The same workers found that in acetic acid solvent similar trends 
were observed, the ortho-fara ratio changing from about 45: 55 
(cf. Amall's figures) to about 74: 26 when considerable quantities 

TABLE 12. The effect of nitrous acid on the ortho-Jaru ratio for nitration 
by nitric acid in strongly acid aqueous solutionslZ5. 

~ ~~ ~ 

T = 20" [PhOH] = 0.45h1, [HNO,] = 0.50~,  [H2S0,] = 1 . 7 5 ~  
. . .. .. __ . 

0.00 73 : 27 
0.25 55 : 45 
1 .oo 9 : 91 
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of N,O,l were added. 'These changes are probably causcd by clianges 
in the nature of the nitrating species, but at  present it is uncertain 
which species are involved. 

c. ineta-Nitration. Arnall suggested a figure of 2-3% for rneta- 
nitration under all conditionslzl. Spryskov12? gave a somewhat 
higher value of 4.5% but it is unlikely that the difference is 
significant. 

d. Nitrosatior,. Phenol reacts with acidified solutions of sodium 
nitrite to form the o- andp-nitroso derivatives. The reaction has been 
studied in detail by Veibel'26. He found that the mair. point of 
attack was para to the hydroxyl group The proportion of ortho- 
compound in the product was about 6% at O", and rose to 10% at 
40". The kinetics of nitrosation have been studied hy Suzaw-ii and 
co-~orkers*~ '  but they were unable to identify the nitrosating agent. 

2. Hzlogenation 
I n  the halogenation of phenol, the tendency to high ortho-para- 

substitution ratios is much less marked than in nitration. Data on 
these particular ratios are not easily found in spite of the existence 
of a considerable body of published work on phenol halogena- 
tions1ls. Most mechanistic studies on phenol have been concerned 
with reaction rates determined by following the rate of disappear- 
ance of halogen. Isomer ratios have seldom been determined. How- 
ever, from preparative halogenations, the following information can 
be drawn. 

TABLE 13. Halogenation of phenol. 

Halogen ortho kara 

Cl,, CCl,, 128 74 26 
Br,, CCI, 1z8 11.4 88.6 
I,, benzenen 130 23 77 

0 In the iodinc case, thc reaction may bc with the plienoxide ion131, and the + I  effect 
of the 0- group should to somc estent offsct the depressing effect of the large halogcn on 
orlho-subs titution. 

I t  would appear that some participation by the hydroxyl group is 
likely because the corres2onding data for anisole (o : p = 2 1 : 79 for 
chlorination and 2 : 98 for lxomination) 133 show a much stronger 
tendency for anisole to be attacked in the pawposition. I n  addition, 
chlorination of phenol in methanol at  0-5" has been stated to give 
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o-chlorophenol 133. Both the higher overall reactivity of phenol as 
compared with anisole, and the greater prcportion of ortho-i- aomer 
formed, would be consistent with a greater concentration of negative 
charge on the phenolic oxygen. Norman and Harveyl28 have re- 
ported on the chlorination of phenol using Bu'OC1. They conclude 
that in acidic or neutral solutions the halogenating agent is C1+ 
and that in base the reactive species is HOCI. Comparative figures 
are given in Table 14. 

TABLE 14. Chlorination of phenol in differciit systems'?*. 

Systcm 07thO para 

(1) I-BuOCl, CCI, 51 49 
(2) CI,, CCl, 74 26 
(3) t-BuOCI, HZSO, 50.8 49.2 
(4) CI,? PhOIl (molten)", 60" 39.5 60.5 
(5) C1+, H,O 51.4 98.6 

0 Bing and c o - ~ o r l i e r s ~ ~ ~  report an orliio-para ratio of 37 : 63 for this syst-m. 

Systems (1) and (3) are those that appear to involve attack on the 
phenol by C1+. Presumably in the case of (1) the phenol is sufiiciently 
acidic to generate this species. To account for the difference in 
O ~ ~ ~ O - ~ L W C Z  ratio between (2) and (4), Norman and Harvey assumed 
that in (2) hydrogen-bonding involved molecular chlorine, while 
in (4) the hydrogen bonds were between phenol molecules. 

Thc  same authors have also measured ortho-p~ra ratios for the 
chlorination of phenoxide ion under various conditions128. The 
attacking reagent is probably HOCl in every case, and the experi- 
mental results are as follows. 

TABLE 15. Chlorination of phenoxide ion in different systemslZ8. 

System ortho para 

(6) t-BuOC1, 4~ NaOH, 25" 78.9 21.1 

(8) f-BuOCI, 1 5 ~  NaOH, 50" 78.9 21.1 
(5) HOCl, H,O, 25" 80.7 19.3 

(9) t-BuOC1, 1 5 ~  KOH, 50" 81-3 18.7 
(10) I-BuOCI, 3.5N HNMe,+OH, 25" 63 37 

There are three possible causes of the high percentage of ortho 
attack: (a) the high electron density in the vicinity of the 0- group, 
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(b) interaction bctween HOCl and the 0- group, (c) coordination 
involving the HOC1, 0- and M+ functions (cf Lederer-Manasse 
reaction). Suggestion (c) would seem to be the most probable. 

Chlorination of phenol using sulphuryl chloride has been 
studied13 5. In nitrobenzene, nitromethane, ether, and in the absence 
of sulverii tile reaction has been found to lead to ortlio-para ratios of 
around 70 : 30. 

3. Sulphonationl36 
Phenol is sulphonated in the ortho- and para-positions. I n  all 

investigations there have been analytical difficulties but it is clear 
that the site of attack is temperature-depecilent, the ortho-product 
being favoured a t  low temperatures, and the para-product at high 
temperatures. Obermiller137 noted that the proportion of ortho- 
product was less than 4.Oy0 even at low temperatures (0-5"), while 
M u r a m ~ t o ~ ~ *  estimated that the amount of ortho-product changed 
from 39"/0 at 20" to 4% at 100". Olsen and G01dst;ein~~~ have also 
studied the reaction. Table 16 is based on the work of Chase and 
McKeownl.lo. 

TAULE 16. Temperature dependence in thc sulphona- 
tion of phenol. 

3!? - -  
30 
40 
50 
60 
70 
80 

100 
120 
140 

42 : 58 
- 

37-5 : 62.5 
35.5 : 64.5 

34 : 66 
27 : 73 
18 : 82 
12 : 88 
9 : 9 1  
- 

49 : 51 
4i :59 
35 : 65 

33 : 67 
25 : 75 

14.5 : 85.5 
9.5 : 90.5 

1 1  : 89  
10.5 : 89.5 

- 

Changes in the ortho-para ratio with temperature for aromatic 
sulphonation have been attributed to (i) desulphonation of the sul- 
phonic acid products, the rate of this process being dependent on the 
position of substitution, (ii) direct isomerization of the products- 
this has been demonstrated in some cases, (iii) variation in selectivity 
due to variations in the reactivity of the attacking species. In  the case 
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of phenol (iii) can be excluded becausz it should result in a limiting 
ortho figure of 40% a t  high temperatures. 

Spryskov has investigated the sulphonation of phenol, in dichloro- 
ethane between 0" and -40", using chlorosulphonic acid141. He 
found that the variation in product composition was not large, and 
that ortho- and para-isomers were formed in approximately equal 
quantities, accompanied by about 2% of the 2,4-disulphonic acid. 
Typical ortho-para product ratios were 14.2 : 9.9 at -40" and 
42.4 : 48-5 a t  O", the amount of unchanged phenol being very much 
larger at the lower temperature. When the solvent was changed to 
carbon disulphide, the product compasition a t  - 15 O was 45.5% 
ortho, 48% para and 6.5% 2,4-disulphonic acid. By the use of labelled 
phenol he established the mechanism below for the reaction in 
dichloroethane: 

OH OSO3H 
I 

OH 
I 

OSO,H 

HOSOpCI + ~ - S 0 , 3 H  k& @--SO3" -t HCI 

The sulphate ester of the ortho-sulphonic acid cleaves much faster in 
the presence of hydrogen chloride (via path 3) and there is a tend- 
ency for the ortho-para. ratio to decrease as the temperature is raised. 
In  view of the present belief that it is the phenylsulphuric acid that 
is being sulphonated this reaction is not strictly comparable with 
the normal sulphonation of phenol. The reaction should be con- 
sidered more akin to neighbouring group participation rather than 
illustrative of electronic effect cf the hydroxyl group. 

Since sulphonation is a reversible reaction and m-hydroxybenzene- 
sulphonic acid is the most resistant to hydrolysis, equilibrium con- 
trol of sulphonation should lead to the formation of the meta-product. 
This had never been isolated from low-temperature sulphonations 
but Spryskov was able to obtain, after prolonged sulphonation at 
higher temperatures, yields of the metn-isomer approaching 4,0"/b 145. 
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T ~ B L E  17. Sulphonation of phcnol with sulphuric acid. 

Time ortho rnefa para 
("'I (hours) (%I (%I (%I 

120 30 low 3.7 96 
160 150 low 20.8 79 
180 50 low 23.2 76 
209 20 low 38- 1 61 

4. Diazonium coupling143 
Arene diazonium salts will attack the aromatic nucleus of highly 

activated aromatic compounds such as phenols and amines, but only 
in basic solution. A kinetic investigation of the reactian with phenols 
showed that the reaction is second-order and that the rate-deter- 
mining step involves either the diazonium cation and a phenoxide 
ion or a diazotate ioii and a neutral phenol 

d (product) - 
dt 

= k(ArN,+) (ArO-) or k(ArN,O-) (ArOH) 

For aqueous sohtions, the two expressions are kinetically indis- 
tinguishable. However, Piitter145 made a careful study of the pH 
dependence of the rate of coupling in naphtholsulphonic acids. 
Using substrates which differed greatly from each other in the pK,  
of the naphtholic hydroxyl group, he was able to show that for this 
case at least, the two reacting species are the diazonium cation and 
the naphthoxide ion. He excluded not only attack of the diazotate 
on the naphthol, but also attack of the diazonium cation on the 
naphthol. The result is not too surprising since diazonium cations, 
unless highly activated, do not attack aromatic ethers. Subsequently, 
semiquantitative experiments in 60-80% sulphuric acid have shown 
that under these conditions phenols are attacked but that such attack 
on the neutral molecule is slower (by a factor of lolo) than reaction 
with the phenoxide ion14s. 

Bamberger147 determined the ortho-lara product distribution for 
the reaction with phenol itself. He found that the product contained 
about 98% para-compound, with 1% of ortho and 1% of 2,4-disub- 
stituted product. Most studies of ortho-para ratios have involved 
1-naphthol derivatives, for which the ortho-para ratio is much nearer 
unity. In  these cases the ratio has been shown to depend OR the 
nature of the diazo component148 and the reaction conditions. 
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Stamm and Z01linger's'~e results on the coupling reaction between 
the o-nitrobenzene diazonium ion and l-hydroxynzphthalene-3- 
sulphonic acid are: 

Buffer system pH k,  x lo5 kp x lo5 
0-05hi NaOAc/0.05~ AcOH 4.59 2.9 0.2 1 
0- 1 h i  NaOAc/O. 1 7 ~  AcOH 4.6 1 3.6 0.37 
0.50~ NaOAc/0.50~ AcOH 4.64 4.4 1 -04 
0 . 5 0 ~  NaOAc/0*05~ AcOH 5.60 4.2 0.88 

k valucs are in I/mole sec. 

The reaction was general base-catalysed a t  both ortho- and para- 
positions by external bases but extrapolation to zero buffer concen- 
tration revealed that the water-catalysed reaction at the ortho- 
position was much faster. This was attributed to the naphthoxide 
ion acting as a gcneral base ir. removing a proton from the sigma- 
complex for ortho attack. 

5. Friedel-Crafts alkylation* 
In Friedel-Crafts alkylation an alkyl group is introduced into an 

aromatic substrate by means of a combination of an alkylating agent 
and a Lewis acid catalyst. The most commonly encountered alkyl- 
ating agents are alkyl halides, alkenes and alcohols, although various 
other reagents (aldehydes, ketones, alkynes, inorganic esters, ethers, 
alkanes, mercaptans, sulphides, thiocyanates) have been used. Lewis 
acid catalysts used include AlCl,, FeCl,, BF,, SbCl,, ZnCl,, TiCl,. 
I n  addition, Br~nsted-Lowry acids have been used-HF, H,SO,, 
H,PO,, etc. Acidic-oxide catalysts of the silica-oxide type, and cation 
exchange resins have also been used. Except for the case of alkylation 
with alcohols, only catalytic quantities of acids are needed. The 
order of catalytic activity for metal halides in the acetylation of 
toluene is151: 
AlCI, > SbCl, > FeCl, > TeCl, > SnCl, 

> TiCl, > BiC1, > ZnC1, 
and a similar order would be expected for alkylation. For proton 
acids, the order appears to be152: 

HF  > H,SO, > H,P04 
The order may change with the conditions. The choice of a catalyst 

* Exhaustive reviews of this and other reactions of the Friedel-Crafts type arc 
given in the treatise edited by G. A. Olah150. 
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for a particular Friedcl-Crafts alkylation is governed by thc activities 
of substrate and alkylating agent, the solvent, reaction temperature, 
etc. 

I n  the alkylation of phenols, the substrates are strongly nucleo- 
philic. They can be alkylated under mild conditions but then ethers 
are often formed, i.e., 0-alkylation occurs rather than C-alkylation. 
The major complication is reaction with the catzlyst. With some 
catalysts, e.g., H,SO,, the nucleus is attacked but in most cases 
initial reaction is with the hydroxyl group. Consequently it is not 
surprising that ortho-para ratios vary widely with catalyst type and 
reaction conditions. 

The measurement of ortho-para ratios for alkylation of phenols is 
often easy but the meaning of the results obtained is seldom clear. 
The major complicating factors are: 

(1) Alkylation is reversible under normal reaction conditions and 
the kinetic and thermodynamic ortho-para ratios are invariably 
different. 

(2) The  introduction of an alkyl group activates the ring towards 
flirther substitution. Polyalkylation is difficult to prevent and, 
when it occurs, the ortho-fara ratio loses its significance. 

(3) A combination of (1) and (2) can lead to disproportionation of 
monoalkylated products. 

(4) Ring alkylation can occur through iatramolecular rearrange- 
ment of an intermediate ether. (Intermolecular rearrangement 
leading to the para-product is a dealkylation-realkylation re- 
action.) 

(5) Ether formation can lead to abnormal rcsults if substitution 
takes place in the ether and the product is subsequently 0- 
dealkylated. 

T o  all these factors must be added the modification of the elec- 
tronic nature of the hydroxyl substituents by reaction with the 
catalyst (particularly Lewis acids). Interpretation of particular find- 
ings is, therefore, often dif3cult and unwisc. Some practical general- 
izations can bc made, of which the widest and the most obvious is 
that alkylation of phenol almost invariably occurs ortho or para to 
the hydroxyl group. There have been instances involving apparent 
meta-alkylation but they are very rare153, lS4. 

a. Thermal alkylation using alkenes (no catalyst). Phenol can be 
alkylated by heating with alkenes to 320" under pressure155. Under 
these conditions the principal product is ortho. Direct alkylation of 
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the phenol via a cyclic transition state rather than a thermal Fries 
rearrangement has been suggested: 

B. Cntalylic alkylation using alkenes'". Although systematic investi- 
gations are rare the amount of available information is quite large. 
Conditions and catalysts may be altered to favour either ortho- or 
para-products. Briefly, resultsshow that the ortho- isomer is the kinetic- 
ally favoured product, with the para-isomer being thermodynamically 
the more Low concentrations of catalyst lead to the ortho- 
product, as do certain catalysts, particularly aluminium phenox- 
ide15*. With this catalyst, alkylation appears to involve the species 
HAl(OPh!, and a six-membered transition state: 

Aluminium chloride reacts with phenol, and most reactions in- 
volving the use of AlCl, probably involve Al(OPh), as the true 
catalyst. An interesting example of the effect of time on product 
composition has been reported by Buls and Miller159 (Table 18). 
TABLE 18. Reaction of isobutylene (4 moles) with phenol ( 1  mole) in the presence 

of aluminium chloride. 

Phenol Substituted phenols (moles) 
Time (moles) 

(hours) recovered 2- 4- 2,4- 2,6- 2,4,6- 

0 1.0 0.00 0.00 0.00 0.00 0.00 
0.16 0.35 0-4 0.02 0.03 0.05 0.06 
0-23 0.24 0.6 1 - 0.05 0.03 0.03 
0.36 0.18 0.54 0.02 G.03 0.19 0.02 
0.50 0.05 0.32 0.0 1 0.03 0.45 0.1 1 
1.14 - 0.05 0-03 0.16 0.38 0.37 
7.10 - 0.02 0.0 1 0.25 0.04 0-66 

c.  Catabtic alkylation using alkyl halides and alcohols. Apart from 
AlCl,, the most commonly used catalyst for the alkylatioii of phenols 
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is ZnC1, lG0.  This has the advantage of being strong enough to 
catalyse C-alkylation but weak enough to complex only loosely with 
the hydroxyl group. Strong Lewis acids such as A1C1, decrease the 
reactivity of the phenol by complexing with the hydroxyl group. I n  
all cases sdxtitution occurs qainly in the para-position. 

6. Alkylation of phenoxides (no catalyst) 
The phenoxide ion behaves as an amhident nucleophiie towards 

reactive alkyl halides of the benzylic or allylic type and it underFoes 
both 0- and C-alkylation. KornblumlG1 found that the relative im- 
portance of the two pathways depended mainly on the solvent, and, 
in protic solvents at  least, selective solvation of the phenoxide ion 
appeared to favour C-alkylation. In homogeneous solution, the 
C-alkylation occurs at both the ortho- and para-positions. Kornblum 
obtained the results in Table 19. The attacking electrophile in these 

TABLE 19. Alkylation of sodium plienoside with allylic and benzylic 
halides'O 

Reaction conditions ortho : lara ratio 

Allyl bromide /NaOPh /H,O, 2 7 O 

Allyl bromide/NaOPh/PhOH, 43" 
Benzyl chloride/NaOPh/PhOH, 43" 
Benzyl chloride/NaOPh/CF,CI-I,OH, 27" 

35 : 65 

48 : 52 
49 : 51 
52 : 48 

Bexuyl chloride/NaOPh/H,O, 27" 38 : 62 

cases was considered to be the alkyl halide, and the possibility of a 
main reaction between the phenoxide ion and the derived carbon- 
ium ion was ruled out. 

Under heterogeneous conditions, where reaction is believed to 
occur at  the crystal surface, the ortho-isomcr is the only C-alkylation 
product isolated 2. 

7. Hydroxyalkylation: reaction with aldehydes and ketones 
a. Uaeyer reaciion103. This refers to the reaction between phenol and 

ketones or aldehydes other than formaldehyde. Hydroxyalkyl deriv- 
atives arc initially formed and sometimes react with other phenol 
molecules to form bis-arylalkanes under the reaction conditions. The 
general reaction requires the use of Friedel-Crafts catalysts, usually 
either AlCl, or anhydrous HCl/HOAc. Aldehydes other than form- 
aldehyde usually react with phenol to form polymeric products 
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which deconipose on heating to give alkylphenols16"~ l65. Ketones 
usually give bis-hydroxyarylalkanes directly' G. In  all the reported 
cases attack on phenol is a t  the pal-a-position; if this is blocked, thcn 
ortho attack will occur. Yields are usually less than 50%. 

b. Ledemr-Manasse re~ctionl~~. This is the reaction of phenols with 
formaldehyde to form hydroxymethyl derivatives. The reaction 
takes place under acidic or alkaline conditions. Further reaction of 
the hydroxymethyl derivative often occurs to form dihydroxy- 
diarylalkanes. The reaction goes with great ease even in the absence 
of catalysts. Resin formation, through polysubstitution and cross- 
condensation, is common. Under controlled conditions it is possible 
to examine the nionohydroxy-alkylation reaction. As expected, the 
ortho- and para-positions are the most susceptible to attack. The 
ortho-para ratio depends upon the reaction conditions and experi- 
mental findings indicate that attack on the para-position is favoured 
by polar solvents and acidic conditions, while attack on the ortho- 
position is favoured by nonpolar solvents, alkalinet conditions and 
Group I1 metal oxide, hydroxide or acetate ~a ta1ys t . s~~~.  These 
conclusions may be rationalized by assuming that acid catalysis 
involves reaction of the hydroxymethylcarbonium ion (+CH,OH) 
with phenol and that nonpolar solvents encourage participation of 
the phenolic hydroxyl group in stabilizing the transition state for 
ortho attack. 

Alkaline reaction involves attack by formaldehyde on the phenol- 
ate anion which is more ol-tho-directing than phenol. Highest yields 
of ortho-product occur in those cases whcre the greatest amount of 
ion-pairing between the metal ion and the phenoxide is to be ex- 
pected. A mechanism involving some form of chelate is therefore 
likely (cf. aluminium phenoxide-catalysed alkylation). The solvent 
has a major effect (Table 20). 

D. A. R. Happcr and J. Vaugkan 

TABLE 20. Alkaline phenol-formaldehyde coiidcnsation 16'. 
~ ~ ~ 

Catalyst Solvent ortho : l a m  ratio 

NaOH H,O 
iMg(OH), H,O 
Et,N H*O 
Et,N C,CI, 
Et,N toluene 

65 : 35 
69 : 31 
55 : 45 
77 : 23 
8 7 :  13 
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8. Haloalkylation'G8 

Haloalkyl groups can be introduccd directly into aromatic inclei 
using method:; similar to those for alkylation. By far the most 
common haloalkylation reaction is chloromethylationlG89 lGg. This 
reaction is usually carried out with a mixture of formaldehyde (or 
one of its polymers) and hydrogen chloride in the presence of a 
Friedel-Crafts catalyst such as zinc chloride. Other haloalkylating 
agents include chloromethyl 

Phenols normally react so readily with HCHO/HCl that a 
catalyst is unnecessary, and even then monomeric products are 
difficult to obtain unless deactivating groups are pr~sent17~. The 
usual product with phenol is a bicyclic methylene ether173. 

or chloromethyl sulphidel'l. 

OH 

CH,CI 

The mechanism of chloromethylation is not known with certainty, 
but in the case of the HCHO/HCl/phenol system there is evidence 
that the reaction involves initial hydroxymethylation (see Lederer- 
Manasse reaction) followed by replacemcnt ofhydroxyl by hal0gen17~. 

9. Friedel-Crafts acylation175 
iMost of the general remarks on Fricdel-Crafts alkylation also 

apply to acylation. The major difference is that acylation requires 
at least 1 mole of catalyst per mole of reagent because Lewis acids 
form complexes by coordination with the carbonyl oxygen of the 
acyl derivative. The most common acylating agents are acid halides 
and anhydrides, but ketones and carboxylic acids have also been 
uzed. The same problems of reversibility and kinetic versus thermo- 
dynamic control are encountered, and with phenols competing 
0-acylation also occurs. Acylation, like alkylation, occurs mainly 
ortho and para to the hydroxyl group. Since an acyl group is de- 
activating, acylation differs from alkylation in leading to far less 
polysubstitution and disproportionation. The ortho-para ratio is 
usually less than unity and depends mainly on the catalyst em- 
ployed. The largest amount of ortho-product is obtained using 
aluminium chloride or polyphosphoric acid as catalyst. The pura- 
ortho ratios for acetylation of phenol are PPA 3.2, ZnC1, 3.5, AlCl, 
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4.6, TiC1,6*3, BF, 30 170.  The ratio can also be influenced by solvent. 
For examplc, the octanoylation of phenol with AlCi, catalyst gives 
a para-ortho ratio of 0.24 in tetrachlorethane and 2.7 in nitroben- 
zenel76. The use of pheiioxyaluminium chloride as a reagent cum 
catalyst leads to approximately equal amounts of ortho- and para- 
product1i7 (cf. aluminium phenoxide alkylation). An extensive series 
of tables covering acylation of phenols has been drawn up by Gore178. 

a. The Fries rearrangementlig. Phenolic esters rearrange on heating 
with Friedel-Crafts catalysts to give o- and p-acylphenols. The 
mechanism has not been elucidated. The para-product is formed by 
an intermolecular deacylation-reacylation'80, but in the cases so far 
investigated, the ortho-product appears to form by an intramole- 
cular reaction180. These are therefore independent reactions and 
competitive processes. This should be reflected in a changing ortho- 
para ratio with change in reaction conditions. In  general, yields of 
ortho-product are greater at higher temperatures. Para-substitution 
is facilitated by the use of polar solvents and by the presence of 
hydrochloric acidla'. I t  is possible that the para-Fries rearrangement 
is a simple Friedel-Crafts acylation process, while the ortho-Fries is 
a true rearrangement. 

10. Formylation 
a. Gattemann-Koch reaction183. Many aromatic compounds can be 

successfully formylated by a mixture of carbon monoxide and 
hydrogen chloride in the presence of aluminium chloride. Normally 
high pressures are required but with added cuprous chioride, which 
appears to act as a carrier, the reaction proceeds at atmospheric 
pressure. Generally, phenols and phenol ethers cannot be formylated 
by this latter and more common method. This was attributed by 
Gattermann to insolubility of cuprous chloride in the system, but 
this explanation has since been challenged's3. The only hydroxyl 
compound successfully formylated under Gattermann-Koch con- 
ditions is 3-hydroxyretene, which is said to give a mixture of 
aldehydes in good yield1a4. Formyl derivatives of phenols are usually 
prepared by a closely related reaction, the Gattermann aldchyde 
synthesis. 

b. Gattermaim aldehyde synthesis18js lsc. The Gattermann aldehyde 
synthesis in its original form was the reaction of a mixture of HCN 
2nd HCl with an aronatic substratc in the presence of AlCl, or 
ZnCI,. A later modification1s7 removed the necessity for working 
with large amounts of HCN by passing HC1 into Zn(CN), to gener- 
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atc the required misture. The reaction is most satisfactory for 
strongly activated aromatic compounds such as phenols and ethers. 

Monohydric phenols usually requirc AlCI, as the catalyst. The 
yields vary with the structure of the phenol. Phenol itself is formyl- 
ated in 30% yield, entirely in the paru-position'88. I n  general, only 
one formyl group is introduced and it always enters para to the 
phenolic hydroxyl group if that position is unoccupied. If the para- 
position is blocked, the rcaction may not proceed a t  all or it may 
give a poor yield of the ortho-product. An exception is 2-naphthol, 
which gives good yield of 2-hydroxyl-l-naphthaldehyde1~9, but there 
are cases in which even rcplacemeiit of a para-substituent is pre- 
ferred to ortho attack'". 

The nature of thc attacking electrophile is not known, but an 
isolable nitrogen-containing intermediate is formed and may be 
liydrolysed to thc aldehyde. Possibly this is the imino-hydrochloride 
ArCH=NH,+Cl-. The Gattermann reaction may be regarded as a 
special case of the Houben-Hoesch reaction (see later). 

G. Vilsnzeier reactionlS1~ l g 2 .  This is currently the most common 
method for the formylation of aromatic rings. The formylating agent 
is a mixture of a substituted amide (usually diinethylformamide or 
N-methylformanilide) and phosphorus oxychloride. I t  is only 
aFplitable to scbstrates such as amines, phenols and certain aromatic 
hydrocarbons and hetcrocj-cles that are highly activated. I t  is closely 
related to both the Gattermann synthesis and Friedel-Crafts acyla- 
tions. The attacking species (Tor the case of N,N-dimethylformamide) 
is believed to belg3 

and the assumed mcchaiiism (in the case of phenol) 
CI 

I 

Me, N - y==J OH 

' H  

is 

4. 

C li G-P 
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Like the Gattermsnn synthesis, reaction with phenols occurs at  the 
para-position if this is free. If it is blocked, then ortho attack will 
occurl94. Phenol reacts with DMF/P@Cl, to give an 85% yield of 
the p-hydroxyben~aldehyde~~~. No ortho-product has been reporteci 
but, as was the case with the Gattermann synthesis, no serious 
attempt has apparently been made to obtain it. 

d. Reaction with dichlorometlyl ether. Dichloromethyl ethers, e.g., 
CH,OCHCI,, in the presence of Lewis acids, react with aromatic 
compounds to form a-alkoxybenzyl chlorides which decompose, 

form aldehydkslgc: 

Ar-CHO 

SnCl,, SnRr, and 

either on heating or on the addition of water, to 
CI 
I heat 

OR 

.- Ar-CH - -> 
HCCI,OR 

A r  F.C. catalyst I or H,O 

The catalysts most frequently used are TiCl,, 
AlCl,. The reaction is closely related to Friedel-Crafts alkyiation 
and acylation and also to formylation by trialkyl orthoformates (see 
below). No data are reported for formylation of phenol, but a 
number of substituted phenols have been formylated, often in good 
yieldslO7 (Table 2 1). The tabulated figures indicate that ortho- 
substitution is more important than in most other formylation 
reactions involving electrophilic substitution (see, however, the 
Reimer-Tiemann reaction). 

e. Reaction with trialhyl orthoformutes. Gross and co-workers have 
reported a direct aldehyde synthesis using trialkyl orthoformates in 
the presence of aluminium chloride197. Using this method, phenol 
aldehydes were obtained in good yield. This  reaction, although 
simiiar in many ways to formylation using dichloromethyl methyl 
ether, gives far less ortho-product, which is in keeping with a much 
greater steric requirement for the attacking group. 
f. The Reimer-Tiemann reaction. Phenols (as phenoxide ion) and 

certain highly reactive heterocyclic compounds may he formylated 
by reaction with chloroform in the presence of alkalilD8. The reactive 
electrophile is believed to be dichlorocarbene. Although this species 
is neutral its carbon is highly electron-deficient. The proposed 
mechanism is as shown on p. 438. Both ortho- and para-products are 
formed. Yields of the mixed aldehydes are usually less than 50%. 
The main product is usually the ortho-isomer but the ortho-para ratio 
varies quite considerably with the reaction conditions. Experimental 
results all indicatc, however, that ortho attack is favoured over para 
(this is usual for electrop!iilic attack on the phenoxide ion) but that 



T A n m  2 1 .  Alkylation with dicliloroincthyl cther : TiCI,. 

Yield 
(total yo) Phciiol Products 

ortfio : pnrci 
ratio 

on 

c-:, 77  : 23 
Me 

cno 
OH 

33 : 67 

8 2 :  18 

6." cno 



438 D. A. 11. I-Iappcr atid .J. Vaughan 

0- 0 0 

para attack can be made more favourable by hindering the orlho- 
position by introducing large caticns which complex with the 0- 
gr0up~~9. 
g. The Dux reaction. Hexamethylenetetramine will condense with 

phcnols to form intermediate products which, on acid hydrolysis, 
give hydroxy aldehydcs ?OD: 

Q C.H,,N. , &H2-NH-c.Q ;;:- &c,o 

OH OH OH OH 

+ 

&cH2NH2 

Attack on phenol occurs at  the ortho-position, but the yields are even 
lower than those of the Reimer-Tiemann reaction. 

I 1. Houben-Hoesch ketone synthesis201 

This ketone synthesis is a variation of the Gattermann synthesis 
of aldehydes. The reaction is one between a phenol and a nitrile in 
the presence of hydrogen chloride (and sometimcs a Lewis acid such 
as ZnC-1,) to form a ketimine hydro::hloride, which readily hydrolyses 
to give a ketone. 

Hzo > Ar-C-R + NH,CI Ar-C-R - RCNIHCI 

ArH ZnCI, ' I1 I1 
+ NH, CI-  0 

The precise nature of the attacking electrophile is not known but 
it is bylieved to be a complex of R-C + =NH with HC1. Phenol itself 
does not undergo nuclear acylation with most nitriles; it forms in- 
stead the hydrochloride of an iminophenyl ester202. An exception is 
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the rcaction of pheno! with tricliloroacc~oiiitrile in  tile prescnce of 
aluminium chloride to givc a 95% yicld of o-tricliloro-4-liydroxy- 
a~etophenone"~. The formation of the para-product is consistent 
with the para-directing effect of the hydroxyl sl;bstituent in the 
Gattermann aldehyde synthesis. I t  is possible that this product is 
formed by a Fries rearrangement of thc imino cster but iiidcpendent 
rearrangement of such esters has not been achieved. 

12. Carboxylation 
a. Kolbe-Schmitt reactiox"0". From the middlc of' the nineteenin 

century this reaction has been used for the preparation of aromatic 
hydroxy acids. The reaction is hetween the dry metal phenoxide 
and carbon dioxide and normally is carried out at 120-130" under 
pressure. 

I t  is usually assumed that reaction occurs through attack on the 
electron-rich ring of the phenoxide ion by the electrophilic carbon 
of the CO, molecule. I n  general, substitution occurs ortho to the 
hydroxyl group but cases of para-substitution are known. The ortho- 
para ratio for phenol is strongly dependent on the nature of the metal 
ion in the phenoxide as well as on reaction conditions such as 
temperature, reaction time, etc. With different alkali metal phen- 
oxides, the proportion of ortho-product diminishes in the order 
Na > K > CS"~. The substitution is apparently reversible and 
ortho-para migration occurs at  higher temperatures2O 6. I t  would seem 
therefore that there is probably association between the phenoxide 
oxygen and the metal ion and that ortho-substitution may go through 
a cyclic transition state involving CO,, the phenoxide oxygen and 
(perhaps) the metal ion (cf'. aluminium phenoxide alkylations) . 
13. Other electrophilic substitutions 

a. Hydrogen exchange in aromatic system under acidic conditions is an 
electrophilic substitution. I t  has been established that three nuclear 
hydrogens are readily exchanged in phenol under these conditions 
and that these are at the ortho- and para-positions"'. The ortho- and 
para-hydrogens in phenol are also rapidly exchanged in alkaline 
solution; in these circumstances the attacking species is thought to 
be a Brransted acid, and the substrate the highly activated phenoxide 
ion208. The rclative reactivities of the ortho- and para-positions have 
not been measured but for anisole an ortho-para ratio of 29.5 : 70.5 is 
indicated209. I t  is unlikely that the figure for phenol would be lower 
than this. 

b. Mercuration ofaromatic cotnfounds has been shown to occur through 
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either a radical or electrophilic mechanism. The electrophilic mech- 
anism is favoured by the presence of acids, while in nonpolar solvents 
thc homolytic path is often followed210. For highly reactive aromatics 
such as phenol, however, the electrophilic path is likely to be the 
more important under all conditions. 

An accurate orfho-para ratio for the mercuration of phenol is not 
available. A preparative procedure for o-chloromercuri-phenol via 
the acetatezt1 leads to an isolated yield of the ortho-isomer of up to 
44% with an amount of the para-product which is substantially 
lower. I n  contrast, mercuration of anisole at  25” in acetic acid leads 
to an 0-p ratio ofonly 14: 86 ? l z .  The considerable difl‘erence between 
phenoi and anisole can be attributed to participation of the hydroxyl 
group and/or preferential reaction of the mercurating species with 
phenoxide ion-the system would not be strongly acidic under the 
reaction conditions. 

c. Hydroxylation of aromatic systems may be either a homolytic or 
electrophilic substitution, but, even in homolytic substitution, the 
attacking species is likely to be sufficiently electrophilic to prefer the 
normal substitution pattern, i.e. for phenol, ortho and jara to the 
hydroxyl group. The most common hydroxylating agents are acidi- 
fied hydrogen peroxide or solutions of peracids. Hydroxylation of 
phenols is usually accompanied by oxidation of the product to ortho- 
and para-quin~nes”~. Phenol on treatment with peracetic acid gives 
a mixture of benzoquinone (40%) and a muconic acid (%yo), indi- 
cating an ortho-fara ratio around unity for initial attack2l3. Diacyl 
peroxides are also effective hydroxylating (or acyloxylating) agents 
and have been reported to attack phenols mainly in an ortho-position 
if this is freea14. There is a large negative entropy of activation and a 
cyclic mechanism rather similar to that proposed for the Claisen 
rearrangement has been proposed: 
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I n  a similar reaction, N-benzoyloxypiperidine was found tG react 
with phenol in the presence of boron trifluoride to give N-(o-hydroxy- 
pheny1)piperidine. A cyclic mechanism was also proposedz1 5, the 
key intermediate structure being one of the following: 

C. Comparative Directing Power of the Hydroxyl Group 
If the o+ values of Brown and Okamoto6 apply reasonably well 

to electrophilic substitution reactions then the order of relative 
ortho-para directing powers are: 
NMe,, -1.7; NHz, -1.3; OH, -0.92; 

OMe, -0.78; CH,, -0.31. 
I n  view of the high rho values ( > 5 )  normally encountered in electro- 
philic aromatic substitutions the expected rate differences found 
between the hydroxyl group 2nd amino groups should be at  least 
100-fold and the hydroxyl substituent should in turn be at  least five 
times as activating as methoxyl. I t  is to be expectcd, then, that in 
systems containing the hydroxyl group and any of the other sub- 
stituents, electrophilic substitution would be dominated by the more 
reactive of them. This is the usual observation. As examples, the 
bromination of p-aminophenol (Br,/CHCI,) gives 3,5-dibromo-4- 
aminophenol 210, and the nitration of p-hydroxyacetanilide gives 
4-hydroxy-3-nitroacetanilidez1~. However, electrophilic substitu- 
tions are often carried out under strongly acidic conditions, with 
accompanying protonation of amino group;, which then become 
deactivating. Thus, sulphonation of o-aminophenol results in attack 
para to the hydroxyl groupZ17 and sulphonation of p-aminophenol 
occurs ortho to the hydroxyl group216. 

Cliuchani and co-workers have observed an interesting case where 
the directing power of the phenolic hydroxyl group is, at first sight, 
more influential than its activating power2l0. They examined the 
kinetics of tritylation of a series of ortho-substituted phenols and 
obtained the results below (Table 22). Although the o-isopropoxy- 
phenol (and in some cases the o-ethoxy compound also) can react 
more rapidly than catechol the only product of the reaction is that 
resulting from attack of the trityl cation para to the hydroxyl group. 
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TABLE 22. Relative rates of tritylation of o-C,H,(OM) 
(X) with Ph,C+CIO,- in nitromethane. 

X T = 30" 40' 50" GO" 

H 46 4.1 45 43 
OH 148 144 130 125 
OMe 100 100 100 100 
OEt 129 116 141 134. 
OPr-i 1 G(i  134 140 - 

Chucliani attributed this to hydrogen-bonding between the hydroxyl 
group and the alkoxyl-oxygen. The activating power of the liydroxyl 
group would thereby be increased, and the strength of the hydrogen 
bond would presumably increase with the electron-donating power 
of the alkyl group. I n  monosubstituted benzene derivatives, such 
internal hydrogen-bonding is not possible, but the observed reactivity 
order is still not simple. 

OPr-i > OH > OEt > OMe 
Here, it was assumed, the hydroxyl group is hydrogen-bonded to 
the solvent. There is support for this explanation in the work of 
Campbell and co-workers135 who noted that chlorination of o-cresol 
in carbon tetrachloride gives 507; of the 6-isomer, while in ether 
only 15% is formed. However, de la Marc has offered much evidence 
for hyperconjugation of the hydroxyl group in phenol and enhanced 
reactivity can be accounted for on this basis93. 

I n  spite of the demonstrated, very high @-directing power of the 
phenolic hydroxyl group, there are cases in which meta reaction pro- 
ducts are isolable2*0* 22l ? e.g., 

6 )  6 - - C H 3  AcCl AICI, ~ A c 4 C l - I .  + Ac A+cH3 

C", CH3 CH3 

80% 9% 

O H  OH 

&CH3 +normal products 
-0CH3 Ac,O 

ZnCI, 
-- > 

Ac 

1-2% 
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Each of these reactions was being carried out under conditions 
which could lead to 0-acetylation, and it is possible that some 
C-acylation of the 0-acetyl derivatives is followed by hydrolysis of 
tlie acetate side-chain. 

D. Rates of Electrophilic Aromatic Substitution 

The rate of an elcctrophilic aromatic substitution reaction can be 
expressed either as the rate of introduction of the attacking elcctro- 
phile into the aromatic nucleus, regardless of thc position taken, or 
else as the rate of attack at a specific site in the molecule. Most 
recorded rate measurements for electrophilic substitution in phenol 
are overall rates, and the most commonly studied reactions are 
nitration and halogenation. Direct experimental comparison of 
phenol arid benzene rates, to give the relative activating power of 
the phenolic hydroxyl group, is impracticable because the difference 
in reactivitjj is always great and may be as high as 10'0-101,. 

Comparisons with other activating groups have, however, been 
made???* 223. Most of these have been based on competition experi- 
ments, involving either two aromatic substrates or else one aromatic 
substrate with two functional groupsz1g> 2 2 4  (see preceding section). 
All of these studies are in agreement and suggest that the order of 
activating power of the common strongly activating groups is 

NMe, > NHMe > NH, > OH > OMe > Me 

Alkyl-substituted amino groups, it will be noted, are more activ- 
ating than the amino group itself, whereas the methoxyl group is less 
activating than the hydroxyl group. This finding may well be related 
to de Ia Mare's observationg3 that in tlie halogenation of phenol 
0-H bond breaking is involved in the rate-determining step. If so, 
the N-H bond is presumably too strong in amines for a similar 
reactiorr path to be involved. 

Direct comparisons of phenoxide ion with other substrates have 
not been made but it is generally assumed that thc oxide ion group 
is a very strongly activating substituent, stronger even than NR,. 
Bell and Ramsden have estimated that N, N-dimeth ylaniline are 
about 1016-1017 times as reactive as benzene in aqueous solution2?5. 
For the dimethyl compound at 25" they found a second-order rate 
constant of alrnost lo9 I/mole sec. I n  a subsequent paper Bell and 
Rawlinson226 reported that bromination of both the p-bromophen- 
oxide and m-nitrophenoxide ions gave second-order rate constants 
around lo9 I/rnole sec, and that for the more active, xnsubstituted 
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phenoxide ion, the rate could not be measurcd. Halogenation of 
aryloxides has, in fact, been stated as often occurring 'at about the 
encounter rate' in aqueous  solution'^'. 

The most comprehensive description of reaction rate for aromatic 
substitution is in terms of partial rate factors. These represent the 
rate of substitution at a given position in the ring relative to that 
at one of the six positions in benzene. That is, for phenol. 

A very large number of partial rate factors covering a wide variety 
of reactions have been calculated 228. However, for phenol only three 
reactions have been examined in this way and even then, partial 
rate factors were obtained only for the para-position. The three 
reactions are (54)) (55) and (56) in Table 7 (section III.A.2). Only 
one of these reactions (56), bromination in acetic acid at  25", is a 
'normal' electrophilic substitution; the other two involve replace- 
nient of groups other than hydrogen. The calculated partial rate 
factors are given below. 

Reaction J L a  

Protodetriethylgermylation, HClO,, CH30H-H,O, 50" 

Bromination, CH,CO,H, 25" 

The value off, for the bromination reaction was based on an 
assumed 100% attack a t  the para-position. On  the basis of the 
measured ortho-para ratio for this system93 the value offo should be 
about 2-5-3% of this figure. Illuminati114 has estimated o,,+ for the 
hydroxyl group to be -0.133 for bromination in acetic acid and on 
this basis,f, should be about 50. However, Illuminati's figure comes 
from work on mesitylene derivatives, in which a steric factor could 
well operate. 

E. Nucleophilic Aromatic Substitution 

Nucleophilic aromatic substitution does not take place very 
readily unless the substrate is activated by strong --X or -I groups 
in the aromatic nucleus. Most substitutions of this type actually occur 

2.73 x 103 
Protodetrimethylsilylation, HC104, CH,OH-H,O, 5 1 " 1.07 x 10' 

3.7 x 10'2 
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under basic conditions (cf. nucleophilic aliphatic substitution) and 
if an aromatic hydroxyl is present it is normally there as the 0- 
group. This group is strongly +I, +R, and therefore has a marked 
tendency to deactivats the system. This is apparent from the study 
of Berliner08 on thc reaction of 4-X-2-nitrobromobenzenes (section 
III.A.4) where the 0- group was found to have a 5, value of about 
-0.8. In this study the 0- group proved to be less deactivating than 
-NH,. A similar order has been foucd for the reaction of m-substi- 
tuted ChIorobenzenes with sodium methoxide at 150" 229. Here the 
activation order for substituents was NO2 > H > 0- > NH,. How- 
ever, for the reaction offi-substituted chlorobenzenes under the same 
conditions, differences between the deactivating groups were less 
signifi~ant22~. I n  this study, the activation order proved to be 
NO, > C1 > H > NH, > CH, > m-0- .  Other work on related 
dichloro compounds230 confirms the CH, group as less deactivating 
than the 0- group. Clark and c o - ~ o r k e r s ~ ~ l  give the following 
figures (Table 23) for the extent of halide ion liberated from 

TABLE 23. Estcnt of reaction of ArCl with 
sodium methoxidc aftcr 50-60 hours at 155". 

X [ c1-1 
(% yield) [OMe-] 

H 2.0 4 
H 2.5 7 
"-0- 2.0 0.0 
3-0- 2.0 12 
4-0- 2.0 0.0 

chlorobenzene and the three monochlorophenols on heating with 
NaOMe. From these results, the m - 0 -  substituent would appear to 
act as an activating substituent and this surprising result requires 
corroborative evidence. 

Miller and c o - ~ o r k e r s ~ ~ '  have measured rates for the reaction of 
a number of 5-substituted l-chloro-2,4-dinitrobenzenes, and have 
derived from this a C,,, for the 0- group of - 1.358. The very high 
value obtained here, compared with that of Berliner for 6, value in 
reaction (61) (--0.8)98, may result from the conibination of a 
rather low +I effect on the reaction site, and a very high +R eKect 
operating on the two nitro groups and thereby rcducing their 
activating eflect. 
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Polyfluoro compounds of the type C,F,X are attacked to varying 
degrees (depending on the nature of X) by strong nucleophiles, with 
the displacement of fluoride ion"% If X has no powerfbl electronic 
effect, the fluorine para to the substituent is displaced. Strongly 
electron-releasing substituents react much morc slowly and there is 
an increasing tendency for a fluorine nzeta to the substituent to be 
displaced. Reaction with potassium hydroxide in t-butyl alcohol at  
170" converts pentafluorophenol into tetrafluororesorcinol. Penta- 
Auorophenol, in which the activating group is the oxide ion, is the 
least reactive of all compounds investigated. 
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1. INTRODUCTION 

The problems involved in electrophilic attacks on the hydroxyl 
group are, in the last analysis, one aspect of the more fundamental 
problem about the underlying pattern of structural factors which 
determine the mutual reactivities of different electron-donor and 
electron-acceptor molecules. I t  is, thcrefore, quite natural that the 
reactions like, e.g., acylations, in which the hydroxyl group in an 
organic molecule becomes the primary site of the attack, have 
several counterparts in the chemistry of other functional groups. 

Somc characteristics of the hydroxyl group, made evident from its 
reactions with electrophiles, require especial attention to be drawn 
to them. I n  the first place, the hydroxyl group possesses only rela- 
tively moderate nucleophilic properties, that is, as a functional group 
of a Lewis base i t  is of an intermediate strength (section 1I.A). I n  
terms of tlie conccpt of hard and soft acids and bases, this implies 
that the liydroxyl group is moderately rcactivc with Lewis acids of 
widely varying strengths. In fact, the spectrum of reactions involving 
the hydroxyl group as the electron donor seems to be extraordinarily 
wide in respect of the nature of thc electrophile. I n  the second place, 
the influence of the structure of the alcohol upon the facility of t!ie 
attack is normally very material. Apart from the steric factors in- 
volved, this can be attributed to tlie fact that tlie transmission of 
electronic effects from the rcmnant of the molecule through the 
G O  bond is facilitated by the similar sizes of tlie valence orbitals in 
the carbon and oxygen atoms, both being second-row clements. 

The experimental material on various kinds of electrophilic 
attacks on the liydroxyl group is both diffuse and rich, and many 
extensive review articles and monographs on special topics have been 
published. Therefore, a rather drastic limitation in tlie scope of the 
present chapter seemed unavoidable. While some representative 
older results were included, the main part of the material dealt with 
elsewhere was simply omitted, making, wherever possible, citations 
to the pertinent literature. Primary attention was focused on rela- 
tively recent work covering mechanistically and practically impor- 
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tant aspects of tlie fuiiction of the hydroxyl group as the nucleophilic 
partner in various reactions. 

II. ALKYLATION. CARBON ATOM AS T H E  
ELECTROPHILIC CENTRE 

A. Nucleophilic Reactivity of the Hydroxyl Group 

The nucleophilic reactivity of the hydroxyl group towards carbon 
can be illustrated by comparing the formation of ethers from alkyl 
halides and  alcohols (equation 1) with the reactions of alkyl halides 

ROH f R X +  ROR A- HX (1) 
with other nucleophiles. The relative rates of mctliyl iodide with 
methanol aiid some other nuclcophiles are shown in Table 1. The 
data confirm conclusively that the proton basicity of tlie nuclcophile 
is not the sole factor influencing its attacking capability; all thc 
nucleophiles listed in Table 1 react more rapidly than methanol, 
notwithstanding the fact that many of them arc less basic than 
mcthanol. 

TABLL I .  lielativc ratcs for the clcctrophilic attack of 
methyl iodide on thc hydrosyl group and on various othcr 
nuclcophilcs'l 2. Temperature 25"C, mcthanol solutioii. 

MeOH 
c1- 
iMe,S 
PhO- 
Br- 
RffeO- 
CN- 

I- 
Et,As 

Et,P 
PhS- 

0.0 
4.4 
5.3 
5.8 
5.8 
6.3 
6.7 
7.1 
7.4 
8-7 
9.9 

--1*7= 
-7 
-5.3 

9.9 
-9 
16 
9.1 
2 

- 3.5 
8.9 
6.5 

a Den0 and Turncr3 have oltnincd a pK, value of -2.5. 

Another important factor affecting the reactivity of an alcohol 
towards electrophiles is tlie polarizability of the hydroxyl group. 
Normally, the oxygcii atoms in hydroxyl groups are of moderately 
low poiarizaliili ty. In  terms of thc concept of hard and soft acids and 
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bases, advocated by Pearson’s 5, this implies that alcohols are 
Lewis bases of an intermcdiate hardness. I n  the reactions between 
Lewis acids and bases hard bases have the strongest tendency to rcact 
with hard acids, and, correspondingly, soft acids with soft bases. 

An existence of ‘symbiotic effects’ in nucleophilic displaccrnent 
reactions has been suggested2* c; a grouping of either several hard 
bases or soft bases around the central carbon atom will stabilize the 
transition state and thus increase the reaction rate. The relative rate 
coefficients shown in Table 2 illustrate this point. In  these reactions 
the tosylate ion is a hard Lcwis base and the iodide ion a soft base. 

TABLE 2. Attack of MeOTs and Me1 on the hydroxyl 
group and on various othcr nucleophiles2. ‘3. Relative 
rate coefficients are in methanol solution at 25°C. 

~ ~ ~~~~~ 

Nucleophile and its classification ~,,,/k, 

MeOH hard 2 10 
MeO- hard 4.6 
CI- hard 2.8 
PhS- soft 0.13 
ScCN- soft 0.23 
I- soft 0.13 
Ph,P soft 0.18 

The decrease of the ratio k,,,/k, with increasing softness of the 
attacking nucleophile can bc rationalized in this way. 

The factors influencing the reactivity of alcohols have also been 
represented by equation (2), proposed by Edwards7s 8. Here a and 
b are constants, E is thc susceptibility of the alcohol. to an elcctro- 
philic attack, P is the polarizability factor of the alcohol in question 
and H is a factor depending on the basicity of the oxygen atom. I n  
short, according to equation (2), the sole factors determining the 

E = a P + b H  !2) 

reactivities of alcohols would be their proton basicities and polariz- 
abilities. This, of course, must be a very crude simplification. 

One obvious reason for the inadequacy of simplifications like 
equation (2) is that, in a series of formally similar compounds, the 
reaction mechanism may change when going from one compound 
to another. The data iiz Table 3 illustrate this point. The ratio of the 
alcoholysis rates of ROTS and RBr increase greatly in the sequence 
hfe < Et < i-Pr < t-l3u. It  has been assumed that this indicates 
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TABLE 3. Attacks of ROTS and RBr on thc hydroxyi group. 
Relative rate coefficicnts arc in  cthanol at 25°C. 

45 7 

Nucleophile R k O T J 4 3 r  Mechanism Rcferencc 

EtOH Me 16 sx2 9, 10 
EtOH Et 15 SN2 9, 10 
EtOH i-Pr 73 9, 10 
EtOH t-Bu >MOO S S  1 11, 12 

an increasing charge separation between the alkyl group and the 
leaving group in the transition state". The deuterium isotope effect 
on the solvolysis of t-butyl-d, chloride has been studied in various 
 solvent^^^-^^; the independence of the isotope effect of the solvent 
shows that there is only a weak covalent interaction between the 
solvent and the t-butyl group at  the transition state. So the study of 
the deuterium isotope effect confirms the accepted view that the 
alcoholysis of t-butyl chloride occurs by the S,l mechanism; thus, 
differing from primary halides, the attacking electrophile is in this 
case a carbonium ion. The data in Table 3 point out that the 
alcoholyses of isopropyl tosylate and isopropyl bromide may also 
have some S,l character. 

It is interesting to note in this context that bicyclic bridgehead 
halides are solvolysed slower than the corresponding t-butyl halides 
by several powers of ten, owing to the steric strain associated with 
the carbonium ion geometry. I n  contrast, Wiberg and Williams1o 
have recently found that 1-chlorobicyclo( l,l,l)pentane (see equa- 
tion 3) is about three times more reactive than t-butyl chloride and 

lo1** times more reactive than 1-chloronorbornane. This exceptioiial 
reactivity is probably due to the fact that much more energy will be 
gained when releasing the strain of the bicyclic system than will be 
lost when approaching the carbonium ion geometry. 

Detailed information on reactions of various alcohols with a 
saturated carbon atom as the reaction centre is available in articles 
on nucleophilic substitution  reaction^'^-^^. 
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8. Alkylation with u-Halo Ethers, Vinyl Ethers, Acetals and 
Carbonyl Compounds 

1. Kinetics and mechanism 
Experimental evidence derived from different indcpendent sources 

indicates that oxonium-carbonium ions play an important role as 
intermediates in the reactions of a-halo ethers, vinyl ethers and 
acetals. The osonium-carbonium ions arc strong clectrophiles and 
they are wry  fast to react with alcohols (cquation 4). I n  a relatively 

RO-CR',  -1- ROH -F ROCR',OR + H +  (4) 

recent article Sclimitz and EichhornCq have discussed the formation 
of acetals. Most of the reactions involve an electrophilic attack on the 
hydroxyl group. Some additional observations, in particular those 
concerning the mechanistic and thermodynamic aspects of the 
reaction, may be mentioned in this context. 

I n  their reactions in alcohol solution, a-halo ethers, vinyl ethers 
and acetals form unstable monoalkoxy carbonium ions as inter- 
mediates (equation 5) .  Although the intermediate is the same, the 
mechanism of its formation differs in three cases: the reaction (A) is 

+ 

+ 
z RO-CHCH, (5' (6) 

ROCH=CH, -____ 

ROCH(CH,)OR 

so l~o ly t i c~~ ,  reaction (B) exhibits general acid 26, and 
reaction (C) is specifically hydronium ion-cataly~ed~~. 

The alcoholysis reaction of a-halo ethers procecds by the S,l 
mechanism23. The enhanced electrophilic reactivity of halo ethers 
as compared with that of alkyl halides (section 1I.A) has been ex- 
plained in terms of the resonance stabilization present in oxonium- 
carbonium ions. 

The reactions of a-halo esters with alcohols have also been used for 
the preparation of acetals28-'9. Baldwin and Walker29 synthesized 
in this way a number of acetals of or.-bromophcnyl acetaldehyde. 
These acetals were subsequently used for the preparation of keten e 
acetals by dehydrobromination. I t  is very likely that the attacking 
electrophile is the oxonium-carbonium ion (equation 6). 

4' 

MeOH 

RCHBrCHBrOCOCH, -+ RCHBrCH .+OCOCH, + 

RCHBrCH(OCH,)OCOCH, -+ RCHBrCH.?-OCH3- 

RCHBrCH(0CH ,) 

(6)  MeOH 
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The thermodynamics and kinctics of reactions (5) liavc been 
recently studied30. Although ethyl vinyl ethcr is initially on a higher 
free energy level than diethyl acetal (about 3.3 kcal/mole), the two 
compounds produce oxonium-cacbonium ions at  rates which are 
virtually the same, because thc transition state of the vinyl ether 
hydrolysis is on a higher energy level than that ofthe acetal hydrolysis. 

On  the basis of the abovc results it is possible to estimatc the ratc 
of an electropldic attack on the hydroxyl group by the oxonium- 
carbonium ion. I n  the acetal solvolysis, the transition statc is only 
by about 4 kcal/niole less stable than the intermediate ion. The  
smallness of this free energy difference shews that the energy well 
relating to tlic intermediate is not deep because tlic intermediate 
must further react at  a rate which corresponds to a free energy of 
activation that is less than this difference. I n  this way the rate 
coefficient for the attack of the intermediate ion 011 water was 
estimated to be about 10'0 s-l. It is very probable that the rate of the 
attack in an alcohol solution is smaller by only one or two powers 
of ten. 

Great variations in the stabilities of alkoxy carbonium ions become 
evident when the substituents are varied. The rate of an attack on 
alcohol depends largely on the stability of this ion. The  following 
observatioiis made on the hydrolysis of acetals provide further infor- 
mation on this point, which is of interest in the synthesis of structurally 
diKerent acetals (see section II.B.3). 

The overall hydrolysis rate of acetals can be dissected to partial rate 
factors relating to the leaving group and to the remnant of thc 

( 7) 
molecule31. For reaction (7), in which R is varied and R' is held 
unchanged, the following partial rate factors have been calculated: 
R FCH,CH, ClCH,CH, CH,0CH2CH, CH, CH,CH, (CH,),CH 
x;,l 0.080 1 0,0480 0.201 1 4.48 22.1 

The corresponding partial rate factors for various leaving groups 
(R' is varied) differ only slightly and exhibit a minimum: 
R' FCH,CH, CICH,CH2 CH,OCH,CH, CH, CH,CH, (CH,),CH 
&I 2.02 1.96 1 a53 1 1.21 2.27 

The minimum is caused by the circumstance that the structural 
effects on the pre-equilibrium protonation and on the rate-deter- 
mining heterolysis act in opposite directions. Further information 
on the leaving group effccts is available from a study of the basicities 
of symmetrical and unsymmetrical a c e t a l ~ ~ ~ .  

+ 
ROCH ?OR'+ RO-CH 2 -j. ROCHZOH 
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2. Equilibrium studies 

Kubler and co-workers"* 3 4  have r-easured equilibrium constants 
for the reactions of methanol with various aldehydes and ketones 
(equations 8 and 9). The equilibrium constant for thc hemiacetal 

( 8) 
R'R2C(OH)OCH3 + CH3OH + R'R?C(OCH,)Z 4- H a 0  (9) 
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RlCOR? + CH30H + RIRZC(OH)OCH, 

K = K,K,  = - 

%Id. u-CI130H 

formation, K,,  was measured spectrophotometrically in neutral or 
basic solutions, in which no acetal was formed. Only a few of the al- 
dehydes or ketones studied formed significant amounts of hemiacetals. 
If the carbonyl compound contzined strongly electronegative substi- 
tuents thc extent of hemiacetal formation was substantial. For in- 
stance, p-nitrobenzaldehyde was predominantly in the form of a 
hemiacetal in neutral or basic methanol, but in acidic media the 
corresponding acetal was formed. 

I n  acidic solutions the acetalization of saturated aliphatic alde- 
hydes with primary alcohols is almost complete; in cases of aromatic 
aldehydes and ct,p-unsaturated aldehydes the equilibria are less 
favourable. The conversion of ketones to acetals (ketals) is ordinarily 
so unfavourable that the latter cannot be isolated from the equi- 
librium mixture; however, the preparation of acetal can be success- 
fully accomplished if one of the reaction products is removed from 
the mixture. 

IGnetic studies of acetal hydrolysis provide additional information 
about the equilibria between carbonyl compounds and alcohols. 
The hydrolysis of 1,3-dioxan and its alkyl derivatives differs from 
the hydrolysis reactions of acyclic acetals3 and alkyl- 1,3-dioxo- 
lanes36 in that the equilibrium is not completely on the side of the 
hydrolysis products37 (see Table 4). Similar results have been re- 
ported by Aftalion and c o - ~ o r k e r s ~ ~ - ' ~ ~ .  

TABLE 4. Hydrolysis equilibria for six-membered cyclic acctals 
in dilute solutions ((0.1~) in water at 25°C 37. 

Acetal :(, Unhydrolyscd at equil. 
-. ~ .___ 

1,3-D' ioxan 2 1  
2-Methyl-I ,3-dioxan 33 
4-Methyl-l,3-dioxan 47 
4,4,6-Triniethyl- 1,3-dioxan 65 
2,4,4,5,G-Pentamethyl- 1,3-diosan 71 
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3. Applications to synthesis 
The facts discussed above make it possible to ratioiialize a nurri- 

ber of observations made in conncction with the synthesis of acetals. 
Thus, e.g., attempts to prepare the trichloroethyl acetal of formalde- 
hyde from other formaldehyde acetals via tratzsacetalization (equa- 
tion l l )  were unsuccessfu14~, the unsynimetrical acetal being the sole 

C13CCH20A CH? =I,CCH20;( (CI,CCH20)&H2 

product that could be isolated after the ethanol liberated had been 
distilled of€. This is easily understood by the low stability of the 
chlorinated oxonium-caibonium ion; its energy level has been 
estimated from the partial rate factors of the corresponding aceta1s4?. 

From the above it follows that the acetalization of alcohols having 
strongly electron-attracting substituents can be effected only under 
drastic conditions. Shipp and Hil113 have used concentrated sul- 
phuric acid for a number of negatively substituted alcohols. The 
yields were reportedly at lcast 70%. 

The reaction of chloral with ethylene glycol (equation 12) pro- 
vides a further illustration. The hemiacetal formed is exceptionally 

CHzOH / H CH,OH 
I + o=c, - i  

CHzOH CCI, CH,OC HC CI, 
I 

co”c~-/-’ OH 
i--- --h30. 

(123 

stable in this case, drastic conditions (e.g., concentrated sulphuric 
acid) are therefore required to produce the corresponding a ~ e t a l ~ ~ ~  45. 

This is quite understandable because here also the intermediate 
oxonium-carbonium ion is unstabilized by strongly electronegative 
substituents. 

A s  discussed above (section II.B.2) the acetalization of aromatic 
aldehydes is usually facile. I t  is to be noted that here the oxonium- 
carbonium ion is stabilized by the rescmance eKect of the aromatic 
ring, the latter becoming conjugated- with the partial double bond 
of the oxonium-carbonium ion. 
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C. Alkylation with Ketene Acetals and Orthoesters 

The stabilities of oxonium-carboniurn ions are greatly iiicreased 
when additional alkoxy groups are attached to the central carbon 
atom. The following stabilization cnergies, relative to the methyl 
cation, have been reported*IG: 

I on CH,OCH,+ (CH,O),CH L (CH,O),C+ 
Stabilization 
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energy (kcal/mole) 66 a5 90 

Although the above values refer to the gascous state and are not 
directly applicable to liquid solutions, it may be expected that re- 
actions of alcohols with such substrates, which are capable of 
generating dialkoxy czrbofiium ions, take place much more readily 
than the reactions which involve monoalkoxy carbonium ions 
(section 1I.B). 

In the presence of an acid catalyst, ketene acetals and orthoesters 
are readily transformed to dialkoxy carbonium ions (equation 13), 
which subsequently react rapidly with the nucleophiles present, e.g., 

OR 
/, 

(13) 
------A 

CH = C ( 0  R 1 

/ CH3C4+ OR 
CH,C(OR), 

with an alcohol. Some data on the kinetics of keteiie acetals in water 
soiution are available479 ,I8. The reaction of orthoesters has been the 
subject ofa number ofstudies359 47c. The electrophilic attack oftheinter- 
mediate ion on a hydroxyl group of an alcohol yields orthoesters 
(equation 14). When alcohol RlOH is present in great cxcess all of 

(14' 
OR 0 3  

OR OR' 

CHJC<+ f R'OH - CH,C / -OR 
L 

\ 

the original alkoxy g roup  will bc replaced. Ilowevcr, the prepara- 
tion of the symmetrical orthocstcr from methyl orthoformate and 
2,2,2-trichloroethanol was not possible except under relatively 
drastic reaction co~iditions~~b. In  this case, thc stability of the inter- 
mediary aikoxy methyl cation was strongly reduced by the electro- 
negative substituents. 

Kinetic data on the hydrolysis of unsubstituted ketene acetals"7 
suggest that the dialkoxy carbonium ion involved is only about 
2 kcal/mole less stable than the reactant in thc initial state. Because 
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of the stability of the intermediate ion, tlic electrophilic attack with 
this ion may be slower than that with the corresponding mono- 
alkoxy carbonium ion. Howevcr, it is evident from the kinetic data 
that this attack is anyway much faster than the formation of the ion. 

Kuryla and c o - ~ o r k e r s ~ ~ ~  5O havc recently described a new route 
to ketene acetals and orthoesters from dichloro olefins (equation 15). 

2 ROCH,CH,ONa i- CH2-=CCI,+ (ROCH,CH20)2C=CH2 (15) 

This reaction is characteristic of p-alkoxy alcoholates; unsubstituted 
alcohols do not give ketene acetals. When alcohol is used as the 
solvent the ketene acetal formed is then rapidly transformed to the 
corresponding orthoester. The proposed scheme for reaction (15) 
involved an clectrophilic attack on alcohol by an acetylenic inter- 
mediate (equatioii 16).19* 50. 

RONa 4- CH2=CCI, -+ CH-=CCI + ROH + NaCl -+ CH,=COR + 
CI I (16) 

CH=COR + R O H  + NaCl- C H 2 ~ C ( O R ) 2  

D. Alkylation with Ethylene and Acetylene Derivatives 

The general features of alkylation reacrions with alkenes have 
been extensively discussed quite recently5I. Only a few additional 
observations will be mentioned here. 

It is evident from a great number of reactions that electron- 
withdrawing substituents attached directly to a sfi2-hybridized car- 
bon atom enhance the electrophilic character of the double bond. 
Addition of alcohols to activated vinyl compounds like R,C=-CRX, 
where S is an clectronegative substitucnt, has been extensively 
studied recentlysz. The activating effect of X was found to in- 
crease in the sequence: CONHR < CONN, < CONR, < COOR 
< SO,NR, < COR < +PR,. The rate-enhancing effect of the 
CONR, g a u p  was rathcr surprising. No satisfactory explanation for 
this could bc offered. In  all cases the alkoxy group of the alcohol 
became attached to the neighhouring carbon atom having no 
electroncgativc substituents (equation 17). 

R2C=CRX + R'OH + R?(R'O)C-CRXH (17) 
I n  contrast to its electrophilic propertics, the nucleophilic strength 

of the carbon-carbon double bond is increased by electron-releasing 
substitvents attached to the trigonally hybridized carbon atoms. 
Thus i t  is possible to prepare ethers from alkyl-substituted olefiiis, for 
instance, from WIe,C=CH,, in alcohol solution containing added 
acid. I n  these reactions it is a carbonium ion that attacks the alcohols. 
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Thc addition of mercuric salt to a simple olefiii involves a forma- 
tion of a biidged or n-complexed mcrcurinium ion, followed by a 
product-determining trans attack on the solvent, e.g., on an alcohol 
(equation 18) 639 54. The structure of the intermediate, which subse- 

' OR 

quently attacks on the hydroxyl group, has been studied in the case 
of allene and its methyl derivatives 54. These compounds reacted with 
methanol faster than simple olefins by factors of several powers of 
ten. The results were best interpreted in terms of a stable o-bonded 
cyclic mercurinium ion 1. The n-complex 2 was less probable as the 
reaction intermediate. 

OAc OAc 

Several technical methods for the alkylation of alcohols with 
acetylenes are availab1es5. 

An intramolecular reaction of a hydroxyl group with the acetylenic 
linkage has been shown to occur in the transformation of acetylenic 
epoxides to the derivatives of I'uran50. 

E. Alkylation with Divalent Carbon 
Carbenes may react as electrophiles with alcohols, leading to 

ethers (equation 19). Alternatively, the conjugate acid of the carbene 
RIOH + R:C:R -ic R'0CR.H (19) 

may function as the attacking reagent. K.irmse5', 5 *  has drawn the 
conclusion that in the case of phenyl-substituted carbenes there 
exists an acid-base equilibrium with the carbene and the corre- 
sponding carbonium ion as the conjugate acid-base pair. The car- 
bonium ion then attacks on the hydroxyl group (cquation 20). 

.. 
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Carbenes are easily produced, for instance, from diazo compounds 
(e.g., equation 2 1). Methods of preparation of ethers with carbenes 

(21) 

as the intermediates have been reviewed recently2z. 
The cupric chloride-catalysed reactions of diazo acetates with 

butyl, benzyl and ally1 alcohols are not selective”. In  addition to the 
desired ether many other compounds have been found in the re- 
action product. Thc same is the case with the carbene produced 
from a-diazo-F-methoxyacetophenone in a light-induced reactiono0. 

The carbcne rcactions of hindered phenols have been studied61. 
A normal diazo reaction was found in the case of 2-t-butyl-4-nitro 

CH,N,+ :CH? + N, 
N g C H C O O C c H g 3  :CHCOOCZHG f N z  

0 2 N O O H  + CH,N2 -% 0 , N  (22)  

‘CCH,) , ‘ccH,), 

phenol (equation 22). In  the case of the di-t-butyl derivative 3 the 
above reaction was sterically hindered and the nitronic ester 4 was 
the sole product. I n  the case of the 2,6-diisopropyl analogue of 3 

OH 

1 
NO, 

(3) 

.,N, 

(4) 

0‘ OCH, 

the steric hindrance can be assumcd to be smaller. In fact, Meek and 
co-workers6l have found that with this compound both the anisole 
derivative and the nitronic ester were formcd. On  the basis of these 
results it is surprising that the corresponding 2,6-diiodo analogue of 
3 produces only anisoles, notwithstanding the bulkiness of the iodine 
atoms. I t  is very likely that, although t-butyl groups and iodine 
atoms are approximately of the same sizes, the alkylatioii of the 
hydroxyl group is much more hindered sterically by the t-butyl 
groups than by the iodine atoms. This is because the attacking re- 
agent approaches the hydroxyl group from a direction which is 
almost perpendicular to the plane of the ring, and the hydroxyl 
group is much better shielded from these attacks by the t-butyl 
groups than by the iodine atoms. In addition, inductive effects of 
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electronegative substituents like iodine atoms a t  2- and 6-positions 
will reduce the tendency of thep-nitro group to react as a nucleo- 
phile, which makes the formation of the nitronic ester less favourable. 

Schonberg, Junghans and SingerG2 have reportcd that attacks of 
diphenyldiazomethane on alcohols (methanol, beiizyl alcohol) in the 
presencc of ninhydrin give acetals (equation 23) instead of ethers. 

(23) 
Saegusa and co-workersG3 have reported that isocyanides react 

with allyl alcohol producing allyl formimidate (cquation 24). In  the 

(24) CH,=CHCH,OH + R N r C  __f CH,=CHCH,OCH 
II 
NR 

absence of the cuprous chloride catalyst only the initial reactants 
could be recovered. I n  a more extensive study SaegusaG4 has investi- 
gated the effect of other catalysts. 

The light-induced reaction of a-diazo sulphone with methanol 
gives aryl methoxymethyl sulphoiie and benzyl sulphcnate (equa- 
tion 25)65. The formation of bcnzyl sulphonate can be accounted for 

ninhydrin 
PhzCNz + 2 ROH ___j PhZC(0R) 3 

CUCl 

\A 

X = MeO, Me, H, NO, 

(1 0%) 

by a rearrangement in which a minor part of the sulphonyl carbene 
is isomerized to sulphene (equation 26). 

Ar-SOzCH -+ Ar-CH=SO, (26) 

111. ACYLATION. CARBON ATOM A S  THE 
ELECTROPHlLlC CENTRE 

A. lntroductory Remarks 
The kiiietics and mechanisms of the esteriscation of carboxylic 

acids and the reverse hydrolysis reaction (equation 27) have been 

R'COOH + R'OH + R'COORz j HZO (27) 
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the subject of considerable literature6G-io. Other related reactions, 
the reactions of carbo diimides with alcohols, tioalcohols and 
phenols'l, and the synthesis and reactions of carbamate esters72 have 
been reviewed recently. 

'The above-mentioned publications cover the main area of the 
subject; the following discussion is limited to studies published during 
thc last few years and, in particular, to those dealing with stereo- 
chemical and mechanistic aspects. 

6. Structure and Mechanism 
I. Conformational aspects 

The acetylation rates of cyclohexanol and its derivatives have been 
used for the evaluation of the conformational energy of the hydroxyl 
group. It has been generally accepted73 that the rate constant of a 
pure axial conformation (ha) and that of the pure equatorial con- 
formation (k,) may be represented by the rate constants of the 
respective cis- and tram-4-t-butyl-substituted compounds. Then, 
generally, the observed rate coefficient is given by k = Nckc $- N&=, 
in which N, and h', are the respective mole fractions of the two con- 
formational isomers at  equilibrium. The latter mole fractions can be 
readily calculated from the measured values of the rate coefficients, 
and a value derived for the conformational equilibrium constant 
K = N,/N,. 

Thus Eliel and Bir0s7~ have derived the value --dGOHo = 0.56 
kcal/mole for the interaction free energy of an axial hydroxyl group 
in cyclohexanol (5), from the acetylation rates of cyclohexanol (k) 
and cis (k,) and trans (kJ  Iorms of 4-t-butylcyclohexano1. This esti- 
mation agrees closely with other e~timates7~ (equation 28). 

-OH (28) 

&OH - K = 2.6 - 
(5) K = ( k a - k ) / ( k - k J .  

The trans form of 3-isopropylcyclohexanol is acetylated at a ratc 
which corresponds to a conformational equilibrium (equation 29) 
with 93% of 6 and 7% of 7. The value of the equilibrium constant 

(29) i-Pr 

c n G--Q 
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gives a free energy difference of 1.6 kcal/'mole, in agreement with the 
difference dGOHo - dGi.g = -0.7 + 2.3 = 1.6 kcal/mole7~~ 75. 

An estimation of a syn-axial Me-OH interaction energy from the 
acetylation rates of 8, 9 and 10 led to the value 1.8 kcal/mole (the 
syn-axial Me-H interaction energy and the syn-axial OH-H inter- 
action energy are 0.85 and 0.3 kcal/mole, rcspectivcly), which is in 
poor agreement with the thermodynamic value, 2.4 kcal/m01e'~P 7G. 

2 :  I 

1 

I 
r>: 5 

P.7 3 ,'- &\- 
F.i c 

(3  (9 

OH 
I OH 

Me (10) 

Eliel and Biros73 have also given additional examples of instances 
in which estimations of conformational energies from the acetylation 
rates give erroneous values, proposing that only cis and lrans t-butyl 
compounds77 lead to reliable results. 

2. Steric effects and esterification rates 

Steric effects in the acid-catalysed esterification of 3-substituted 
acrylic acids78 and several other acids70 in methanol have been 
investigated recently. 

B0wden7~ has measured the rate coefficients for the acid-catalysed 
esterification of fourteen 3-substituted acrylic acids. The unsubstituted 
acid seems to be much more reactive than the substituted acids, and 
the esterification rates of the trans acids are always higher than those 
of the cis acids. The latter effect indicates that the steric effects in the 
iium acids are not material. 

Bowden, Chapman and Shorter70 have studied thc kinetics of 
the acid-catalysed esterification of several aryl-substituted car- 
boxylic acids in methanol. p-Toluenesulphonic acid was used as the 
catalyst imtead of hydrogen chloride803 a l .  The effect of substi- 
tution was discussed in terms of the Taft steric substituent constant, 
4. = log (k/k,), where k,  is the esterification rate of acetic acida2. 

The initial and transition states in the esterification of the acid 
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R ‘  OH R’  
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R’RZR3CCOOH were considered as 11 and 12, respectively, both 
bearing a positive charge. The observed steric retardation was 
suggested to be a combination of a steric strain effect and of internal 
repulsive interactions. The increase in E, caused by further substi- 
tution was found to depend on the bulk of all substituents R’, RZ and 
R3. The following are examples of the results obtained by Bowden, 
Chapman and Shorter79: 

- Me H H 
Ph H H -0.37 
Ph Ph 11 - 1.43 
Ph Ph Ph - 4.68 

Most of the observed effects could ,be interpreted in terms of con- 
formational factors. As an alternative line of brgumentation the 
build-up of the total steric effects was discussed 

C. Applications to Synthesis 
1. Esterification of hindered acids 

The conventional methods of esterification of sterically hindered 
acids have been discussed by Newmanas. A recent report of Parish 
and Stock*” deals with the limitations involved in the reaction of 
methanol or other alcohols with the unsymmetrical anhydride of a 
hindered acid and trifluoroacetic acids5* 86, 87. The hindered acid 
was dissolved in trifluoroacetic anhydride and the alcohol was added, 
or, alternatively, a mixture of the acid and alcohol was treated with 
trifluoroacetic anhydride. I t  was found that 13 is easily formed from 
mesitoic acid and 2,6-dimethylphenol, whereas 15 is obtained from 
the same acid and 2,6-di-t-butylphenol in 83% yield. This alternative 
path, C-acylation, is facile in the latter case and therefore the 
esterification reaction may assume the minor role87-s9. With a 
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R? Me 

(13) R '  = H: R2 -.= Me 
(14) R '  = Me, R ?  = 1-Bu R ' a - 0  -! % a - - M e  

R 2  Me 

(1 3) (14) 

I - B u  Me 

(1 5) 

blocked 4-position, like 2,6-di-t-butyl-4-methylphenol, the reaction 
with mesitoic acid takes place very slowly (23% conversion to 14 
took 3 days, whereas the complete conversion of 2,6-dimethylphenol 
to 13 took 5 minutes). The fast solvolytic reactions of tertiary alcohols 
with trifluoroacctic acid also influenced the yields86. Thus t-butyl 
trifluoroacetate was formed competitively with t-butyl mesitoate. 
The purest products and most complete conversions were achieved 
when t-butyl alcohol was used in large excesss6. 

The major component in the solution of a hindered acid in tri- 
fluoroacetic anhydride is the unsymmetrical anhydride 16 
Acylation is generally assumed to occur via an oxocarbonium ion 17 
which is formed from the acid-catalysed ionization of the anhydride 
(equations 30 and 31)s6~ g2. Parish and Stocks4 listed a number of 
observations which supported the pro tonated anhydride 18 as the 
reactive intermediate (equation 32). Experiments with mesitoic 
acid and benzoic acid showed, however, that both the carbon and 
oxygen acylations were much morc rapid with the former acid. The 

(30) 
I1 I I  II II 
0 0 O..- H ...O f 

Arc-0-CCF,  3- HC -2 Arc--0-CCF, 

(1 6) 
o... H ...Of 
I1 I I  ROH 

Arc-0-CCF, CF,COOH -1- ArCO'F ArCOOR 4- H k  

(17) (31) 
O... H ...O+ 
I i  I1 

(1 81 

Arc-0-CCF, i- ROH ArCOOR + CF,COOH + H '  (32) 
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great reactivity of mesitoic acid is also good evidcncc for thc acyl- 
onium ion intermediate (equations 30 and 31). The relative csterifi- 
cation rates of p-toluic, benzoic and 172-chlorobenzoic acids with 
phenol in trifluoroacetic anhydride a t  25" were: $-Me 12, H 1.0 a id  
tn-CI 0.062, respectively. These large substituent effects also indicate 
a relatively high electron deficiency in the transition state, and are 
consistent with the importance of the acylonium ion path. 

1 
1 

2. Thermodynamic and kinetic control in esterification 
In addition to some kinetic studies on acid-catalyscd estcrifica- 

tion in methanol789 7D (section III.B.2) Newman and Co~rdu \ rc l i s~~  
have investigated the esterification of several o-benzoylbenzoic acids 
in the same solvent. A result of the most general interest was the 
observation that the composition of the reaction product could be 

."' 

MeO-C P i  )OR 

OH 
/ 

O-C-OH 
I I  

Ph 

4 ?-c 

c2 

0 

(33) 

OH 

I. 
/ 0- , C-OMe 
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altered, depending on whether thermodynamic or kinetic control 
predominated under different conditions. 

The reaction scheme (33) shows the possible routes to a normal 
(NE) or a pseudo ester (PE) in the acylation of o-benzoylbenzoic 
acids. The amounts of NE and PE were determined after 15 minutes 
(mainly kinetic contr 01) and after 5 hours (thermodynamic control) 
in each experiment. For instance, o-benzoylbenzoic acid (19, R = H) 
forms at first mainly PE by route B, which is then rapidly converted 
into NE by mute C. The conclusion that the first attack of methanol 
is on the carbonyl group has been confirmed experimentallygq$ 05. 

An additional, parallel route (equation 34) was proposed for the 
esterifcation of 2-benzoylbenzoic acid (20, R = H, R1 = Me) 
and 2-(2,4-dimethylbenzoyl)benzoic acid (20, R = Me, R1 = H) 
because of their enhanced esterification rates. The contribution of 
this route will depend on the equilibrium between the keto acid 
(20) and hydroxy lactone (21) forms. 

R 7 COOMe 
I 

OH 
HO / 

I I ,o-c-on 
-, 

R Ae 

3. Esterification with mixed anhydrides 
Besides the esterification of hindered acids using mixed anhy- 

dridesS4 (section 1II.C. 1) the preparation of formate and acetate 
esters in formic acid-acetic anhydride mixtures has been recently 
reinve~tigated~c. The method was originally introduced by Bthalg 7, 

who did not report his experimental details. According to early 
 report^^^-^^ the esterification of alcohols with a 1 : 1 mixture of 
formic acid and acetic anhydride (equation 35) yielded only for- 
mates. Stevens and Van EsgG utilized gas-liquid chromatography 
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F I B  0 0  
I I  !I 

MeCOCMe i- HCOOH 7- MeCOCH + MeCOOH (35) 

and 1i.m.r. measurements for thc determination of the product 
composition 2nd found appreciable amounts of acetates from simple 
primary alcohols. Benzyl alcohol was an exception. Generally, the 
amount of acetate and the rate of esterification decreased in the 
sequence: primary > secondary > tertiary. In  all cases detectable 
amounts of acetates were formed. I t  was concluded that the earlier 
reportsg7$ loo, lo1 were erroneous bccausc of the inadequacy of the 
available analytical methods. 

Similar experimcnts with plicnols1O2 gave formates with less than 
10 mole-% of acetates as the by-products. This is in contrast to the 
report of B6halD7, but in substantia! agreemciit with the preliminary 
experiments of Ducasse'". The yield of separated formates exceeded 
80% in each case909 102. 

4. Autocatalytic esterificatim 

I n  general, esterification without added catalyst is a very slow 
process. Sometimes the acid itself is acidic enough to catalyse its 
own esterification. Perfluoro acids have been frequently found to 
be esterified by autocatalytic reactions with nonfluoriiiated alco- 
hols104--'OG. In a study of the autocatalytic esterification of acetylenic 
acids and fluoro acids with alcohols lo7, only acetylene dicarboxylic 
acid and perfluoro acids showed autocatalytic activity. The  diester 
was the sole product formed from acetylene dicarboxylic acid, which 
was undcrstood in view of the similar pK-values of both carboxyls. 
The triple bond enhances the acidity of the two carboxyl groups in a 
similar manner, and the lack of steric effects due to the linearity of 
the molecule also suggests that the two pK values will not grossly 
differ. Moreover, the resonance structures stabilize the dianion (22) 
more than the monoanion (24) or the free acid (23). From the 
experiments carried out in benzene lo7 it was concluded that acids 
with pK d; 2.6 will be autocatalytic, whereas with pK 2 3-4 they 
will not exhibit autocatalysis. 

D. Miscellaneous Acid Derivatives 

Prajecus and co-workers have studied the kinetics and mechanism 
of esterification via an amine-catalysed addition of alcohols to sub- 
stituted ketenes*08-110. At 20°C the reactions were formally of the 
first-order with respect to the alcohol, whereas the rate became 
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-- 0 0- 
I I 

c - C E C - c  
II I I  
0 0 

Y 1 
-. 0 0 

I II c-c- c--c 
II I 
0 0- 

0 0 
II II 

i- > C - c r c - c  
- 1  
0 b- 

0 0- 
II I 

--> C-CEZC-C 
I II 

-0 0 

0- 
I 

+ 0 
I 

0- 0 -  HO 
I I I 

HO 0 HO 
I II I c-c-c-c +-, C - - C r C - C c - - ,  c=c=c=c  

II I I 
0 +o 0- 0 

I I  o- I 0 

(24) 

virtually independent of the alcohol cancentration when the tem- 
perature was lowered to -95°C. Although no unequivocal dis- 
tinction between the different possibilities could bc made, it was 
shown that, with certain additional assumptions, thc observed formal 
kinetics was in accordance with a rate-determining reaction between 
the ketene and an alcohol-amine adduct (equation 36) .  

R', slow R'  lC- c.2 - 0  + + HNR, 
R2'c'c'o -- R2'  OR^ 

R~OH-NR, + 
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Brechbiihler and co-workers' l1 have prepared esters of several 
amino acids in methylenc chloride solution in the presence of 
dimethylformamide dineopentylacetal (equation 37), the yields 
varying from 70 to 90%. 

0 - neopent yl 

0- ileopcrlt y l  

- z RCOOR' -t :!Me,CCH,OH (37) 

-i DMF 

RCOOH 
*t 

R'OH Me' 

Satchel1 ar,d c o - w o r k e r ~ ~ ~ ~ - - ' ~ ~  have investigated the kinetics and 
mechanism of some Schotten-Baumann type acylations. These 
include the acylation of P-naphthol by acetyl halides in the solvents 
nitromethane, acetic acid and acetonitrile, and the acylation of 
several phenols by acetyl, propionyl, butyryl, 8-chloropropionyl aiid 
chloroacetyl chlorides in acetonitrile. The mechanism of the acyla- 
tion was presumably similar for all these systems, the ionization 
(acylinm ion) routes predominatings'* l 1 3 - l 1 4 .  With chloroacetyl 
chloride and to a minor extciit with 8-chloropropionyl chloride, a 
concerted displacement of chlorine by the phenol predominates and 
the process is greatly facilitated by the presence of added salts113. 

have investigated the reaction of 
sulphonyl isocyanates with hindered phenols and alcohols obtaining 
normal urethan products in high yields. I n  contrast to tertiary alkyl 
carbinols, tertiary aryl carbinols gave in most cases products other 
than urethans. When arylsulphonyl isocyanate (25) reacted with 
triphenylmethanol or with triaryl carbinols containing clectron- 
releasing groups, N- (triarylmethyl) sulphonamides (27) and carbon 
dioxide were formed (cquation 38). 

McFarland and 

H 
I 

ArSO,N=C=O + Ar,COH - ArSO?NCOOCAr, 

(25) (26) 

V I 
H 
I 

CO, $. ArSO,NHCAr, i ArS0,N -C=O 
JI.1 (27) ArJC-O 

Reaction (38) yielded no urethan (26) even at  O'C, whereas 
diplienylmethanol and 25 gave urethan in good yield1*5y 116. Two 
possible interpretations were proposed. Either the mechanism (38) 
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was not applicable, or, alternatively, the iiitermediatc 26 was es- 
treiiiely unstable. An altcriiativc meclianism without the uretlian 
intermediate was also presented (equation 39). I n  view of the 
stability of triarylmethyl carbonium ions the mechanism (39) seems 
very plausible. 

ArSO,N=C=O 

(25) 

0- + Ar,COH -> [ ArSO,N=zH I Ar3C4.] 

4 

ArSO,NHCAr, (39) 

(27) 

Ulricli and c o - ~ o r k e r s ~ ~ ~  have reported on the preparation of 
carbamates and 2,4-dialkyl alloplianates from methyl isocyanate 
and phenols in the presence of potassium t-hutoxide (equation 40). 

R'N=C=O + ROH -> R'NHCOOR --> R'NHCNCOOR (40) 

0 
4- R'N=C=O II 

A 1  

The structure of the products was demonstrated by pyrolysis and by 
an independent synthesis starting from the appropriate phenol and 
2,4-dialkyl allophanoyl chloride. However, similar reactions with 
aliphatic alcohols gave a mixture of carbamate, allophanate and 
trimethyl i~ocyanate"~. 

Taylor and McLayll8 have recently reported that thallium (I) 
ethoxide is an  excellent reagent for the acylation of phenols and 
carboxylic acids (equations 41 and 42). 

(41) 

(42) 

$- TlOEt +ArOTl -I- EtOH 
ArOTl 4- RCOCl + RCOOAr 4- TIC1 (AroH 

RCOOH + TlOEt + RCOOTI i EtOH 
RCOOTI + RlCOCI --+ RCOOCOR' + TlCi 
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Because the thallium(1) salts of phenols and carboxylic acids are 
crystaliine, sharp-melting compounds, thcy can be prepared and 
isolated relatively free from any impurities. Furthermore, the authors 
report that the yields of aryl esters and carboxylic acid anhydrides 
are virtually quantitative. 

E. Intramolecular Catalysis by the Hydroxyl Group 
A neighbouring hydroxyl group has been found to catalyse the 

hydrolysis and solvolysis of carboxylic esters (for earlier literature 
see Reference 66) ,  the acyiation of polyols, the hydrolysis of amines 
and amides, and the amination of esters. 

have shown that the alkaline 
hydrolysis of 2n alicyclic axial acetate is facilitated by a hydroxyl 
group bearing a 1,3-diaxial juxtaposition to the acetate. The sol- 
volysis of lY3-diaxial hydroxy acetates exhibits general base cata- 
lysis with simultaneous general acid catalysis by the neighbouring 
hydroxyl group66' lZ2. An introduction of a hydroxyl group to C-5 of 
coprostanol acetate, leading to the lY3-diaxial hydroxy acetate, 
resulted in  a 300-fold increase in the ratc of solvolysis, the possible 
mechanism being shown in 28. Correspo!.idingly, an examination of 
the molecular models of strophanthidin 3-acetate 19-aldehyde and 
neogermitrine (29 and 30, respectively) showed that the hydrogen 

Kupchan and co-workers119 

Me 

Ac 
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bonding via the acidic hemiacetal hydroxyl groups would polarize 
the carbonyl group and facilitate attack of the nucleophile. 

have suggested that a neighbouring liydroxyl 
group may assist ester solvolysis by changing the microscopic medium 
surrour!.ding the ester group, for instance, by effecting a specific 
binding or orientation of water molecules in the critical complex. 
To investigate this possibility in the methanolysis of gallotannins, 
Biggins and Has1aml24 studied the effect of methanol on the i.r. 
spectra. of compound 31 in carbon tetrachloride. When the concen- 
tration of methanol was increased the proportion of 31d was greatly 
favoured over 32c, which was probably due to the intramolecular 
hydrogen bond present in 31c. In  addition, the results showed that 
electron-attracting groups in the benzoyl residue favoured the 
formation of 31b and electron-releasing groups the formation of 
31d; the ratio of the two species had a linear correlation to the 

Bruice and Fife 

I I ._..-- 
.- A o-..c;,o -~ o\c//o 

I I 

Q R’  Q R ’  

Hammett G values. Because the nlethanolysis of 31 was found to be of 
the first-order with respect to methanol, and no general base catalysis 
was observed, it was concluded that the reaction was best rational- 
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ized in terms of the mechanism presented by Beiidera6v lz5, which 
involves an attack of a neutral methanol molecule on the ionized 
ester (32). 

Capon and Ghosli126 have proposed the mechanism (43) for thc 
hydrolysis of phenyl salicylate, involving intramolecular general 
base catalysis by the ionized phenolic group. The solvent deilterium 
isatope effect (k,/k, = 1.7) is also consistent with this mechani~rn'~'. 
Similarly, in contrast to the report of Hansen128 for catechol mono- 
acetatc, Capon and GhoshlZG suggested catechol monobenzoate to 
be hydrolysed by a mechanism with intramolecular general basc 
catalysis (k,/k, = 1.8). 

An interesting report has recently been madel29 about thc 
hydroxyl group participation in amide hydrolysis. The mechanism 
(44) was presented for the hydrolysis of 4-hydroxybutyranilide in 
neutral and alkaline medium. The  rate was found to be about ten-fold 
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as compared with the hydrolysis rate of butyranilide. Similarly, 
the rate ratio of 4-hydroxybutryamide to butyramide was about 
twenty. 

According to Kupchan and c o - w ~ r k e r s ' ~ ~  the acylation of tertiary 
hydrcxyl groups in alicyclic 1,3-diaxial diols may also be facilitated 
by hydroxyl group participation. They ascribed the ease of direct 

OH (33) R = OH 
(34) R = H 

(35) OH 

acylation of the tertiary hydroxyl groups in 33, 34 and 35 to the 
intramolecular catalysis by the C-8 secodary hydroxyl group and 
the nearby tertizry nitrogen atom. 

In  addition to the acylation reaction, the solvolysis of thc trio1 
monoacetate 36 featured intramolecular base catalysis130, the rate 
enhancement being 10,000-fold over that expected. 

Openshaw and Whittakerl3l have reportcd that ethyl salicylate 
shows o-hydroxy catalysis in the aminolysis rcaction. This catalysis 
can be attributed to the formation of the hydrogen-bonded inter- 
mediate 37, or to a concerted displacement reaction with the amine 

Roberts and Traynham have studied the neighbouring hydroxyl 
group effect in the solvolysis reactions of p-toluenesulphonate esters 
of various cyclanols13~. 

(38). 
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IV. HETEROATOMS AS T H E  ELECTROPHILIC CENTRES 

A. Esterification with Inorganic Oxyacids 
1. General 

The reactions discussed below are formally represented as 
ROH + HO-Y- = EO-Y- + H p O  (45 1 

where Y stands for a heteroatom, like sulphur, nitrogen or boron. 
Strictly, only in cases in which the reaction involves a cleavage of the 
0-Y bond is the alcoholic hydroxyl group actually attacked by the 
heteroatom; otherwise, when the R-0 bond of the alcohol is cleaved, 
the reaction should be considered rather as a nucleophilic attack on 
the a-carbon atom of the alcohol. 

Esterification of alcohols with inorganic oxyacids has been the 
subject of considerable study, and many exhaustive reviews on 
practical synthetic methods, both for laboratory and industry, may 
be found in the literature. The discussion below is therefore limited 
to a number of particularly chosen examples which serve to illus- 
trate some of the general features of reaction (45). 

I n  many instances the reversal of reaction (45), the hydrolysis of 
the ester, has been studied in more detail than the esterification itself. 
Examples of such cases are also given, bearing in mind that the 
principle of microscopic reversibility requires the forward and re- 
verse reactions to pass through the same transition state, which 
makes the mechanistic information derived from both sources of 
study equally valuable. 

2. Sulphuric acid 
a. Prinzqy and secondary alcohols. The reaction of ethanol with 

sulphuric acid leading to the formation of diethyl ether has probably 
been known for several centuries, although the intermediary forma- 
tion of alkyl hydrogen sulphates (equation 46) remained unnoticed 
for a long time. Recent interest in these esters has been enhanced 
by, in addition to their importance as intermediates in alcohol-ether 
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and in alcohol-olefiii transformations, a variety OC practical appli- 
cations, e.g., as wetting agents and detergents. Thc physiological 
significance of sulphuric csters has drawn attention to their enzy- 
matic formation and hydrolysis reactionslY3* l34. 

ROH + SO,(OH)z = SO,(OH)(OR) 4- HZO (46) 
Several studies on primary and secondary alcohols l 3  5 -139, dealing 

with both the sulphatior, reaction (46) and its reverse hydrolysis 
under acidic conditions, indicate that the R-0 bond of the alcohol 
remains intact during the reaction. The evidence includes structural 
rate effects, retention of configuration in the case of optically active 
alcohols, and oxygen-18 tracer experiments. A formation of a 
carbonium ion R+ as a reaction intermediate seems thus to have 
been excluded, at  least for primary and secondary alkanols, and the 
reactior, can be considered, in the strict sense, as one involving an 
elcctrophilic attack 0x1 the hydroxyl group of the alcohol. 

The effect of the structure of the alcohol on the rate and equi- 
librium of esterification has been studied in detail by Den0 and 
Newman’36. Some of their resillts are shown in Table 5. Most of 

TABLE 5. Equilibrium constants and relative 
rates13e for the sulphation of alcohols (equation 
46) at 25°C. The values are calculatcd to cor- 

respond to 70.4% aqueous sulphuric acid. 

Alcohol Keqnil. Relative ratc 

Methyl 
Ethyl 
2-Propyl 
1 -Butyl 
2-Butyl 
Tsobutyl 
2-Pcntyl 
3-Pentyl 
Neopen t yl 
Pinacolyl 
C yclohesyl 

2.3 
1.7 
0.54 
1.9 
0.50 
2 -2 
0.64 

1.7 

0.70 

- 

- 

1 
0-43 
0.12 
0.29 
0.12 
0.25 
0.1 1 
0.10 
0.23 
0.05 
0.16 

the differences in the relative rates can be accounted for by steric 
hindrance at the site of the attack. Secondary alcohols react slower 
than primary alcohols, whereas the various primary alcohols show 
but minor differences. Deno and Newman considered various 
mechanistic possibilities, of which a bimolecular mechanism (4.7, 48 
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R O H i c  -k HZSOA = ROSOnH 4- H,O+ 
ROH -I- H,SO,'. = HOS0,H -1- H,O+ 

ROH + HZSOj = ROSO-H + HZO 

(47) 
(48) 
(49) 

or 4.9) secmed the most acceptable. Similar studies of the sulpha- 
lion of 2,4-dinitrobenzyl. alcohol, made by Williams and Clark140, 
gave results which suggested an alternative, unimolecular rate- 
determining step (equation 50). The nature or the hypothetical 
reaction intermediate XH, the alcohol-sulphuric acid complex, was 
left open. 

fast JSt slow 
ROH + H S O , - r = t  X-; X-  f H + d X H  + ROS0,H + HZO (50) 

The existence of intermediary alcohol-sulphuric acid complexes 
in reactian (46) has found some support from a number of recent 

B a t t ~ l ~ ~  observed that the hydrolysis rates of methyl and ethyl 
hydrogen sulphates were increased by factors of about lo7 when 
going from water to moist dioxan. Similar accelerations by solvents 
of low polarity had been previously noticed in the case of steroid 
hydrogen sulphatesl"', l43 .  These results can be rationalized only 
if the reactions involve charged species as the reactants and relatively 
nonpolar transition states. Accordingly, Batts139 proposed the 
mechanism (51) with a rate-limiting decomposition of a zwittcrion. 
A uniinolecular decomposition of the zwitterion, with a sulphur 

studies of the hydrolysis of hydrogen sulphate estersl3*9 1389 141. T h  us, 

trioxide-like transition state, was preferred to covalent involvenient 
of a water molecule. This hypothesis, which is discussed in some 
detail below, is essentially that made by Williams and Clarkl"0 for 
the reverse sulphation reaction (50), if one considers the complex 
XH as the zwitterion and does not account in detail for the individual 
reaction steps. It can be also argued that the apparent contradiction 
to the sulphation mechanism of Deno and Newman136 with a 
bimolecular reaction between ROH and H,SO, as the rate-limiting 
step (equation 49) is only in the degree to which the sulphur trioride 
present in the transition state resembles the acid itself or the an- 
hydride. 

The main arguments given by B a t t ~ ' ~ ~  for cssentially unirnolecular 
rate-determining steps in reaction (5 1) were, first, the variation of 
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the hydrolysis ratc with the Hammett acidity function, and, second, 
tlie values of the activation entropies which wer: more positiv-c than 
those generally associated with bimolecular A-2 reactions. One may 
further ask, whether the structural effects of thc leaving groups on 
the hydrolysis rates, not discussed in detail by Batts, could be of 
value when making mechanistic conclusions. The relative hydrolysis 
rates inperchloric acidsolutions werc about 1, 1 and 3 formethyl, ethyl 
and i-propyl hydrogen sulphates, respectively. As these values are 
made up of the equilibrium constants of the protonation and of the 
rate coefficients for heterolysis of the alcohol molecules from the 
complex (equation 51), they may- bc compared directly with the 
effect of the leaving group on tlie rates of A- 1 reactions involving the 
same alcohols. Thus, in the case of hydrolysis of formaldehyde 
acetals3 l, the relative leaving rates (including the equilibrium 
protonation and the rate-determining heterolysis) are 1, 1.2 and 2.3, 
for methyl, ctliyl and i-propyl alcohols, respectively. The effects of 
the leaving groups thus seem to follow the same structur2.1 pattern 
in both the reactions. 

Some other reccnt studies also favour the unimolecular de- 
composition step with a sulphur trioxide-like transition state. In  one 
of these investigations, the acid hydrolyses of phenyl and p-nitro- 
phenyl sulphates were compared with that of methyl selenatelg4. 
Bunton and Hendy145 had earlier presented strong evidence accord- 
ing to which the hydrolysis of the latter compound involved an A-2 
type mechanism. The anhydride-like transition state 39 is relatively 

(39) Y = S,  Se (40) Y = S: Se 

nonpolar, whereas thc acid-like transition state 40 (A-2 mechanism), 
in which the -+O-Y bond is cleaved to a smaller extent, still main- 
tains much of 3ts zwitterion character. One might therefore expect 
that in the former case the rate should increase much more niarkedly 
in solvents of'low polarity than in the latter. This is actrially the case 
as illustrated by the relative rates given in Table 6". 

* Alternatively, ill terms of the theory advocated by Robertson14G, these solvent 
effects can be accounted for by the breakdown of the initial state solvation shells 
when the transition states 30 and 40 are approached, this breakdown being more 
complcte in 39 than in 40. 
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6. Relative solvcnt cffccts 011 the acid hydrolyscs of aryl sul- 
and methyl sclciiatc1,14. For both Icactioiis, 40% dioxnn-watcr 

is chosen as the rcferencc solvent. 

TABLE 
phates 

Rclativc ratc 
SOi\~Cllt Aryl sulphatcs hlcthyl sclcnatc 

40% diosan-water 1 1 
600/, d' iosan-water 5-0 1.G 
800/, dioxan-watcr 67 6.3 

Benk~vicl**~ has investigatcd carboxyl-substituted aryl sulphates 
41 and 42. The particular aim was to study thc expected intra- 

COOH 

@OoH OS0,H 0 
OS0,H 

(42) 

molecular carboxyl group catalysis in the case of salicyl sulphate (41). 
I n  fact, the pH-ratc profile for 41 exhibited a plateau, as implied by 
involvement of the neighbouring carboxyl group, whereas in the 
case of 42, with no possibility of such a neighbouring group par- 
ticipation, the rate decreased steadily with increasing pH. For the 
acid-catalysed reactions of both compounds the A- 1 mechanism was 
suggested, first, because the activation entropies had positive values, 
and second, because the rate coefficients, along with earlier values, 
showed a marked increase with electron-attracting substituents. The 
relatiie rates in heavy and light water, k,/k,,, were 1.30 and 2-34 
for 41 and 42, respectively. It was recognized that the former value, 
1.30, is definitely within the range generally associated with an A-2 
reaction. To overcome this controversy, the explanation was offered 
that the low value was due to the circumstance that the pK value 
of the protonation equilibrium (see equation 51) was lowered by 
intramolecular hydrogen bonding in the salicyl sulphate anion. 
Although this may be one of the factors involved, the magnitude of 
the isotope effect still seems to be surprisingly low, because in a series 
of similar acids the solvent deuterium isotope effect changes only 
slightly with the acid strength14s. I t  is more likely that, if the 
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ineclianism realiy is A-1 for both compouiids, 41 and 42, the main 
factors responsiblc for thc different isotcpe effects are the free 
cncrgies of transfcr of thc rcaction participants from light to heavy 
watcr; cnergies which are incorporated in the experimental values of 
kl)/liILlt8. This pertains particularly to the anions of 41 and 42, the 
act: vity cocfficicnts of which are expected to vary quite differently 
when going from H,O to D,O because of‘the intramolecular hydro- 
gen bond present in the former Znion. Additional studies of the sol- 
vent deuterium isotope effccts on this and similar systems would seem 
desirable. 

In  a rccent study, Benkwic and Benkovicl49 have further advo- 
catcd sulphur trioxide-like transition states in the case of aryl 
sulphates. Table 7 shows some results of experiments in which the 

TABLE 7. Amouiits of methyl sulphatc formcd from aryl sulphates and sulphur 
triosidc in aqueous ~ i i c t h a i i o l ~ ~ ~ .  The mole fraction of mcthsnol in the solvent 

was 0.303. 

Substrate 
Mole fraction I 

in the product 
Reaction -MeOSO,H 

Salicyl sulpliate Intramolecular catalysis 0.58 
Salicyl sulphate Hydronium ioii catalysis 0.36 
p-Carboxyphenyl sulphate Hydronium ioii catalysis 0.54 
h,lonomeric sulphur trioside Solvolysis 0.58 

relative amounts of methyl hydrogen sulphate and sulphuric acid 
formed from aryl sulphatcs in aqueous methanol wcre compared 
with those formed from sulphur trioxide in the same solvent. Except 
thc acid-catalyscd reaction of 41, which also behaves abnormally 
here, the similar product compositions suggest that the product- 
forming stages of the reactions are similar. 

b. Tertiagi alcohols. In comparison with the conjugate acids of 
primary and secondary alcohols, those of tertiary alcohols have an 
enhanced tendency to dissociate to carbonium ions, which, even 
under rclatively mild conditions, lead to products other than sul- 
phate esters (e.g., olefins). In  fact, tertiary alkyl sulphatcs have never 
been isolated from the reaction product, although their presence as 
reaction intermediates has sometimes been postulated. 

An idea about the rate of formation of carbonium ions from 
tertiary alcohols in aqueous sulphuric acid, compared to that of 
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estcrificatioii of primary and secondary alcohols in the same medium, 
may be gained in the following way. Using the oxygen-1 8 techniquc, 
Taft and c o - w o i - k e r ~ ~ ~ ~  measured the rate of reaction (52) in aqueous 

(Me),COH -1- H + F=+ (Me),COH,+ -P (Me)$+ i HzO (52) 

sulphuric acid solutions a t  various acidities. Whep the rate co- 
efficients are cxtrapolated to correspond to 70% sulphuric acid (see 
Table 5) it caii be estimated that, in this solvent, t-butyl alcohol 
produces carbonium ions at  a rate which is roughly 200,000 times 
that of the reaction of primary alcohols (forming alkyl hydrogen 
sulphates) . Although the subsequent formation of isobutene is 
slower than the primary formation of the carbonium ion (by a 
factor of about thirty151), its rate still greatly exceeds that of the 
esterification. 

c. Diesters of siilpliuric acid. The second stage oT the esterification of 
sulphuric acid (equation 53) has not been studied in detail, al- 

(53)  
though the presence of these csters in minor quantities has been 
recognized when treating primary alcohols with sulphuric acid. They 
are best obtained from alcohols with other sulphating agents1j2* lS3. 
The mechanistic aspects of hydrolysis of the diesters, both open-chain 
and cyclic, have been dealt with in numerous studies (for literature, 
see Referenccs 138, 154-157). In general, the hydrolyses of the 
diesters are much more facile than those of the corresponding mono- 
csters and involve both C-0 and s-0 cleavages, depending on the 
structure of the ester and external conditions. 

From the experimcntal valucs given by Breslow, Hough and 
Fairlough15s one can calculate a value of about 0-4 for the equi- 
librium constant of the disproportionation reaction (54) at tempera- 
tures of 25-50°C. As the equilibrium constant of reaction (55) is 

2 EtOSO SH = (EtO) ,SO 2 -C H .SO 4 (54) 
+ HZSOo = EtOSORH + HzO (55) 

about 2 (Table 5), one gets an estimate for the relative amounts of 
the mono- and di-esters at equilibrium. Thus, for example, if one 
starts from- onc mole of ethanol and one mole of sulphuric acid, thc 
equilibrium mixture is calculated to contain 0.40 mole of ethyl 
hydrogen sulphate and 0.14 mole of diethyl sulphate, respectively. 

3. Phosphoric acid 

Although other pliosphorylating agents (section IV.B.2), rather 
than phosphoric acid itself or its mixtures with anhydrides, are most 

fast  slow 

ROSOaH + ROH = (RO)ZSOz + HZ0 

EtOH 
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commoiily used for the preparation of phosphate esters from alco- 
hols, some strucrura! effects involved in the formation and hydrolysis 
of these esters arc discussed here because of their general interest, 
More extensive accounts have been published relatively re- 
cently 59 - 62. 

Noting that csterifications with phosphoric acid and their rcversc 
hydrolysis reactions are formally similar (equation 56), somc rational- 
izations can bc made. First, the nature of the phosphate species 

(56) R', R 2  = H, alkyl, aryl 

under attack, whether uncharged, deprotonated (anion) or proto- 
nated (cation), will depend on the acidity of the medium as well as 
on thc relative rates of attack on the various specics present simul- 
taneously, even in minor quantities. This circumstance becomes 
evidcnt from the complicated naturc of the pH-ratc profiles frc- 
quently observed in rcaction (56). 

Second, many, though not all, of the structural effects observed 
can be fairly well explained in terms of the electronic and steric 
factors involved in (56). Electron-rcleasing substituents in the phos- 
phate species, like alkyl groups, render the attack on the hydroxyl 
group of the alcohol (or water) more difficult, and vice versa. Thus, 
the replacement of the second and third hydroxyl groups of phos- 
phoric acid is extremely difficult as compared to that of the first. 
Similarly, trialkyl phosphates are much more stzble toward hy- 
drolysis than di- or mono-alkyl phosphates. 

One peculiar aspect of nucleophilic attacks on phosphorus, which 
cannot be rationalized in terms of classical structure-rate relations, 
is illustrated by the fact that the cyclic ethylene phosphate anion 
(43) is hydrolysed faster than its acyclic analogue 44 by a factor 
which is about eight powers of tenlG3. lG9. I n  view of the observation 

O=F(OR'), +- R 2 0 H  + O=P(OR'),(OR') + R'OH 

(43) 

that the hydrolysis of 44, unlike that of 43, also contains a contribu- 
tion from simultaneous C-0 fission, the actual rate enhancement in 
the nucleophilic attack on phosphorus is even greater than the 
above-mentioned ratio. As the six-membered analogue of 43, tri- 
methylene phosphate anion, reacts a t  a rate comparable to that of 
44 l65, it was assumed earlier that the acceleration was due to 
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relcasc or tlic strain prcscnt in the five-membered ring. Howcvcr, 
calorimctric mcasurcment or the hcats of hydrolysis of 43 and 44 
showed that this stiain is only about 5.5 k ~ a l / m o l e ' ~ ~ ,  which would 
account for only lO"-fold acceleration cven in the extreme situation 
in which the strain would be wholly released at  the transition state. 
I t  is more likely that open-chain phosphates like 44 are stabilized 
by n-type bonding involving the 3d orbitals on the central phos- 
phorus l0G, whereas such a stabilization, on stereochemical 
grounds, is not possible for 43. Similar argumentations may, of 
course, apply i o  esters derived from the oxyacids of sulphur, but not 
to esters with a second-row elemegt as the central atom, like carbon, 
nitrogen or boron. 

Molecular orbital calculations on the oxygen-2p-phosphorus-3d 
interactions in phosphate esterslG7 are in fair agreement with the 
observations discussed above. One of the most striking results of these 
calculations is that the electrophilic reactivity of the central phos- 
phorus, as measured by its calculated charge density, is greatly 
dependent on the conformation of the groups about this atom. This 
factor may have an important role, e.g., in bioorganic systems in- 
volving formation and decomposition of phosphate esters. 

Whereas extensive data exist on the hydrolytic cleavage of phos- 
phates and related 158-173, very few and fragmentary 
studies have been made on the phosphorylation of alcohols and 
phenols with phosphoric acid. Mesnard and Bertucat 7 4  phosphory- 
lated primary, secondary and tertiary alcohols with phosphoric acid 
using pyridine as the solvent. Very low yields were obtained in the 
case of tertiary alcohols. 

If stronger phosphorylating agents are used, such as phosphoric 
acid or polyphosphoric acid, tertiary alcohols are mainly de- 
hydratedl7j without noticeable ester formation. However, tertiary 
alcohols in which one of the alkyl groups has been replaced by a 
-COOR, -CN or -CONH, grcup, are reportedly acetylated to an 
extent of about 150/,17j. 

Clarke and Lyons17G have studied the various products formed 
when phosphorylating alkanols with polyphosphoric acids of 
different average chain lengths. Acid-base titrations and phos- 
phorus-31 n.m.r. were used in the analyses. No dialkyl esters of 
orthophosphoric acid could be detected among the reaction products, 
which was cxplained in terms of the steric and inductive effects, ren- 
dering an alkoxy-substituted phosphorus less susceptible to a nucleo- 
pllilic attack in comparison to that of phosphoric acid (see above). 
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TABLE 8. Sites of clcavagc and relative rates for thc hydrolytic dccoin- 
position of monoalkyl phosphates ROPOJH, in 4~ perchloric acid at 

1000~ 189,  171.  

R Relative rate "/o P-0 cleavage Mechanism 

Methyl 1 27 

i-Prop).. 1 70 1 
t-Butyl 1400 a 0 

Ethyl 0.66 48 
A-2 
A-2 
11-1 
A- 1 

a Extrapolated from data at lowcr temperatures. 

Table 8 illustrates some of the structural effects observed in the 
hydrolytic cleavage of alkyl phosphates. Differing from the acid 
hydrolysis of the esters of carboxylic acids, the change to an A-1 
type mechanism occurs here when going from ethyl to i-propyl 
ester. 

The hydrolyses of monoaryl phosphates are subject to acid 
catalysis only if the aryl group possesses a strongly electron-with- 
drawing substituent, such as a nitro or an acetyl group in the para 
position17 2. 

Intramolecular catalysis in a number of o-carboxyaryl phosphates 
has been studied in detail16*. 

An observation of considerable interest for the study of acid- 
catalysed ester hydrolysis and esterification has been made by 
Bunton and c o - ~ o r k e r s ' ~ ~ *  '. They investigated the hydrolyses of 
triphenyl and p-nitrophenyl diphenyl phosphates in modcrakly 
concentrated mineral acids and found the rates to exhibit maxima 
at 1-5-6M acid. Similar maxima had been observed earlier in such 
acid-catalysed reactioiis in which the substrate was basic enough to 
become wholly protonated, but the point here was that the maxima 
were not caused by the protonation, as shown by basicity measure- 
ments conducted independently. The results, which were rational- 
ized in terms of the activity coefficient behaviour of the reactants 
and transition states in solutions of strong acids, expose the Achilles 
heel in mechanistic conclusions drawn from the ratc-acidity relations. 

4. N i t r ic  acid 
Esterification of alcohols with nitric acid is most familiar from 

the preparation of common explosives, thc nitrate esters of glycerol 
('nitroglycerine') and cellulose ('nitrocelldose'). The  usual pro- 
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cedure is to add the alcohol slowly to cold acid (100% acid, its 
solution in an inert solvent, or, most commonly, its mixture with 
sulphuric acidj, and to separate the ester by pouring the mixture into 
cold Small amounts of urea are added to the mixture to 
destroy the nitrous acid present, since otherwise violent explosions 
might occur. 

Klein and Mentserl79, using the oxygen- 18 tracer technique, were 
the first to prove that the oxygen atom of the alcohol remains intact 
through the process; the reaction thus involves an electrophilic 
attack on this oxygen atom. The reaction mechanism, shown in 
equations (57) to (59), has been subsequently clarified by Ingold 
and co-workers180. 

H N 0 3  + HNO, = H,NO,+ + NO,- (fast) (57) 
(58) 

49 1 

HZN03+ = NO,'. -I- HzO 
+ 

ROH -1- NOz+ = RON02 
I 

(59) 

H 

Under conditions in which the medium docs not contain sub- 
stantial amounts of water, the reaction rate is of the zeroth order 
with respect to the alcohol and, moreover, different alcohols are 
esterified a t  equal rates which are the same as those fol- the N-nitra- 
tion of amiiies and C-nitration of benzenoid hydrocarbons in the 
same media. When sufficient amounts of water are added to the 
solution the reaction becomes first-order with respect to the alcohol 
and exhibits iiidividual differences which depend on the alcohol. An 
addition of sulphuric acid preserves the zeroth-order kinetics, but 
enhances the rate of esterification. 

The facts enumerated above are readily understood in terms of 
reactions (57) to (59). I n  solutions of low water content, the re- 
versal of the nitronium ion formation will be slow and it does not 
effectively competc with the nitronium ion-alcohol reaction (59). 
Put another way, the nitroniuin ions are captured by the alcohol 
molccules (or by other reactants, such as benzcnoid hydrocarbons) 
as fast as they become available from the dehydration of thc nitric 
acidium ion. I n  contrast, in solvents with appreciable amounts of 
water, the rate of the reaction between the nitronium ion and water 
becomes significant and, consequently, the clectrophilic attack on the 
alcoholic hydroxyl by the nitronium ion (reaction 59) be, Pomes rate- 
determining. The relative rates of attack by this ion on different 
nucleophiles were estimated as: water -0.03; benzene 1 ; N-methyl- 
2,4,6-trinitroani:ine i -4; toluene 24; methanol 30. 
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Depending on the structure and cxternal conditions the hydro- 
lytic decomposition of nitrate esters may lcad to three different 
products (equations 60-62). The experiments conductcd by Bakcr 

(60) 
RCH&HZONO? + HZO = RCH=.CH, C HZO i- HNO, (61) 

RCH2ONOZ C HZO = RCHO -t HZO -1- HNO, (62) 
and co-workers'8l -183 showed that for primary and secondary 
alkyl nitrates (and for aryl nitrates, having no available sites for 
climination), tE.e substitution reaction (60) predominated whereas 
concurrent elimination normally took place with tertiary alkyl 
nitrates. Thc  structural and solvent effects observed followed the 
general pattern of substitutioii-elimiiiation reactions. 

Cryoscopic and spectrophotometric measurements on solutions 
of a!kyl nitrates in 100% sulphuric acidl84 indicate the occurrence 
of reactions (63) to (65), which produce four ionic species from one 
molecule of nitrate ester. Because the alcohol formed in reaction 
(64) (reversal of reaction 59) is subsequently esterified by sulphuric 
acid (rcactioii 65), the nitratc ester is not regencrated when the 
reaction solution is poured into water. 

RONOp + H - 0  = ROH -t HNOS 

H 
RON02 + HpSOd- RO+-NOZ -1- HSOJ- (63) 

RO+-NOZ+ ROH $- NO,+ (64) 
(65) 

H 

ROH -1- 2 H,SO,+ ROSOSH + H,O+ $. HSOj -  

5. Boric acid 
The esterification of boric acid with alcohols, in particular with 

polyhydroxylic compounds, is the subject of a considerable litera- 
t ~ r e ~ 8 ~ ~  l86. Although many practically and mechanistically im- 
portant features of the reaction are bccorning understood, yet definite, 
quantitative equilibrium and kinetics data on relatively simple 
model systems are still virtually nonexistent. 

The preparation of simplc, symmetric alkyl or aryl triesters of 
boric acid usually takes place according to equation (66). The cster 

(66) 
formation is monitored by removing the triestcr or water from the 
reaction zone, usually by means of azdotropic distillation. No mono- 
or di-esters have been isolated from the reaction mixture, other 
methods having been used for their preparation in particular cases 18j. 

For simple alkanols the equilibrium constants given in Table 9 have 
been reported'8'. I t  is seen that a lengthening of the alkyl chain 

B(OH), -1 3 ROH = B(OR), t 3 H 2 0  
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1 ABLE 9. Equilibrium constants for reaction (66) in 8- . 
acctonc solution at 0°C Is'. 

Alcohol Estcr percentage at rquil. Kequil. 

493 

hlcthanol 
n-Propanol 
n-Butanol 
n-Pentanol 

33 
4 4  
45.5 
46.5 

0.062 
0.37 
0.48 
0.55 

increases the amount of ester at  equilibrium; a comparable effect 
also becomes evident from the kinetic stability of these esters to- 
wards hydrolysislS8. The general observation that the hydrolytic 
displacement of the first alkoxy group in boric triesters is much 
slower than those of the second and thc third is in harmony with the 
polar and steric factors influencing the Lewis acidity oi' the central 
boron atom. 

An interesting kinetic study, which clarifies many features of the 
formation and hydrolysis of aryl borates, has been recently published 
by Tanner and B r ~ i c e l ~ ~ .  

B. Miscellaneous Heteroatomic Eiectrophiies 
1. Sulphur trioxide, halogen compounds of sulphur, etc. 

The reaction of an alcohol with sulphur trioxide, oleum or a 
pyrosulphate differs from esterification with the acid itself in that 
the reaction is virtually irreversible. Ordinarily, these reagents 
bring about side reactions (oxidation, dehydration) and are therefore 
rarely used as such. A great number of sulphur trioxide complexes 
with various electron donors have been devised to prevent the side 
reactions, e.g., complexes with dimcthylformamidcls O, 01, diox- 
an102 and tertiary a m i n e ~ l ~ ~ .  I n  all cases the function of these 
electron dcnors is to moderate the reactivity of the anhydride, lead- 
ing to more specific sulphating properties. They thus act in the same 
way as various bases in the Schottcn-Baumann acylation of alcohols. 

Preparation of sulphate esters with other sulphating agents, like 
chlorosulphonic acid, has been discussed e l ~ e w h e r e ~ ~ ~ ~  153. 

A novel route to symmetric and uiisymmetric tertiary amines 
from alcohols and sulphamoyl chloridcs (equation 67) has been 

(67') 
'4 

R'OH $- CISO?NR'Z - > R'OSOZNR'Z- > 
H ,O 

R1R22N +-SO:,- + RIR?,N 
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reportcd by White and Ellinger's". Thc rcaction was studied with 
R2 = methyl, though it was considered probable that the reaction 
could also be applied to the preparation of primary and sccondary 
amines (with two or one of rhc groups R?, respectively, replaccd by 
hydrogen atoms). The rearrangement step following the attack with 
sulphamoy! chloride was proposed to takc place by the S,i mechan- 
ism, in accordance with the observed retention of configuration a t  
R' and with the influence of the polar character of R1. 

Moffatt and c o - w o r k e r ~ ~ ~ ~ - ~ ~ ~  have recently studied the reaction 
with sulphoxide-carbodiimicle adducts (equation 68). The reaction 
involves an electrophilic attack on the hydroxyl group, as shown by 

R'N = c - NHR' 
I 

?n S'Me, + HOCH,R2 

R'NHCONHR' 

(681 

experiments with oxygen-18 lgG. As the alkoxy sulphonium ion is 
readily transformed (probably via an intramolecular rearrangement) 
to dimethyl sulphide and an aldehyde or a ketone (equation 69), the 

R2CH20SMe,-+ RCHO + Me2S + H +  (69) 
reaction is useful for a facile oxidation of alcohols to the correspond- 
ing carbonyl compounds under extremely mild conditions. I n  the 
case of phenols substituted a t  the ortho position, a number of different 
products were obtained. Strongly acidic phenols gave phenol ethers 
(equation 70). 

- 
-+ + R2CH,0SMe, 

+ 

Several new, useful syntheses have been describcd which probably 
involve intramolecdar electrophilic attacks on the hydroxyl group 

OH 
I 

> R'RzC=CH2 -k SO, 4- RNH, (71)  
!3 R' R2 C-CH ,SO N H R 

OH 
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by a sulphur atom. As an example, the thermal decomposition of 
P-hydroxysylphiiiamidcs (themselves obtained from sulphinamides, 
BuLi and R1R2CCO) to alkencs198 may bc mentioned (equation 71). 
The reaction proceeds most probably through a cyclic interincdiate, 
45, which subsequently, via 1 ,2-cycloeliminationY leads to thc olcfin. 
This mechanism found strong support from experiments which 
showed that the reaction took place by the cis elimination. 

2. Electrophiles containing phosphorus 

Various phosphorylation methods have bcen reviewed by Brown'". 
Whereas several convenient procedures are available for the prepara- 
tion of di- and tri-substitutcd phosphate esters, relativcly few 
methods have been dcsigned for the synthcsis of monoalkyl dihydro- 
gen phosphates. One of the latter is that of Kirby*99, in which the 
solution of phosphorous acid in a large excess of alcohol is oxidized 
with iodine. The major disadvantage is that the method is not 
economic in case of alcohcls which arc available in only small 
amounts. 

A novel synthesis of monoalkyl phosphates has been described by 
Obata and Mukaiyama2O0. A variety of monoalkyl phosphates 
could be obta.ined in good yields from reaction of alcohols with 
phosphorous acid and mercuric salts in the presence of tertiary 
amines (equation 72). When acetonitrile was used as the solvent 

HPO(0H)Z 4- ROH -+ HgX,+ ROPOaH, + Hg 4- 2 HX (72) 
only small excesses of alcohol were required. The investigators pro- 
posed an electrophilic attack of an intermediate metaphosphatc 
anion (equation 73) on the hydroxyl group as the key step of thc 

(73) 

n 

reaction, the anion being first formed by oxidation with mercuric 
salt. I t  can be seen that reaction (73) has its counterpart in thc for- 
mation and hydrolysis of sulphate esters (section IV.A.2). 

I n  addition to the halides and oxyhalides of phosphorus, some 
substituted halides of phosphorus and their reactions with alcohols 
have drawn the attention of several investigators. Thus, e.g., methyl 
ch!oromethyl phosphinate (46) , which is easily obtained by reaction 
(74), is shown to have many synthetic uses201. 

Ramirez and co-workers202, 203 have made extensivc studies on 
thc formation and reactions of pentaoxy phosphoranes, P(OR),. 
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They showed that the earlier reports on the formation of penta- 
phenoxy phosphoranc in reactions (75) and (76) werc inconsistent. 

(75) 

(PhO),PCI, + 2 PhOH _ic (PhO)&P + 2 HCI (76) 
However, when the reactions were carried out at low temperatures in 
hexane-benzene solution and in the presence of a tertiary amine, the 
pentaoxy phosphorane could be syfithesized. The structure of the 
reaction product was ascertained by phosphorus-3 1 n.rn.r. spectro- 
scopy. A number of otlier cyclic pentaoxy phosphoranes with alkoxy 
groups attached to the central phosphorus atom were also described. 

140°C 

25°C 

PCI, -i- 3 PhOH -+ (Ph0)SPClz + 3 HCI 

3. Electrophiles containing nitrogen, boron, etc. 

I n  addition to the reaction with nitric acid (section IV.A.4), the 
0-nitration of alcohols can be effected by the use of other 0-nitro or 
N-nitro compounds. The most commonly used reagents are benzoyl 
and acetyl nitrates204v Z o 5  (equation 77). The kinetics of the reaction 
have been recently studied by n.m.r. 

CHSCOONOZ -t ROH + R O N 0 2  -t- CHSCOOH (77) 
Transestcrification (e.g., equation 78) is in several instances a 

convenient means for the preparation of esters of inorganic acids. 
Ordinarily, an ester of lower molecular weight is converted to one 
of higher molecular weight. The transesterification is easily effected 
if the liberated alcohol is of lowe:: boiling point than the other com- 
ponents of the reaction mixture and can be removed by distillation. 
Alternatively, the required ester may be the most volatile constituent. 
The practical and mechanistic aspects of these transesterification 
reactions are usually similar to those of the hydrolysis reactions of the 
esters in question. 

B(OR1), $- 3 R20H ---f B(OR2)3 1- 3 R*OH (78) 

Elcctrophilic attacks on the hydroxyl group by halogens, yielding 
‘positive’ halogen compounds, have several uses in organic synthesis. 
A familiar example is the formation of t-butyl hypochlorite from 
t-butanol and chlorine206 in alkaline solution (equation 79). A 

Me,COH -t CI, + NaOH -> Me3COCI 4- NaCl -1- H,O (79) 
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recent application of t-butyl hypochlorite is the radical chain halo- 
genation of alkenes and alkynes207. Ring clcavagc of cyclopropanols 
with various ‘positive’ halogen compounds, including t-butyl 
hypochlorite, has been recently studied by DePuy, Arney and 
Gibsonzo 8. 

Several oxidation reactions of alcohols, including the reaction 
with lead t~traacetatc“0”-2~4, arc initiated by electrophilic attacks 
on the hydroxyl aroup. As the subsequcnt stages of these reactions, 
leading to a variety of products, are those of primary interest in 
their applications, LL detailcd discussion is bcyond the scope of this 
chapter. 

? 

V. REFERENCES 

1. R. G .  Pearson and J. Songstad, 3. Am. Chetu. SOC., 89, 1827 (1967). 
2. R. G. Pearson, H. Sobel and J. Songstad, 3. Ant. Chem. Soc., 90, 319 (1968). 
3. N. C. Den0 and J. 0. Turner, 3. Org. Chetti., 31, 1969 (1966). 
4. R. G. Peaison, Scicnce, 151, 172 (1966). 
5. R. G .  Pearson, Chem. in Brituitz, 3, 103 (1967). 
6. R. G. Peaison and J. Songstad, 3. Org. C h i . ,  32, 2899 (1967). 
7. J. 0. Edwards, 3. Atti. Chm. SOC., 76, 1540 (1954). 
8. J. 0. Edwards, J .  Am. Cheiti. Soc., 78, 1819 (1956). 
9. R. E. Robertson, Can. J .  C/wtt., 31, 589 (1953). 

10. S. Willstein, E. Grundwald and H. W. Jones, 3. Atti. Chem. SOC., 73, 2700 

11. H. M. R. Hoffmann, 3. Cheiii. Soc., 6753, 6762 (1965). 
12. A. H. Fainberg and S. Winstein, J .  Am. Chem. Soc., 79, 1602 (1957). 

(195 1). 

13. V. J. Shiner Jr-, B. L. Murr and G. Hcincmann, 3. Am. Chem. Soc., 85, 2413 
(1963). 

14. L. Hakka, A. Queen and R. E. Robertson, 3. Am. Chcm. SOC., 87, 161 (1965). 
15. G. J. Frisone and E. R. Thornton, 3. Am. Chetn. Soc., 90, 121 1 (1968). 
16. K. B. \,\liberg and V. Z. M’illiams Jr., J .  A m .  Chem. SOC., 89, 3373 (1967). 
17. J. F. Bunnett, Quart. Rev. (London), 12, 1 (1958). 
18. J. Sauer and R. Huisgen, Angew. Cheni., 72, 291 (1960). 
19. S. D. Ross in Progress in Physical Organic Chemirlry, Vol. 1 (Ed. S. G .  Cohen, 

A. Streitwieser Jr. and R. M’. Tact), Intcrsciencc Publishers, hTew York, 
1963, p.. 1. 

20. A. Streitwieser Jr., Cheni. Rev., 56, 571 (1956). 
21. C. A. Bunton, in Jvudeobhi/ic Subslilulion at a Satwnlcd Carbon Aloti i ,  Vol. 1 

22. H. Feuer and J. HOOZ, in The Chetniriry of the Ether Linkage (Ed. S. Patai), 

23. P. Salomaa, in The Chetnistry of the Carbotyl Grozifi (Ed. S. Patai), htcrscience, 

24. E. Schmitz and I. Eichhorn, in The ChemUlry of thc Ether Linkngc (Ed. S .  Patai), 

(Ed. E. D. Hughes), Elscvier Publishing Co., Anistcrdam, 1963. 

Intersciencc, London, 1967, Chap. 10. 

London, 1965, Chap. 3. 

Interscience, London, 1967, Chap. 7. 



498 

25. 

26. 
2 7. 

28. 
29. 
30. 
31. 
32. 
33. 

34. 
35. 

36. 
3 7. 
38. 

39. 

40. 

41. 
42. 
43. 

Pcntti Salomaa, Alp0 Kankaanpcrii and Kalcvi Pihlaja 

P. Salomaa, A. Kankaanpera and M. Lajunen, Act& Chem Scand., 20, 1790 
(1966). 
A. J. Kresgc and Y. Chiang, 3. Chem. SOC. (B), 53, 58 (1967). 
C .  K. Ingold, Structure atzd Mecharzism in Organic Chemistry, G .  Bcll & S o u ,  
London, 1953, p. 333. 
P. Z .  Bedoukian, J. Am. Chon. SOC., 66, 1325 (1944). 
J. E. Baldwiii and L. E. Walker, J .  Org. Chenz., 31, 3985 (1966). 
P. Saloniaa and A. Kankaanpera, Acta Chern. Scam'., 2G, 1802 (1966). 
P. Salomaa, Ann. Acad. Sci. Fenizicac, Ser. A 11, No. 103 (1961). 
A. Kankaanpcrii, Actn Chcnz. Scand., 23, 1728 (1969). 
J. M. Bell, 1). G .  Kubler, P. Sartwell and R. G .  Zcpp, J.  Org. Chin.,  30, 
42134 (1965). 
R. Garrett and D. G .  Kubler, 3. Org. Chcni., 31, 2665 (1966). 
E. H. Cordes, in Progress in Phjwical Organic Chemistry, Vol. 4 (Ed. A. Streit- 
wicscr Jr. and R. W. Tart), Tntcrscieiice Publishers, Ncw York, 1967, pp. 

A. Kankaanpera, Ann. Uniu. Turku., Ser. A I, No. 95 (1966). 
I<. Pihlaja, Ann. Uziv .  Turku., Ser. A I, No. 114 ( 1  967). 
F. Aftalion, D. Lumbroso, M. Hellin and F. Coussemant, Bull. SOL Clzinz. 
Fraiice, 1950, 1958 (1965). 
M. Garnicr, F. Aftalion, D. Lumbroso, M. Hellin and F. Coussemant, Bull. 
SOC. Chitiz. France, 1512 (1965). 
13. Fremaux, M. Davidson, M. Hellin and F. Coussemant, Bull. SOC. Chinz. 
France, 4.243, 4250 (1967). 
1'. Salomaa and R. Linnantie, Ada Chenz. Scand., 14, 777 (1960). 

1-41. 

I A. Kankaanpcra and Rf. Lahti, Acta Chem. Scand., 23, 2465 (1969). 
, K. G. Shipp and M. E. Hill, 3. Org. Chein., 31, 853 (1966). 

44. H. Hibbert, J. C. Morazain and A. Paquet, Can. 3. Research, 2, 131 (1930). 
45. S. M. McElvain and M. J. Curry, 3. Ain. Chem. SOC., 70, 3781 (1948). 
46. R. H. Martin, F. W. Lanipe and R. W. Taft, J. Am. Chem. SOC., 88, 1353 

47a. A. Kankaanperii and H. Tuominen, Suonien Ketnistilehti, B40, 271 (1967). 
47b. .4. Kankaanpera and M. Lahti, Suomen Kemistilchti, B42, 406 (1969). 
47c. A. Kankaanpera and iM. Lahti, Suonlen Kemistilehli, B43,75, 101, 105 (1  970). 
48. V. Gold and D. C .  A. Waterman, J .  Cirem, SOC. (B), 839, 849 (1968). 
49. W. C. Kuryla and D. G. Lcis, J.  Org. Chetn., 29, 2773 (1964). 
50. W. C. Kuryla, J .  Org. Chun., 30, 3926 (1965). 
51. S. Patai and 2. Rappoport, in The Chcnzislrv of Alkenes (Ed. S. Patai), Inter- 

science, Ncw Ycrk, 1964, Chap. 8. 
52. R. iV. King, G. C. Tcsoro and D. R. Moore, J.  Org. Chem., 32, 1G31 (1967). 
53. J. Chatt, Clicni. Rev., 48, 7 (1951). 
54. MI. L. Waters and E. F. Kiefcr, 3. Am.  Clzenz. SOC., 89, 6261 (1967). 
55. M. F. Shostakovskii, A. V. Bogdanova and G .  I. Plotriikova, Usp. Khim., 33, 

56. D. Miller, 3. Chcm. Soc. (C), 12 (1969). 
57. W. Kirrnse, I.. Horncr and 13. Hoffmann, Liebigs Ann. Chenz., 614, 19 (1958). 
58. \Ir. Kirmse, Liebigs Ann. C h i . ,  666, 9 (1963). 
59. T. Saegcsa, Y. Tto, S. Kobayashi, K. Hirota and T. Shimizu, J .  Org. Clzenz.: 

(1 966). 

129 (1964); Chenz. Abstr., 60, 13132 (1564). 

33, 544 (1968). 



9. Elcctropliilic Attacks on the Hydroxyl Group 499 

88. 

89. 
90. 

91. 

92. 

60. N. R. Ghosh, C. R. Ghoshal and S. Shah, Chin. Conzmun., 151 (1969). 
61. J. S. Meek, J. S. Fowler, I?. A. Monroe and T. J. Clark, 3. Org. Chem., 33, 

62. A. Schonberg, K. Junghans and E. Singer, Te!:ahcdron LEtters, 4667 (1966). 
63. T. Saegusa, Y. Ito, S. Kobayashi and K . Hirota, Tetrahedron Letters, 52 1 (1 967). 
64. T. Saegusa, Y. Ito, S. Kobayashi, N. Takeda and K. Hirota, Tetrahedron 

65, K. J. Mulder, A. M. van Leusen and J. Strating, Tetruhcdron Letters, 

66. E. K. Euranto, in Tfie Chinistry of Carboxylic Acids and Esters (Ed. S .  Patai), 

67. M. L. Bender, Chenz. Rev., 60, 53 (1960). 
68. L. P. Hammett, Pfiysical Organic Chemistry, McGraw-Hill, New York, 1940, 

69. J .  Hine, Pfysical Organic Cheinistry, 2nd ed., McGraw-Hill, New York, 1962, 

70. C. K. Ingold, Structure ucd Mecfianisnz in Organic Cficmistry, Cornell University 

71. F. Kurzer and K. Douraghi-Zadeh, Chem. Rev., 67, 118 (1967). 
72. P. Adams and F. A. Baron, Chem. Rev., 65, 567 (1965). 
73. E. L. Elicl and F. J. Biros, 3. A m .  Chem. SOC., 88, 3334 (1966). 
74. E. L. Eliel and S. Schroeter, 3. Am. Chtn. SOC., 87, 5031 (1965). 
75. E. L. Eliel and 'r. J. Brett, 3. Am. Chm. SOC., 87, 5039 (1965). 
76. E. L. Eliel and H. Haubenstock, 3. Org. Chin., 26, 3504 (1961). 
77. E. L. Eliel, N. L. Allinger, S. J. Angyal and G. A. Morrison, Conformational 

78. K. Bowden, Can. 3. Chem., 44, 661 (1966). 
79. K. Bowden, N. B. Chapman and J. Shorter, 3. Chem. SOC., 5239 (1963). 
80. C. N. Hinshelwood and A. R. Legard, 3. Chem. SOL, 587 (1935). 
81. H. A. Smith and J. Burn, 3. Am. Chem. SOC., 66, 1494 (1944). 
82. R. W. Taft Jr., in Steric Effech in Organic Chinistry (Ed. M. S .  Newrnan), 

83. M. S. Newrnan, Steric EJech in Organic Chemistry, John Wiley & Sons, New 

84. R. C. Parish and L. M. Stock, 3. Org. Chem., 30,927 (1965). 
85. E. J. Bourne, M. Stacey, J. C. Tatlow and J. M. Tedder, 3. Chem. SOC., 

86. E. J. Bourne, M. Stacey, J. C. Tatlow and R. Worrall, 3. Cheni. SOC., 3268 

87. J. M. Tcdder, Cfum. Rev., 55, 787 (1955). 

223 (1968). 

Letters, 1273 (1967). 

3057 (1967). 

John Wiley & Sons, New York, 1969, Chap X. 

Chaps. IV, VI, VII and IX. 

Chap. XII. 

Press, Ithaca, New York, 1953, pp. 751-782. 

Analysis, Interscience, New York, 1965, Chap. 2.2.c. 

John Wiley & Sons, New York, 1956, Chap. XIII. 

York, 1956, pp. 204-217. 

2976 (1949). 

(1958). 

L..J. Fnmne, M. Stacey, J. C. Tatlow andJ.  M. Tedder, 3. Chem. SOC., 718 
(19511. 
M. S.'Newman, 3. Anz. Chein. SOC., 67, 345 (1945). 
W. D. Emmons, K. S. McCallum and A. F. Ferris, 3. Am. Cfiem. SOC., 75, 
6047 (1953). 
E. J. Bourne, M. Stacey, J. C. Tatlow and R. Worrall, 3. Chnn. SOC., 2006 
(1954). 
E. J. Bourne, J. E. B. Randlcs, M. Stacey, J. C. Tatk-w and J. M. Tedder, 
J. Am. C h m .  SOC., 76, 3206 (1954). 

CH*R 



500 Pciitti Snloniaa, Alpo Kankaanpcrii and Kalevi Pihlaja 

93. M. S. Newman and C. Courduvelis, 3. Org. Clzenz., 30, 1795 (1965). 
94. M. L. Render and M. S. Silver, 3. Am. Chem. SOC., 84,4589 (1962). 
95. F. Ramirez, B. Hansen and N. B. Desai, J. A n .  C'hem. SOC., 84, 4588 (1962). 
96. W. Stevens and A. Van Es, Rec. Trav. Chim., 83, 1287 (1964). 
97. A. BChal, Comfit. Rend., 128, 1460 (1900); Ann. C'him. (l7), 20, 411 (1900). 
98. A. Vcrley, Bull. SOC. Chim. France (4 ) ,  41, 803 (1927). 
99. E. R. Schien, J .  Am. Chin. SOC., 45,455 (1923). 

100. V. Gold and E. G. Jefferson, 3. Chenz. SOC., 1416 (1953). 
101. C. D. Hurd, S. S. Drake and 0. Fancher, 3. Am. Chem. SOC., 68, 789 (1946). 
102. W. Stevens and A. Van Es, Rec. Trav. Chim., 83, 1294 (1964). 
103. J. Ducassc, Bull. SOC. Chim. France (j), 12, 918 (1945). 
104. 34. Hudlicky,. Chemistry of Organic Fluorine Compounds, The MacMillan Co., 

105. J. Radell and J. W. Connolly, Chetn. Eng. Data, 6, 282 (1961). 
106. E. E. Burgoyne and F. E. Condon, 3. Am. Chem. SOC., 72,3276 (1950). 
107. J. Radcll, B. W. Brodman, A. Hirshfcld and E. D. Bergmann, 3. Phys. 

108. H. Prajecus and U. Kellncr, <. Chem., 4, 226 (1964.). 
109. H. Prajecus and J. LeSka, <. Naturforsch., 21b, 30 (1966). 
110. H. Prajccus and A. Tille, Chem. Ber., 100, 196 (1967). 
111. H. Brechbuhler, H. Buchi, E. Hatz, J. Schreibcr and A. Eschenmoser, 

112. D. P. N. Satchell, 3. Chem. SOC., 558, 564 (1963). 
113. J. M. Briody and D. P. N. Satchell, J .  Chem. SOC., 3724 (1964); 168 (1965). 
114. D. P. N. Satchell, Quart. Rev., 17, 160 (1963). 
1 15. J. W. McFarland and J. B. Howard, 3. Org. Chon., 30,957 (1965). 
116. J. W. McFarland, D. E. Lenz and D. J. Grosse, 3. Org. Chem., 31, 3798 

117. H. Ulrich, B. Tucker and A. A. R. Sayigh, 3. Org. Chcm., 32, 3938 (1967). 
118. E. C. Taylor and G. W. McLay, J .  Am. Chem. SOC., 90, 2422 (1968). 
119. S. M. Kupchan and 1%'. S. Johnson, 3. Am. Chm. SOC., 78, 3864 (1956). 
120. S. M. Kupchan, W. S. Johnsm and S. Rajagopalan, Tetrahedron, 7, 47 

121. S .  M. Kupchan and C. R. Narayanan, 3. Am. Chcnz. Soc., 81, 1913 (1959). 
122. S. M. Kupchan, S. T. Eriksen and M. Friedman, J.  Am. Chem. SOC., 88,343 

123. T. C. Bruice and T. H. Fife, 3. Am. Chem. SOL, 84, 1977 (1962). 
124. R. Biggirls and E. Haslam, 3. Chem. SOL, 6883 (1965). 
125. M. L. Bender, F. J. Kezdy and B. Zerner, 3. Am. Chern. SOC., 85,301 7 (1963). 
126. B. Capon and B. Ch. Ghosh, 3. Chm. SOC. (B), 472 (1966). 
127. F. A. Long, Ann. New 2*0rk Acad. Sci., 84, 596 (1960). 
128. B. Hansen, Acfa Chin. Scand., 17, 1375 (1963). 
129. B. A. Cunningham and G. L. Schmir, 3. Am. Chem SOC., 89, 91 7 (1967). 
130. S. M. Kupchan, J. H. Block and A. C. Isenberg, 3. Am. Chem. SOC., 89, 1189 

131. H. T. Openshaw and N. Whittaker, 3. Chetn. SOC. ( C ) ,  89 (1969). 
132. J. D. Roberts and J. G. Traynham, 3. Org. Cheni., 32, 3177 (1967); J. D. 

133. K. S. Dodgson, Proc. Infern. Congr. Biocliem., 13, 23 (1960). 

New York, 1962, p. 197. 

Chem., 69, 928 (1965). 

Helv. Cllinz. h a ,  43, 1746 (1965). 

(1966). 

(1959). 

(1966). 

(1967). 

Roberts, 3. Org. Chem., 33, 118 (1968). 



9. Electrophilic Attacks on the Hydroxyl Group 501 

134. A. B. Roy, Adccn. Bzzymol., 22, 205 (1960). 
135. F. C. Whitmore and H. S. Kothrock, J. Am. Chenz. SOL, 54, 3431 (1932). 
136. N. C. Den0 and M. S. Newman, 3. Am. Chem. SOL, 72,3852 (1950). 
137. R. L. Burwell Jr., J. Am. Chem. SOC., 74, 1462 (1952). 
138. J. S. Brimacombe, A. B. Foster, E. B. Hancock, W. G. Overend and M. 

139. B. D. Batts, J.  Chem. SOL (B), 547, 551 (1966). 
140. G. Williams and D. J. Clark, 3. Chm. SOC., 1304 (1956). 
141. S. J. Benkovic, J. Am. Chcm. SOC., 88,551 1 (1966). 
142. S. Burstein and S. Liebennan, 3. Am. Chem. SOC., 80, 5235 (1958). 
143. J. McKenna and J. K. Noryrnberski, J. Chem. SOC., 3889 (1957). 
144. J. L. Kicc and J. M. Anderson, J. Am. Chem. SOC., 88, 5242 (1966). 
145. C. A. Bunton and B. N. Hendy, 3. Chem. SOC., 3130 (1963). 
146. R. E. Robertson, Prop. Phys. Org. Chem., 4, 213 (1967). 
147. S. J. Benkovic, J. Am. Chem. SOC., 88, 551 1 (1966). 
148. P. Salomaa, R. Hakala, S. Vesala and T. Aalto, Acta Cficm. Scanti.] 23, 21 16 

149. S. J. Benkovic and P. A. Benkovic, J. Am. Chem. Soc., 90, 2646 (1968). 
150. R. H. Boyd, R. W. Taft Jr., A. P. Wolf and D. R. Christrnan, 3. Am. Chem. 

151. I. Dostrovsky and F. S. Klein, 3. CIum. SOL, 791 (1955). 
152. C. M. Suter, Organic Chemistry of Sulpfzur, John Wiley & Sons, New York, 

153. N. Kharash (Ed.), Organic Chemistry of Sulphur Comfiotmdr, Vol. 1, Pergamon 

154. E. T. Kaiser, M. Panar and F. H. Westheimer, 3. Am. Chem. SOC., 85, 602 

155. R. E. Robertson and S. E. Sugamori, Can. J.  Chem., 44, 1728 (196G). 
156. F. P. Boer, J. J. Flynn, E. T. Kaiser, 0. R. Zaborsky, D. A. Tomalia, E. A. 

157. E. T. Kaiser and 0. R. Zaborsky, J. Am. Chem. SOL, 90, 4626 (1968). 
158. D. S. Breslow, R. R. Hough and J. T. Fairlough, 3. Am. Chem. SOL, 76, 

5361 (1954). 
159. D. M. Brown in Advances in Organic Cheinistry, Vol. 3 (Ed. R. A. Raphael, 

E. C. Taylor and H. Wynberg), Interscience, New York, 1963, pp. 75-158; 
160. B. Capon, M. J. Perliins and C. W. Rees, Organic Reaction Mechanism 1967, 

Interscience, New York, 1968, pp. 358-365. 
161. A. J. Kirby and S. G. Warren, Organic Cfiemistry of Phosphorus, Elsevier, 

Amsterdam, 1967. 
162. T. C. Bruice and S. J. Benkovic, Bioorganic Mechanisms, Vol. 2, Benjamin, 

New York, 1966, Chap. 2. 
163. C. A. Bunton, M. M. Mhala, K. G. Oldham and C. A. Vernon, 3. Cfzem. 

SOC., 3293 (1960). 
164. P. C. Haake and F. H. Westheimer, 3. Am. Cfiem. SOC., 83, 1102 (1961). 
165. H. G. Khorana, G. M. Tener, R. S. Wright and J. G. Moffatt, 3. Am. Chem. 

166. D. A. Usher, E. A. Dennis and F. H. Westheimer, 3. Am. Cfiem. SOC., 87, 

167. R. L. Collin, 3. Am. Chetn. SOC., 88, 3281 (1966). 

Stacey, 3. C h m .  SOC., 201 (1960). 

(1969). 

SOC., 82,4729 (1960). 

1944. 

Press, New York, 196 1. 

(1963). 

Young a2d Y. C. Tong, 3. Am. Chm.  SOL, 90, 2970 (1958). 

SOC., 79,130 (1957). 

2320 (1965). 



502 

168. hf. L. Bendcr and J. M. Lawlor, 3. h z .  Chem. SOC., 85, 3010 (1963). 
169. A. Lapidot, D. Samuel and M. Weiss-Broday, 3. C/iem. SOC., 637 (1964). 
170. T. Higuchi, G. L. Flynn and A. C. Shah, 3. A m .  Chem. SOC., 89,616 (1967). 
171. L. Kugel and M. Halman, 3. Org. Chern., 32, 642 (1967). 
172. C. A. Bunton, E. J. Fendler, E. Humeres and Kui-Un Yang, 3. org.  Chem., 

173. C. A. Bunton, S. J. Farber and E. J. Fendler, 3. org. Chem., 33, 29 (1968). 
174. P. Mesnard and M. Bertucat, Bdl .  SOC. Chim. Frcnce., 307 (1959). 
175. E. Cherbuliez, C. Gandillon, A. de Picciotto and J. Rabinowitz, Hclv. Chim. 

176. F. B. Clarke and J. W. Lyons, 3. Am. Chcm. SOC., 88,4401 (1966). 
177. P. W. C. Barnrrd, C .  A. Bunton, D. ICellerman, M. M. Mhala, B. Silver, 

178. R. Boschan, R. T. Merrow and R. W. Van Dolah, Cheni. Rev., 55, 485 

179. R. Klein and M. Mentser, 3. Am. Chenz. SOC., 73,  5888 (1951). 
180. E. L. Blackall, E. D. Hughes, Sir Christophcr Ingold and R. B. Pearson, 

181. J. W. Baker and D. M. Easty, 3. Chem. SOL, 1193 (1952). 
182. J. W. Baker and E. J. Neale, 3. Chem. SOC., 608 (1955). 
183. J. W. Baker and T. G. Heggs, 3. Chem. SOC., 616 (1955). 
1W. L. P. Kuhn, 3. Am. Chem. SOC., 69, 1974 (1947). 
185. H. Steinberg, Organoloron Chenzistty, Vol. 1, John Wiley & Sons, New York, 

186. W. Gerrard, Organic Chemistry of Boron, Acadcmic Press, London, 1961, 

187. J. A. Bradley and P. M. Christopher, 129th Meeting of the American Chemical 

188. H. Steinberg and D. L. Hunter, hid. Eng. Chem., 49, 174 (1957). 
189. D. W. Tanner and T. C. Bruice, 3. Am.  Chem. SOC., 89, 6954 (1967). 
190. D. W. Clayton, J. A. Farrington, G. W. Kenner and J. M. Turner, 3. Chem. 

191. R. G. Schweiger, Chem. Ind., 900 (1966). 
192. E. E. Gilbert, B. Veldhuis, E. J. Carlson and S. L. Giolito, Ind. Eizg. Chem., 

193. A. B. Burg, 3. A m .  Chein. Soc., 65, 1629 (1943). 
194. E. H. White and C .  A. Ellinger, 3. An:. Chem. SOC., 87, 5261 (1965). 
195. K. E. Pfitzner and J. G. Moffatt, 3. Am. Chem. SOC., 87, 5661, 5670 (1965). 
196. A. H. Fenselau and J. G. Moffatt, 3. A m .  Ctcem. SOC., 88, 1762 (1966). 
197. M. G. Rurdon and J. G. Moffatt, 7. Am. Chenz. SOC., 88, 5855 (1966); 89, 

198. E. J. Corey and T. Durst, 3. Am. Chem. SOC., 90, 5553 (1968). 
199. G .  W. Kirby, Cheni. hid., 1877 (1963). 
200. T. Obata and T. Mukaiyama, J. O r . .  Chem., 32, 1063 (1967). 
201. H. Goldwhitc and D. G. Roswell, 3. Am.  Chcm. SOC., 88, 3572 (1966). 
202. F. Ramirez, Acc. Chenz. Research, 1, 168 (1968); this article contains references 

203. F. Raniircz, K. Tasaka, N. B. Dcsai and C. P. Smith, 3. Am.  Chcm. SOC., 90, 

Pentti Salomaa, Alpo Kankaanpera and Kalevi Pihlaja 

32, 2806 (1 967). 

Acta, 42, 2277 (1959). 

C. A. Vernon and V. A. Welch, 3. Chenz. SOL (B), 227 (1966). 

(1955). 

3. Chenz. SOC., 4366 (1958). 

1964, Chaps. 4-7. 

pp. 5-21. 

Socie& Dallas, 1956, Abstracts of Papers, p. 39-N. 

SOL, 1398 (1957). 

45,2065 (1953). 

4725 (1967). 

to the pertinent literature. 

751 (1968). 



9. Electrophilic Attacks on the Hydroxyl Group 503 

204. F. E. Francis, 3. C h m .  SOC., 1 (1906). 
205. B. t)stman, Acta Chem. Scurd, 21, 1257 (1967). 
206. H. M. Teeter and E. W. Bell in Organic Syntheses, Vol. 32 (Ed. R. T. Arnold), 

207. C. Walling, L. Heaton and D. D. Tanner, J. A m .  Chem. SCIC., 87, 1715 (1965). 
208. C. H. DePuy, N. C. Arney Jr. and D. H. Gibson, J .  Am. Chem. SOC., 90, 

209. R. E. Partch, 3. Org. Chem., 30, 2498 (1965). 
210. A. C. Cope, M. Gordon, Sung Moon and Chung Ho Park, J. Am. Chem. SOC., 

211. M. Lj. MihailoviC, 2. Cekovid, 5. MaksimoviC, D. Jeremid, Lj. Lorenc and 

212. M. Lj. Mihailovid, 2. &kovid and D. Jeremid, Tefruhedron, 21, 2813 (1965). 
213. Sung Moon and P. R. Clifford, 3. Org. Chetn., 32, 4017 (1967). 
214. W. H. Starnes Jr., J. Org. Chem., 33, 2767 (1968). 

John Wiley & Sons, New York 1952, pp. 20-22. 

1830 (1968). 

S7,3119 (1965). 

R. I. Mamuzid, Tetrahedron, 21, 2799 (1965). 



CHAPTER 10 

MIHAILO LJ. MIHAILOVI~ and ~ I V O R A D  ~ E K O V I ~  

Department of  Chmirtry, Faculty of Sciences, University of Belgrade and 
Institute f o r  Chmistsy, Technology and Metallurgy, Belgrade, Fdgoslavia 

I. INTRODUCTION . 
11. OXIDATION OF PHENOLS . 

A. Mechanism of One-Electron Oxidations . 
1. Phenoxy radicals and quinone methides . 
2. Characterization and structure of phenoxy radicals . 

B. Oxidation Potentials . 
C. Oxidation by Ferric Salts. 

1. Potassium ferricyanide . 
coupling . 

substituent a-carbon atoms . 
substituent p-carbon atoms . 
p-carbon-phenoxyl oxygen coupling . 

a, Carbon-carbon dimerization involving nuclear C-C 

b. Carbon-carbon dimerization involving coupling of 

c. Carbonxarbon dimerization involvir?g coupling of 

d. Carbon-oxygen dimerization involving nuclear o- or 

e. Oxygen4xygen dimerization . 
f. Charge-transfer complexes . 

. 
2.  Ferric Chloride . 
1. Lead tetraacetate 
2. Lead dioxide . 

1. Hydrogen peroxide . 
2. Alkyl peroxides . 
3. Acyl peroxides and peracids . 
4. Persulphate oxidation . 

D. Oxidation by Tetravalent Lead. 

E. Oxidation by Peroxy Compounds . 

F. Periodate Oxidation 
G. Oxidation by Molecular Oxygen 
H. Miscellaneous Oxidations. 

. 

1. Potassium nitiosodisulphonate (Fremy’s salt) . 
2. Silver oxide . 

505 

506 
506 
506 
506 
510 
514 
516 
516 

517 

520 

522 

522 
527 
52 7 
530 
533 
533 
537 
539 
539 
544 
547 
553 
556 
560 
567 
567 
569 

The Chemistry of The Hydroxyl Group: Part 1 
Edited by Saul Patai 

Copyright 0 1971 by John Wiley & Sons Ltd. All rights reserved. 



506 Miliailo Lj. Mihailovid and Zivorad cekovid 

3. Haiogens . . 570 
4. Perchloryl fluoridc . . 572 
5. Chromyl chloride . . 574 
6. Organic oxidizing agents . . 574 
7. Electrolytic oxidation . . 575 
8. Other oxidants . . 577 

111. REDUCTON 01: PHENOLS . . 578 
A. Hydrogenation and Hydrogcnolysis of Phcnols . . 578 
B. Hydrogenolysis of Phenols . . 580 

IV. REFERENCES . 581 

1. INTRODUCTION 

One of the characteristic chemical properties of phenols is thek facile 
oxidative conversion to compounds of diffment structural types. 
The diversity of phenol oxidation products offers interesting syn- 
thetic possibilities for the preparation of simple and polymeric mole- 
cules containing phenolic and/or quinonoid structural elements, 
particularly of those resulting from oxidative coupling of both like 
and unlike intermediate radical speciesl-8. In this way various 
natural products have been successfully synthesized from phen- 
0 1 ~ 1 9  4-69 8. I n  addition, mechanistic studies of oxidation reactions 
of phenolsl-g have lent strong supporc to the interpretation that a 
number of biosynthetic processes actually proceed by biogenetic 
pathways involving the oxidative utilization of phenolic sub- 
strates', 4 - 6 3  s. 

The long-known fact that substituted phenols and the correspond- 
ing phenoxy radicals are efficient inhibitors in autoxidation pro- 
cesses of organic ~ u b s t a n c e s ~ - ~ ~  has stimulated in recent years the 
development of chemical and physical methods, particularly of 
electron spin resonance (e.s.r.) spectroscopy, for the study of the 
detailed structure of phenoxy (and other) radicals and of their role 
as intermediates in free radical reactionslzs 

I n  this chapter the principles and the scope of oxidation and reduc- 
tion of monohydric and polyhydric phenols are reviewed. 

I!. OXIDATION OF PHENOLS 
A. Mechanism of One-Electron Oxidations 
1. Phenoxy radicals and quinone methides 

The first step in the oxidation of monohydric phenols, by oxidizing 
agents capable of one-electron abstraction69 8 ,  1 2 ,  14, such as lead 
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dioxide, silver oxide, manganese dioxide, ferric and ceric ions, elec- 
trochemical methods15, alkaline potassium ferricyanideZ and others, 
consists in the generation of free phenoxy radicals (3) (equation l), 
either by homolytic cleavage of the 0-H bond in the phenol (1) 

atom r3r by loss of one electron from the with loss of the hydrogen 
corresponding phenoxide 

:5:H 

anion (2). These phenoxy (or aryloxy) 

:-j:- 
I 

a b C d 
(3) 

radicals (3), which may be formally defined as monovalent oxygen 
radical species, are resonance-stabilized by delocalization of the un- 
paired electron over the aromatic ring, as shown by structures 
3sr41--8, 12, 13. 

Although phenoxy radicals with ortho and/or para unsubstituted 
positions usually undergo further reactions very rapidly1-8B 12s 13, 
because of resonance stabilization they have a longer lifetime than 
alkyl or aryl radicals and they do not attack the solvent or initiate 
polymerization (e.g., by removal of hydrogen from C-H bonds) as 
readilys$ ’. Their transient existence, which was postulated mainly 
on the basis of chemical reactivity, has recently been confirmed by 
e.s.r. spectroscopy using a flow system technique’s 17. The mean. 
lifetime of the simplest phenoxy radical (3), derived from phenol 
itself, has been estimated to be about 

For the production of ‘stable’ phenoxy radicals, which may survive 
for a sufficient time to be used as substrates for other experiments or 
which may exist in solution (and in certain cases in the solid state) 
over periods of hours or even days (in the presence of limited amounts 
of air), it is necessary that the reactive ortho- and para-positions be 

second7* lo. 
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blocked by suitable groups which give increased resonancc stabiliza- 
tion or steric protection, since 2,4,6-trisubstitution usually retards 
or prevents further reaction (i.e. addition or substitutioc) l-8 and 
the absence of a-CH groups in the substituents prohibits formation of 
quinone rnethidesl8--21. Some of these free aryloxy mmo- and di- 
radicals, e.g., 4 22-26, 5 26--32 and 6 33, are highly coloured and 
stable both in solution and as solids0, l 2 ~  13, whereas others exist in 
the crystalline state as colourless dimeric quinol ethers, such as 
7 34--38, which in solution dissociate to varying degrees into coloured 
radicals0. l 2 ~  l3, e.g. 8 34-38. It  is interesting to note that when a 
benzene solution containing the red 2,4,6-triphenylphenoxy radicals 
(8) in equilibrium with the corresponding quinol ether 7 is treated 
with strong mineral acid (equation 2), a salt of the resonance- 

+ 
solid and} blue 
solution 

(4) 

0 

*ph@ph 

Ph 
solution, red 

(8) 

Ph 
solution, blue 

o + i , d o .  $y 
qcqo* R R 

solid and solution, coloured 
(a) R = t - ~ u ,  H; = H 

(c) R = OMe, R' = H 

.o 
(b) R = f-Bu, R' = Ph 

(5) 
"lid solution and} deep purple 

(6) 

0 
Ph 

Ph 
solid, colourless 

(7) 

X' + ph+ph Ph 

HX 

Ph 
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stabilized phenoxonium ion (9)  is formed and the reaction mixture 
turns deep blues9. 

Aryloxy radicals with heteroatoms can also be prepared, as illus- 
trated Ey examples of the nitrogen-containir,g radicals 10 4 O  and 
11 4l, which are very stable to oxygen and exist as such in the solid 
state, and of the moderately stable tc unstzbl:: radicals 12 n_2 and 
13 43 containing phosphorus and sulphur, which have been gener- 
ated only in solution. + TJf q* S 

2*d2*+qf+yJ (3) 

I 
R 

P 
Ph' ' Ph 

NMe, (12) R =  Me, 1-Bu, Ph 
Ji$ 0 Me2NaNQ (11) (13) 

(1 0) 

Stable free aryloxy radicals, such as galvinoxyl (5a) and 2,6,3',5'- 
tetra-t-butylindo-phenoxyl [BIP] (lo), which remain unchanged in 

- OH 

/, R' 
CH CH CH 
/ \  / \  / \  

R R' R R' 

yf4;' /j. (15) (14) (17) 

Stability of Xi  decrease^:'^' 45 

Ph Ph 
\ \ 

/ / pH-)' ") OCHZPh Ph Me 

0 

CH- CH->  CH- > 
RR'HC o*CHRRV 0 

Me Me Ph Me 
\ \ \ \ 

/ f / 
E t  Me 

(1 6) 

CH- > CH- > CH- - CH- >Me' 
HI H 
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the solid state for months or years, have been used as efficient 
scavengers of alkyl and alkoxy or phenoxy radicals28r 4% 45. 

Hindered phenols (e.g., phcnols with 2,6-di-t-butyl groups) con- 
taining an a-CH in the para-substituent can also be oxidized by 
one-electron abstracting agents (alkaline potassium ferricyanide, 
lead dioxide, silver oxide, 2,3-dichloro-5,6-dicyano- 1,4-benzoquin- 
one, etc.) to the corresponding phenoxy radicals (15) 13, 13. These 
are only of moderate Etability (a few hours) or of transient existence 
and undergo spontaneous irreversible disproportionation (equation 
3), usually according to second-order kineticsqs* 47, to the parent 
phenols (14) and quinone methides (17) 18--21~ 4s9 47, which, depend- 
ing on their stability, react furthcr on (see section 11. C.l) or can 
be isolated from the reaction mixture18-21, 46-50. 

2. Characterization and structure of phenoxy radicals 
The existence and nature of aryloxy radical species, particularly 

of the more stable phenoxy radicals, has been investigated and 
established by various methods, such as chemical reactivity studies, 
magnetic susceptibility measurements and analysis of infrared, ultra- 
violet-visible, n.m.r. and e.s.r. spectral data. 

Phenoxy radicals are paramagnetic24* 3 0 ,  51--63, and usually show 
in their infrared spectra a broad strong band in the 1560-1600 cm-l 
region [which probably arises from the contribution of the quinonoid 
resonance structures (3b-3d) (equations 1 and 4)] and a weak to 
medium band in the 1500 cm-l regicin [which might correspond to 
resonance st;uctures involving charge separation (3e in equation 
4)] 1* l2* 24; they differ markedly from the diamagnetic colourless 
dimeric quinol ethers (e.g., 7 and 16) which have a doublet at 1660 

and 1640 cm-l in the infrared 52. The electronic spectra 
of phenoxy radicals are quite different from those of the parent 
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phenols and show several maxima in the ultraviolet and visible 
regions12. These bands and tile charactcristic brilliant colours of 
most phenoxy radicals represent further evidence for the contribu- 
tion of quinonoid and dipolar resonance structures 3b-3d and 3e 
(equations 1 and 4), respectively. 

Particularly useful information regarding the detailed structures 
of phenoxy radicals, the mechanisms of phenol oxidation which 
involve radical species as intermediates and the characterization of 
new radicals has been obtained by the application of electron spin 
resonance spectroscopy. The determination of the g-values shows 
that stable aryloxy radicals, such as 2,4,6-tri-t-butylphenoxy radicals 
(4), have a very high radical content, which is close to the value 
(g = 2.0023) for the completely free ~ l e c t r o n ~ ~ ~  5 3 p  54. Analysis of 
the hyperfine splitting constants of the e.s.r. spectra of phcnoxy radi- 
cals, particularly of the stable 2,4,6-tri-t-butylphenoxy (4) 53 ,  559 56,  

2,4,6-tris(diphenylmethyl)phenoxy (18) 5 5 9  5G, various 2,6-di-t-butyl- 
4-(substituted pheny1)phenoxy (19) 57, and 2,4,6-triphenylphenoxy 
radicals (8 )5 * ,  including the corresponding 170- and in the ring 
2 H H -  and 13C-labelled radicals55--02, indicates12, 13, 16,  17 ,  19, 31, 42,  5 2 ,  

5 3 9  55--60 (a) that all six carbon atoms in the central ring as well as 
the oxygen- show a spin density for the unpaired electron; (b) that 

I 
CHPh, 

a relatively high spin density resides on the oxygen; (c) that of the 
central ring carbon atoms the para-carbon (C-4) shows a consider- 
able spin density which is hig.her than that on the ortho-carbons (C-2 
and C-6), and that the densities at C-1 and the meta-carbons (C-3 
and C-5) are low but not zero; (d) that the unpaired electron can 
also distribute itself over alkyl substituents and heteroatoms; (e) 
that in phenoxy radicals carrying phenyl groups in the #am- and/or 
ortho-positions (such as 8), the spin density of the odd electron is 
distributed over all phenyl suhstituents present in the radical, but 
that it is higher in the p-phenyl group than in the o-phenyl residue, 
probably because the latter is forced out of the molecular plane by 
the phenolic oxygen. Spin densities of the unpaired electron in some 
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short-lived and stable plienoxy radicals, found experimentally or 
calculated from available spectral data, are given in Table 1. 

TADLE 1. Spin density distribution for some aryloxy radicals. 
- -  ~~ ~ 

Spin density p 
Refs. -- Radical 

0 C-1 C-2, C-6 C-3, C-5 C-4 

Phenoxyn C - 0.28 -0.075 0.42 7, 16, 17, 63 
4-Methylphenosy c - 0.25 -0.06 
2,4-Dimethylphenosy I: -. 0.24 -0.07 :::} 16, 17 

2,4,G-Tris(diphenyl- 
2,4,6-Trimcthylphcnosy - 0.22 -0.06 0.44 

methyl) phcnoxy 0.5 -0.06 0.176 -0.071 0.352 55, 56 
2.4,~-Tripl?p?l;.!p11cr?-";' 0.26 C.03 (1. f i 1 :: 055 !!a2 i 2 58 

(0.065) 

a The rccalculatcd values are as C-2 and C-6, 0.255 (0.246); C-3 and C-5, 

b It was statedbs. 5C that a similar distribution should bc gcncrally valid for 4R-2,6-di- 

5 Not calculated. 

0.070 (0.066); C-4, 0.374 (0.374). 

t-butylphcnoxy radicalsS', Go. 

These and other data on the distribution of the odd electron spin 
density substantiate the resonance-hybrid structure of aryloxy radi- 
cals (equations 1 and 4), inferred previously from chemical reactivity, 
and are in agreement with some experimentally observed chemical 
properties, e.g., with the finding that phenoxy radicals undergo 
coupling reactions only at the o- and pi-positions, whereby para- 
coupling usually predominates (see section 1I.C. 1). 

Although e.s.r. spectroscopy has already given valuable informa- 
tion about the ground state structures of phenoxy radicals and there- 
fore offers the best approach to relative radical stabilities, further 
and more detailed studies are necessary in order to obtain additional 
and reliable knowledge on the influence of electronic and steric 
effects of substitueiits on the stability (as measured hy intensity and 
duration of e.s.r. signals) and reactivity (as measured, for example, 
by rate of reaction with oxygen or of coupling dimerization) of 
aryloxy radica1sl2. 

Catechol (20) and hydroquinone (22), and their derivatives, are 
converted by most osidizing agents to the corresp,mding o- (21) and 
p-quinones (26), respectively (equations 5 and 6) which, depending 
on reaction conditions, can either be isolated or react further, par- 
ticularly with nucleophilic reactants4* 6. Complex polymers o f  the 
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humic acid-type are often the main products. Here too, the initial 
step (equation 6 )  consists of a one-el.ectron transfer with formation 

OH 0 

6 -e- , 

OH 0 

OH 
(25) 

of a semiquinone radical which has usually a sufficiently long life- 
time-in alkaline solution (pathway A) in the form of the sym- 
metrically resonance-stabilized anion 24 (which arises from the inter- 
mediate dianion 23) and in acidic solution as the cation 25-that 
it can be detected and characterized by titrationG4, spectroscopic- 
allys5, or by e.s.r. m e a ~ u r e r n e n t s ~ ~ - ~ ~ .  In the case of 2,4-di-t- 
butylcatechol, the alkali-metal salts of the semiquinone radical anion 
have been isolated in the form of their crystalline etherates7l. The 
oxidation of resorcinol (27) and its derivatives5* G, which proceeds 
at a slower rate than that of catechols and hydroquinones72, cannot 
give rise to products of the quinone type on removal of two electrons. 
Hence resorcinols (27) behave as monophenols, whose oxidation 
potentials are lowered by the second liydroxyl group, and afFord as 
primary product, upon one-electron oxidation (equation 7), an 
unstable m-benzosemiquinone, either in the anion form 29 (e.g., 
when the oxidation of 27 is performed with a n  alkaline solution of 
potassium ferricyanide; pathway A)5* G *  73 or  in the cationic (30) 
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or neutral form (31) (e.g., when the oxidation is carried out with an 
acid solution of ceric sulphate; pathway B) 7". These short-lived 
radicals have been detected and analyscd by e.s.r. spec t ros~opy~~,  
using a rapid-flow technique1% 17. 

8. Oxidation Potentials 

The relative ease of oxidation of phenols to phenoxy radicals 
can be estimated from relative oxidation potentials correspond- 
ing t.3 the half-wave potentials determined by polarographic 
methodss* 15 ,  ' 2 9  7 4 9  75. Actually, thermodynamic redox potentials 
should be used for comparing oxidation rates, but these can only be 
measured for reversible systems, such as catechollo-quinone (equa- 
tion 5 ) 6 ~  7 2 ,  hydroquinonelp-quinone* (equation 6) G *  7 2  and phenol/ 
stable phenoxy radical (equation 1) equilibria7G. Most of the mono- 
hydric phenol (and resorcinol) oxidations are practically irreversible 
on account of further fast reactions of the initially formed axyloxy 
radicalsBp 1% 72, and therefore thermodynamic redox potentials for 
such systems cannot be determined experimentally?. However, since 
it was shown729 76, 8l that polarographic half-wave potentials for 
reversible systems are comparable, at  least in their sequence, with 
the actual redox potentials, it is possible to use relative oxidation 
(e.g., half-wavej potentials of irreversible phenol oxidations, obtained 
by polarographic analysis, as a measure of phenol oxidizability. 

* The equilibrium (reaction 6A) quinonc (26) + hydroquinone (22) + semi- 
quinone (24) is cstablishcd very rapidly, with k, = 2-6 x lo8 mole-' sec-' 65.  

t The ease of phenol oxidation can be approximatcly gauged in terms of 
Fieser's 'critical' or 'apparent redox'  potential^^^, which refcr essentially to thc 
oxidizing powers of suitable inorganic oxidants0# 7g. A rough but significant 
correlation exists between Hammett's U-values and Fiescr's critical potentialseG. 
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The values given in Table 2 1% 1 5 9  7 4  show on general lines that 
TAULE 2. Rclativc oxidation potentials of phenols (E in millivolts). 

543' 
607 
556 
406 
619 
456 
924 
855, 
846 
653 
734 
625 
578 
552 
534, 

~~ 

Phenol Ep Ref. 

83" 

Phenol 

3-Methyl 
4-Methyl 

2-Methyl 
4-Methoxy 
3-Methoxy 
P-Methoxy 
4-Nitro 
3-Nitro 
2-Nitro 
4-Chloro 
3-Chloro 
2-Chloro 
4-t-Butyl 
2-t-Butyl 
4-Phenyl 
4-Phenyl-2-chloro 
2,4-Dichloro 
4Carboxy-2-chloro 

593' 
549 
366 
433 
347 
238 
21 1 
164 
179 
124 
120 
112 
76 

- 14 
-59, 

* 75d 

Phenol Ef Ref. 

4-Phcnvl-2,6-dicvano > +800 
4,6-Diphenyl-2-cyano 
2,6-Diphcnyl-4-cyano 
Pentaphenyl 
2,4,6-Triphenyl-3-cyano 
3-Chloro-2,4,6-triphenyl 
2,3,4,6-Tetraphenyl 
2,4,6-Triphenyl 
4-Fluor0-2~6-diphenyl 
2,4,6-Tri-j-phenoxyphenyl 
2,4,6-Tri-j-methoxyphenyl 
4-t-B~tyl-2~6-diphenyl 
6-t-B~tyl-2~4-diphenyl 
4,6-Di-t-butyl-2-phenyl 
2,6-Di-t-butyl-4-phenyl 
2,4,6-Tri-t-butyl 
1 -Naphthol 
2-Naphthol 
2-Hydroxybiphenyl 
4-Hydroxybiphenyl 

~ ~~ ~~ 

EOe E&f Eifl 
Dihydroxybenzene (redox) 7 2  (pH 5.6)66 (pH 0)'' 

Hydroquinone 
Methylhydroquinone 
2,6-Dimethylhydroquinone 
Tetramethylhydroquinone 
2,5-Di-t-burylhydroquinonc 
Catechol 
Hydroxyhydroquinone 
Resorcinol 
5-Methylresorcinol (Orcinol) 
2,5-Dimethylresorcinol 

- 
699 
644 
593 
463 
522 
792 
600 
-h 

-h 

-h 

234 
- 
- 

- 
349 

613 
- 

- 

560 
505 
454 
324 
383 
600 
460 
800 
750 
700 

0 Pt anode, Ag/O.lri Ag+ ref. electrode, solvent system: acetonitrile + perchlorate salt. 
b Graphite anode, saturated calomel rcf. electrode, aqueous buffered solution, pH 5.6. 
c 1% anode, saturated calomel ref. electrode, solvent system: 0 . 1 4 ~  aqueous LiCI. 
d Graphite anode, Ag/AgCl ref. electrode, solvent system: acetonitrile-H,O + 
0 Hydrogen ref. elcctrodc. 
f Graphite anode, Ag/AgCI ref. electrode, aqueous buffcred solution. 

h Irreversible system. 

(CH,),NOH. 

Saturated calomel ref. electrode. 
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the oxidation potential of phenols, i.e., the oxidizing power of phen- 
oxy radicals, decreases and therefore the ease of oxidation of phenols 
to the corresponding radicals increases with increasing steric crowd- 
ing in the 2- and 6-positions, and with decreasing electron-with- 
drawing, i.e., with increasing electron-releasing properties of sub- 
stituents in these and the 4-position. For example, in the case of the 
2,4,6-triphenylphenoxy radical (8) and the 2,4,6-tri-t-bu~l~hzncxy 
radical (4), the equilibrium (equation 8) is shifted to the right, since 
8 is a stronger oxidizing agent than 4 (Table 2). The influence of 
steric and polar 

6 
effects of 3- and 5-substituents on the relative 

9 f- :h@ 4 +8) 

Ph 
(4) 

oxidation potentials of phenols is usually less pronounced. Since 
oxidation potentials refer to the oxidizing power of phenoxy radicals, 
they do reflect to a certain extent the relative stabilities and re- 
activities of aryloxy radicals, particularly of those which carry sub- 
stituent groups in the positions 2, 4 and/or 6 12. Therefore, attempts 
have been made to correlate redox potentials (for reversible systems) 
and relative oxidation potentials (for irreversible systems) with the 
effectiveness of phenols (i.e., phenoxy radicals) as autoxidation 
inhibitors9* 7 4 9  E6. 

Phenoxy radicals, formed in the first step of the oxidation of 
phenols by one-electron transfer oxidants, may undergo a variety of 
reactions, depending on the reactivity and substitution pattern of the 
radicals, on experimental conditions, on the amount of oxidizing 
agent and on the presence of other compounds in the reaction 
mixture129 l3. The most important reactions of aryioxy radicals, 
which are related to the oxidation of the parent phenols, will be 
discussed in the following sections. 

C. Oxidation by Ferric Salts 
1. Potassium ferricyanide 

One of the most widely used oxidizing agents For the generation 
of phenoxy radicals from phenols is potassium ferricyanide (KFC), 
K,[Fe(CN),], in alkaline solution2, G *  *. Phenol oxidation with this 
reagent appears to be a process of considerable complexity, the 
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mechanistic details of which have not yet been fully elucidated. 
Kinetic studies and the requirement of a large excess of oxidizing 
agent to approach quantitativc yields of aryloxy radicals are in 
agreement with a reversible one-electron transfer reaction (9) in- 
volving phenoxide anions as oxidizable substrate, the rate of oxida- 
tion being dependent on the basicity of the solution and on the 
ferricyanide/ferrncyanide ratio’s. 

ArO- + [ F e ( C N ) J 3 -  + A d ’  + [Fe(CN),14-  (9) 

Most of the stable aryloxy radicals mentioned in the preceding 
section were obtained by the ferricyanide oxidation of the corres- 

19 67  and others 5 1 9  529 59--029 87.  Unstable and moderately stable 
phenoxy radicals, i.e., radicals with free ortho- and/or para-positions 
and 2,4,6-trisubstituted phenoxy radicals containing a-hydrogens 
in the 4-substituent, can also be generated by the same method, but 
once formed, and in the absence of other reactive molecules, they 
usually undergo radical dimerization (and further polymerization) 
by way of self-coupling to furnish dimeric and trimeric products, and 
often ill-defiiled polymeric materials as well. 

Phenoxy radical dimerizations, some of which are reversible, can 
be divided into six classes. 

a. Carbon-carbon dimerization involving nuclear C-C coupling can take 
place at ortho-ortho, ortho-fiara or para-para positions, and it has been 
reported for a large number of phenolsz. Thus, when p-cresol and 
other 4-alkylphenols (32) are oxidized with potassium ferricyanide 
in aqueous alkaline solution (equation lo), in addition to polymeric 
products, the ortho-linked dimer 34 and trirner 35, and Pummerer’s 
ketone (37) are obtained7s, ‘38-g1. The correct structure of Pum- 
merer’s ketone (37) (R = CH,) was established by Bartons9, who 
also explained its formation (reaction lo), on the basis of initial 
o,p’-coupling of two 4-methylphenoxy radicals (33), followed by 
intramolecular p-addition of the o-hydroxyl group on to the enofie 
system of the resulting cyclohexadienone(36). This reaction scheme 
was confirmed by the elegant synthesis of usnic acid, involving potas- 
sium ferricyanide oxidationof methylphloroacetophenones9. The duai 
course of the oxidation (equation 10) of p-cresol (32) lends further 
support to the resonance-hybrid structure of phenoxy radicals (33). 

If in the starting phenol (38) the p-position or two of the three 0- 

and p-positions are occupied by substituents, ortho-ortho and pa r -  
para G C  bonded dimeric phenols, e.g. 41, are usually produced 

ponding phenols, cg., 4 2 2 - 2 5 ,  5 5 ,  5 27,  29,  3 0  , 6 33, 7 34-39 18 55, 7 
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OH 

+>&@H+ / \. t3 8 
R R R R R 
(32) a (33) b C d 

OH OH 

R R 
(34) 

I 
KFCi +33 

OH OH 

P 

(equation 11)  in high yields2* 789 B1-102, although in the case of 
2,6-di-t-butylphenol (38, R = R' = Me,C) the major product 
isolated was the keto-tautomer 40 (R = R' = Me,C) O2, 03. Depend- 
ing on the nature and basicity of the reaction medium, on the 

R' 

k 
(331 

KFC - R' 

(39) 

R R 
(40) 

P 
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amount of the oxidizing agent and on its oxidation potential (relative 
to that of the bisphenol41), oxidation can proceed further to furnish 
the corresponding diphenoquinones,such as42 2s 78, 92, D39 g 7 s  102-lo5. 

The 4,4'-diphenoquinones (42) are stable compounds and, according 
to n.m.r. measurements, may show cis-tram isomerism (when sub- 
stituents R and R' arc different) 87, whereas the formati m of 2,2'- 
diphenoquinones (such as 43 znd a) by further oxidation of the 
0-0' coupled bisphenols has been rarely observed O1, l oo ,  probably 
because most of these products are relatively unstable (e.g., 44), 
and more favourable routes are offered for the stabilization of their 
radical precursors (equation 1 1). 

3,5-Di-t-butyl-4-hydroxybenzoic acid (45) undergoes oxidative 
decarboxylation when treated with alkaline ferricyanide in the 
absence of oxygen (equation 12) and affords 3,3',5,5'-tetra-t-butyl- 
4,4'-diphenoquinone (46) in nearly quantitative yield lo3.  The same 

product is obtained in high yield by oxidation of the benzalde- 
hyde 47 l03, and the benzyl alcohols 48 (R = H or C,H,) le; reaction 
schemes have been suggested involving intermediate anions and 
radicals129 103 or only radicals's. 

CHO 

(47) 
RCHOH 

(48) 
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When oxidized with alkaline ferricyanide, the 2,6-di-t-butyl- 
phenols(49) carrying in position 4 a chlorine (X = Cl) or bromine 
atom (X = Br) are rapidly converted (equation 13), through their 
phenosy radicals 50, to the p-p' G C  coupled dimers 51, which 
readily oxidize further to the corresponding diphenoquinones 
52 1 0 7 ~  lO8. For the chloro compound (51, X = Cl) this conversion 
(to 52) requires silver or mercury, whereas for the bromo compound 
(51, X = Br) bromine is already slowly lost at room temperature. 

OH 0 

0 0 
(52) (51) 

(49) (50) 
X = Cl, Br, I ,  NO, 

The dimer (51) resulting from the 4-iodo (50, X = I) and 4-nitro 
radical (50, X = NO,) cannot be isolated since it loses the X-sub- 
stituent rapidly and spontaneously to form the diphenoquinone 

b. Carbon-carbon dimcrisation involving coupling o f  substituent u-carbon 
atoms has been particularly studied in the case of 2,6-di-t-butyl-4- 
methylphenol (53). Upon oxidation with alkaline ferricyanidelog 
and other oxidizing agentsllO-llG, 53 affords (equation 14) two 
major products, the dimeric bisphenol 54 and the stilbenequinone 
55. Since the phenoxy radical 57, when generated by the treatment 
of the 4-bromocyclohexadienone 56 log, afforded in addition to 54 
and 55, the phenol 53 (equation 15), it was suggested that the 
benzyl radical 58, resulting from rearrangement of the initially 
formed aryloxy radical 57, was the precursor of the diphenyl 
derivative 54 109-111, and that 58 and 54 in a redox type reaction 
could eventually furnish the phenol 53 and the r:tilbenequinone 
55 109. 

However, evidence has been later presented20 which showed that 
the formation of the parent phenol 53 and the dimeric products 54 
and 55 from the phenoxy radical 57 is in accordance with the 
general path of second-order disproportionation of 2,Ghindered 
aryloxy radicals containing an a-CH group on the 4-substituent 

52 1 0 7 ,  10:. 
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OH 

OH OH 
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(P5+14 + 17, equation 3)"-"', 46-50*  108e 117 and that therefore-the 
unstable quinone methide 59 (reaction 16), rather than the benzyl 
radical 58, is an intermediate in the oxidative coupling through 
4methyl groups of 2,6-di-t-butyl-4-methylphenol (53) (reaction 
l4)20*. The formation of 54 and 55 from the intermediate quinone 
methide 59 (equation 16) involves free radical species of uncertain 
structurezo. 4% 49, one of which might well be the biradical 60 09. 

c. Carbon-carbon dimerization involving coupling of substituent /3-carbon 
atoms has been observed upon alkzline ferricyanide oxidation (equa- 
tion 17) of 4-hydroxyphenylethylene derivatives (61) related to 
coniferyl alcohol118. Depending on the nature of the R group, the 
dimeric Froducts were either the bisquinone methides 62 (for 
P, = COOR) or the tetra-t-butyl homologues of isoxanthocillin 
(63) (fw R = CN and CHO), which could be further oxidized to 
the ethylenic bisquinone methides 64. 

2-7$---2yJ 
>QQL 

-H' 
> -H' 'c yy $ 

CH CH CH CH 
II I I I 
CH *CH C H  C H  

I I I I 
R R R R 

(17) (62) (61 1 

CH CH CH CH 
I I 

C 
II 

C= 
I I  
C C 

I I I I 
R k R R 

(64) R = COOR', CN, CHO (63) 

d. Carbon-oxygen dimerization involving nuclear o- or p-carbon-phenoxyl 
oxygen coupling (equation 18) is often observed when 2,4,6-trisub- 
stituted and other hindered phenols (65) are oxidized by potassium 
ferricyanide to the corresponding phenoxy radicals 66, and these 
radicals then form by intermolecular reaction simple dimeric quinol 

* Spectral and other data reported in connection with the mechanism of re- 
action (14) have been discussed in a previous review12. 
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ethers, such as 67, which are in equilibrium with the aryloxy radicals 
66 (e.g., 7+8 in reactior, (2), and 16+15 in reaction (3); section 
II.A.1)6, 8 ,  1% 13, 21, 34-38, 102, 105,  119-121. When the 4position is 
free (R” -= H), the quinol ethers 67 of certain 2-mono- and 2,6- 
disubstituted phenols rearrange rapidly by 4-hydrogen shift to the 
cnrrespocding hydroxy-ethers 68, which undergo further coupling 
reactions to polyphenylene ethers 69 (for the mechanism of this 
polymerization see section 1I.G). Thus, upon alkaline ferricyanide 
oxidation of guaiacol (65, R = OCH,, R‘ = R“ = H) and 4- 
(2’,S’-dimethylphenoxy)-2,6-dimethylphenol (68, R = R‘ = CH,, 
R” = H) the major products obtained were polymeric ethers of 
type 69 1 2 2 ,  1223, 123- 

0 
OH 

“R‘=2 

6 0 

1 I 
R” R” 

(66) 

1 R 

polyphenylene ether 

(69) 

k 
quinol ether 

(67) (18) 

(when R‘ = ti) 

R 

P 
R 

p-p henoxyphenol 

(68) 

Hindered phenoxy radicals, such as the 2,4,6-tri-t-butylphenoxy 
radical (4), are quite stable in solutions of hydrocarbon solvents, 
but upon longer standing a slow decrease of radical content is 
observed, even when air and moisture are rigorously excluded25. 
This fact and the variation in yield of phenoxy radicals when pre- 
pared by oxidation of phenols in different solvents suggest that 
radical decomposition due to disproportionation may involve the 
solvent. A study of the rates of reaction of 2,4,6-tri-t-butylphenoxy 
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radicals (4) with various hydrocarbons (n-decane, isodecane, toluene, 
ethylbenzene and cumene) over a temperature range of 70-150" 
has shown that the reaction was first-order in phenoxy radical, and 
that the rate was fastest in ethylbenzene and slowest in i ~ o d e c a n e l ~ ~ .  
Moreover, it  was found that 2,4,6-tri-t-butylphenoxy radicals (4) 
decompose upon heating to give the parent phenol, isobutylene and 
two higher molecular weight productsS7~ lZ5; the G O  coupled 
dimeric structure 70, corresponding to a quinol ether which has lost 
an ortho-t-butyl group, was tentatively assigned to one of these 
products * 7p l z 5 .  

Depending on the position and number of substituents, t-butyl- 
methdxyphenols are oxidized by alkaline ferricyanide to a variety of 
products, resulting from C-C and/or C-0 coupling reactions. Thus, 
di-t-butyl-monomethoxyphenols 71-73 and mono-t-butyl-dimeth- 
oxyphenols 74 and 75 afford as major products the corresponding 

OH HO HO * Me0 J@ "'O@ 

OH OH 

(74) (75) 

dimeric simple quinol ethers (of type 67, equation 18) and, when an 
o-position is free (as in 72), 2,2'-dihydroxy-diphenyl deriva- 
tiveslo2# l o s s  lZ6* l Z 7 .  O n  the other hand, oxidation of 2,5-di-t-hutyl- 
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4-methoxyphenol (76) in methanol or light petroleum with alkaline 
potassium ferricyaiiide yields a C-0 coupled trimer 81, according to 
reaction scheme (19)l?'$ 128.  The same oxidation of 76 in benzene 

KFC 
Y 

I. M e 0  

(76) 

9 0 M e  

(79) 

OMe . OMe 

(77) 

8 4 

OMe 
OMe 

Q 4 

OMe OMe 
OMe 

OMe 

(81 ) 

occurs with demethylation and affords only 2,5-di-t-butyl-lY4- 
benzoquinone12'. 

Less hindered dimethoxyphenols 82-84 and mono-t-butyl-mono- 
rnethoxyphenols 85 and 86 are oxidized to the corresponding dimeric 
dihydroxydiphenyls or diphenoquinones7*~ 0 7 s  l o 1 9  102, whereas the 
mono-t-butyl-monomethoxyphenols 87-89 furnish only polymeric 
materialsg7v lo28 l05. The  ferricyanide oxidation of 3-alkyl-4-meth- 
oxyphenols (90) and 4-t-butyl-2-methoxyphenol (91) proceeds, via 
the corresponding 2,2'-dihydroxydiphenyls (of type 94); to trimeric 
spiroketals (of type 95) as one of the reaction products (equation 
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6. + o M e  &R 

O M e  O M e  
R = M e ,  Et, i-Pr R = M e ,  Et, i-Pr, t-Bu (91 1 

(90) (92) 

20) # * #  9 0 - g 9 9  l2#. Whereas 4-methoxyphenols with relatively small 
alkyl substituents in position 2 (92) may be also oxidized to spiro- 
ketals (of type 95) 99, 2-t-butyl-4-methoxyphenol and 2,4-di-t-butyl- 

R 

(95) 

-2H' 
<- 

- - t i ' ,  +93 

M e 0  1 O M e  

M e 0  QoH 

R 
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phenol (96) are converted (equation 2 l) ,  via the corresponding 
2,2’-bisphenols 97 (which have been isolated), to dimeric in- 
ternal quinol ethers containing a four-membered oxetane ring 6 KFC , +-@ -2H’ >m 

R R R R R 

(96) (97) 

+ R R 
R = OMe, f-Bu (99) 

(99) O 4 s  95,  loo* 130. Similar intramolecular quinol ethers ( l O l ) ,  but 
with larger heterocyclic rings, are formed (equation 22) upon oxida- 
tion of substituted bisphenolmethanes (100, n = 0) and 1,2-bis- 
phenolethanes (100, n = l)Q49 l31, as well as of analogous p-naphthol 
derivatives11g3 13% 133. 

e. Ovgen-oxygen dimsriZatiun of phenoxy radicals leading to per- 
oxides, ArO-OAr, although repeatedly postulatedl2# 134, has actually 
never been observed, and all alleged compounds of this class prob- 
ably belong to dirners resulting fi-om C-C or C-0 coupling. The 
instability of such diary1 peroxides is apparently due to the high 
resonance energy of phenoxy radicals, which makes the 0-0 
bond dissociation energy very low’s5. 
f. Charge-transfer complexes have been proposed for certain phenoxy 

radical dimers, on the basis of chemical, steric or spectral evi- 
dence31, 6% 126,  130, 137. For example, for the diamagnetic, colour- 
less solid dimer of 2,6-di-t-butyl-4-t-butoxyphenoxy radicals (102), 
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which even in nonpolar solvents dissociates nearly quantitatively to 
the highly coloured paramagnetic monomeric radical species, struc- 
ture 103, involving complete electron transfer, was suggested. 

(103) 

All the above described oxidative dimerizations have been dis- 
cussed in terms of radical coupling mechanisms, which have been 
confirmed in many cases on grounds of chemical, spectral and other 
data6. 8 ,  12, 13, 13% 139. Althoush other reaction paths leading to 
dimeric products61 8 ,  7 %  130, e.g., radical insertion (equation 23) and 
heterolytic coupling (equation 24), seem to be unlikely for the 

- e- 
ArO' + ArO- - [ (ArO),- ' I  - (ArO), 

(23) or 
-H' 

ArO' + ArOH - [(ArOArOH)'] - (ArO)*  
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majority of phenol oxidations performed under usual condi- 
tionssp 8 ,  138, 139, it is not impossible that these and similar mechan- 
isms may operate in special circumstances and in different structural 
conditions', 21 ,  139 -141. 

Controlled oxidation of catechols (20, equation 5) and hydro- 
quinones (22, equation 6) with alkaline ferricyanide affords the 
corresponding benzoquiiiones (21 and 26, respectively) G, which can 
then be converted, by nucleophilic attack of hydroxide ions, to 
hydroxybenzoquinones, e.g., 104 (equation 25) 60. 

R 

The oxidation of orcinol (105) with alkaline ferricyanide procceds 
as with monophenols (equation 26) and produces, via the inter- 
mediate radicals 106, a mixture of C-C and C-0 coupled dimeric 
(107) and polymeric products (108)5, 6 s  142. 

Me Me 

HO HO--@@OH 

(26) 

HO OH ~x etc. .(107) 
(!05) (1 06) 

" o * o ~ o * o . . -  

HO OH OH 0 OH 

(lea) 

When treated with alkaline ferricyanide, 2,6-di-, 2,4,6-tri- and 
tetrapheiiylresorcinol, e.g., 109, undergo ring contraction with 
evolution of carbon monoxide (equation 27) and afford phenyl 
substituted cyclopentadienones, such as 1121.13. The intermediate 
formation of resonance-stabilized biradicals 110 and bicyclic 
diketones 111 has been proposed to explain the course of this reac- 
t i ~ n ' ~ ~ .  
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OH 0- 

P h  Ph 

Ph ph)5: 
2. Ferric chloride 

Ferric chloride, FeCl,, is also a one-electron transfer oxidant, 
which has been used extensively for the oxidative coupling of various 
monohydric and particularly polyhydric phenols', 6 9  81 144, 145. Com- 
pared with alkaline potassium ferricyanide, ferric chloride in 
aqueous 01- alcoholic solution has the disadvantage that it may form 
undesirable complexes with either starting material or product; on 
the other hand, it is to be preferred in cases when alkaline conditions 
may cause ring cleavage of sensitive polyhydric phenolss. 

Ferric chloride oxidizes phenol to the 0-0' coupled dimeric 
2,2'-dihydr~xydiphenyl~, whereas p-cresol (32, R = CH,) is con- 
verted to the same products (34, 35 and 37; R = CH,) obtained 
when alkaline ferricyanide is used as oxidant (equation 10) 146. 

1-Naphthol (113) is oxidized by ferric chloride (equation 28) to 
all three possible 0 t . h  and para C-C coupled dimers 114, 115 and 
116 147. 2-Naphthol (117, R = H) and 3-methoxy-2-naphthol (117, 
R = OCHJ when treated with ferric chloride in acidic or neutral 



OH 

FcCI, .-> 

OH ( 3 1 i  

OH 

R = H), a small amount of the hydroxynaphthyl cther 118 coulcl 
be 150. The dimeric dixydroxy compound 119 can bc 
oxidized further by potassiuni ferricyanidelG1, silvcr oxiclc'bz or 
aryloxy to furnish 121, 123 and othcr intcrmolcculnrly 
coupled products derived from radicals 120 and 122 11'3. 'I'iie csist- 
ence of these highly coloured aryloxy radicals (120 and 122) has Ixcn 
verified by e.s.r. measurements133~ 163. 

Ferric chloride oxidation of 4-methoxypheriols usually procccds 
with demethylation and formation of p-cluinonesloo* l o n ,  lt4, ;is 
illustrated by equation (30) Io6. Except in somc spcci;il cascsl 27, Ihc 
oxidation of methoxyphenols with alkalinc fcrricyanidc docs riot 
involve the loss of a methyl group from mcthoxy sul>stitucnts (c.g. ,  
see reactions 19-2 1). 

The property of ferric compounds (potassium f'erricy;inidc 
and ferric chloride) to effect oxidativc coupling of plicriols hrts 
been successfully applied for the synthcses of various natural pro- 
ducts'. % % 13% 146. For example, oxidation of quatcrnary laudano- 
soline methiodide (128) with ferric chloridc gives a 62%) yield 
(equation 31) of the glaucine 129 fi.Olii the apcrphir;~ s ~ r i e s ' * ~ ~  Is5. 

C H  G-s 
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+ polymeric products + 
0 

% 00 

M e 0  

OH 

OH 

M e 0  

> % 
M e 0  

OH 

0 

(121) 

+ various quinol ethers 

FeCI, 

-I---- & 
OMe 

(125) 
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0. Oxidation by Tetravafent Lead 
1. Lead tetraacetate 

The extensive work on phenol and naphthol oxidations with Izad 
tetraacetate Pb (OAc) 4, has been recently reviewed s6. Depending 
on the nature, number and position of the substituents in the phenol, 
on the properties of the solvent, and on the ratio of oxidizing agent 
to substrate and dilution, different types of products may be 
obtained, e.g., 130-137 38, 100, 1089 156-182. Table 3 summarizes 
some of the results. 

(1301 (131) (1 32) (1 33) (1 34) 
quinol acetates o-quinone quinones 

diacetate 

d O H  and/or diphenoquinones 

HO OH 
(135) (1 36) (137) 

ortho- and para-coupled dimeric products 

The effect of the solvent on the distribution of products is con- 
siderable, acetic acid favouring the formation of quinol acetates 
(130-132) and nonpolar solvents such as benzene enhancing C-C 
coupling reactions which lead to the dimeric products 135-137, 
particularly when no excess of lead tetraacetate is usedlS8* 182. In 
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acetic acid as solvent ortho-substituted phcnols usually givc o-quinol 
acetates (130) as main products, whereas #-quinol acetates (131) 
rom phenols containing a 4-alkyl group are formed in lower yield. 
When one ortho-position is free o-quinol diacetates (132) may be 
obtc ned; these compounds are unstable but have been isolated in 
several cases 59-162. If an clectron-withdrawing group is present in 
one of the o-positions, acetoxylation takes place at the o-side with 
higher electron density, i.e. carrying an alkyl group or a hydrogen 
atom. o- and f-Quinones (133 and 134) are probably secondary 
products, arising from decomposition or hydrolysis of the initially 
formed unstable quinol diacetates (e.g., 132) lo5- 1 5 6 9  lSo. 

If one assumes that the first step of the lead tetraacetate oxidation 
of phenols involves the reversible formation of aryloxy-lead (IV) - 
acetates 138 (equation 32)'"~ l S 3 3  lS4, then two possi!?!ltic~ can be 
envisaged for the decomposition of these unstable intermediates: 

ArOH + Pb(OAc)4 + ArOPb(OAc), + AcGH (32) 

nomolytic cleavage of the 0-Pb bond (or one-electron transfer 
from 0 to Pb if this bond is ionic's'. l S 5 )  leading to radical species 
139 (equation 33)15G-1589 lo4* 165, or heterolytic cleavage of the 

with formation of resonance-stabilized cationic aryloxy species 140 
(equation 34) l s 6 9  1789 1 7 9 9  lS3. Evidence, including e.s.1.. spectroscopy, 
has been cited for both mechanisms1a5e l T 0  and even the formation 
of coupling products (e.g., 135 and 136) has been explained in terms 
of the ionic mechanism (34), as electrophilic substitution involving 
the intermediate phenoxonium ion (140) and the starting phenol 
(see also equation 24) 15G. On  the. basis of results obtained in the lead 
tetraacetate oxidation of alcohols, it appears that the radical 
mechanism (33) is more probable181e l * G .  Homolytic formation of 
various oxidation products is shown in scheme (35). 

The lead tetraacetate acetoxylation of oestrone (143) affords 
(equation 36) about 20% of lO-acetoxy-l,4-oestradienc-3,7-dione 
(144), accompanied by a small amount of the o-quinone diacetate 

Oxidative demethylation has beer\, observed in the lead tetra- 
acetate oxidation of 4-methoxyplienols100~ 18n* lS1, as illustrated by 
reactions (37) lR0 and (38) 181, particularly when an excess of oxidant 
is employed or acetic acid is used as solvent. 

Thc dihvdric phenols catcchol, hydroquinone and their derivatives 

(138) 

0-Pb bond (or double-electron transfer if the bond is ionic1s49 l S 5  1 

145 176-179-  
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'Pb(OAc), + 
4 

/7Pb(OAc), + AcO' 
OPb(OAc), 

-Pb(OAC), + 
4, 

Pb(OAc)2 + AcO- 

(33) (139) 

> 130 A c O  
139 

A C O - 6 "  0 

P b (0 Ac). 
. #  

____, 
- _ _ _ *  

(35) 

AcO / I A c O '  

Y c 

A c o B O A c  
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537 

AcO OAc HO' 

(144) 

are rapidly and quantitatively oxidized by lead tetraacetate to the cor- 
responding quinones16G, and even quinones with very high oxidation 
potentials can be conveniently prepared in this way1"s 1879 188. 

0 OMe 

(1 49) 

@ W O A c L , ~  + & yo& +QC 

OMe 0 OMe 
M e 0  OAc M e 0  OAc 

2. Lead dioxide 
Lead dioxide, PbOz, has similar oxidizing properties to alkaline 

potassium ferricyanide. It is used as suspension in organic solvents, 
preferably bcnzene, and its efficiency as oxidant frequently depends 
on the content of active oxygen and on the dilution259 l89. 
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Lead dioxide oxidations have been applied €or the conversion of 
phenols to hindered phenoxy radicals, such as 4 2 2 *  24*  2 5 9  5 5 9  GO, 87, 

5 26 ,  2 8 ,  2 9 ,  3 2  10 40 11 41, 13 43, 18 5 5 ,  19 5 7  and others518 87,  190- to 
equilibrium mixtures between phenoxy radicals (e.g., 8) and the 
corresponding dimeric quinol ethers (e.g., 7) 3 4 *  lzl; to quinone 
methides (17)lS; to C-C and C-0 coupled dimeric and polymeric 
products 42 (equation 1 1 ) g 7 *  lo3, 46 (equation 12)lo3, 68 (equation 
18)lC3, 69 (equation 18)'23, 81  (equation 19) lZ7, 95 (equation 
20)g6s 97, 99 (equation 2l)941 05, 107 and 108 (equation 26)69 O, la2; 

to the C(methy1)-C (methyl) coupled dihydroxy compound 54 and 
the corresponding quinone 55, arising from dimerization of the 
initially formed unstable quinone methide 59 (equations 14, 16) 22; 

and. to rearrangemelit products of type 112 (equation 27) 143. 

When treated with lead dioxide, 2,4,6-trichlorophenol (155) 
undergoes oxidative dehalogenation (equation 39) and affords pro- 
ducts 156, 157, 158 and 159, thzir ratio depending upon experi- 
mental conditions1g1. 192.  2,4,6-Tribromophenol is oxidized by lead 
dioxide (or alkaline ferricyanide) mainly to a polymeric ether 
corresponding in structure to 159 140. For this reaction a mechanism 
involving attack of a phenoxy radical on a phenoxide anion (see 
equation 23) has been tentatively suggested7. l**O. 

+ CI 

CI 

+Q- CI 
O R 0  

(1 59) 

Oxidative lactonization involving carboxyl-phenol coupling (re- 
action 40) and leading to the formation of the spirolactone 161 was 
observed upon oxidation of 2-carboxy-4'-hydroxydiphenylether 
(160) with active lead dioxide1g3. This reaction has been successfully 
applied in the last step of the synthesis of geodoxin (162) 193 and the 
geodoxin analogue of griseofulvin (163) 195. 
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Active lead dioxide, obtained from lead tetraacetate and water, 
oxidizes dihydric phenols to quinones; for example, it has been used 
for the preparation (equation 41) of amphi-naphthoquinone (165) 
from 2,6-dihydroxynaphthalene (164) lS9* lo5. 

(41) moH 0 

Pbo* 

HO 

E. Oxidation by Peroxy Compounds 
1. Hydrogen peroxide 

Species resulting either from homolytic or heterolytic decom- 
position of hydrogen peroxide can attack and oxidize phenolic and 
other organic compounds. 

Several different ways are possible for the generation of hydroxyl 
radicals (130') snd hydroperoxy radicals (HOO') derived from 
hydrogen peroxidelgG* lo7. (a) Reduction of hydrogen peroxide by 
ferrous salts (Fenton's reagent) in aqueous solution produccs hydroxyl 
radicals, according to the Heber-Weiss reaction (42) lg7; (b) molyb- 

M"+ -t H,OZ+ M"+' + HO' + HO- (42) 
dates as well as oxides and salts of other so called 'peracid formers', 
such as titanium, vanadium, tungsten, etc., in the presence of 
hydrogen peroxide, afford hydroxyl radicalsG3"* lS6 -200; (c) rupture 
of water molecules by ionizing radiations such as X-rays, y-rays or 
neutrons furnishes hydroxyl radicals and hydrogen atoms (reaction 
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43) *01 9 wliereby hydrogen atoms rcact immediately with oxygen 

HZO --urr* H’ -i- HO’ (431 

present in solution producing hydroperoxy radicals, HOO’; (d) 
hydroxyl radicals arc also formed by photodecomposition of hydrogen 
peroxide in aqueous mediazo2. 

Fenton’s reagent (H202 + ferrous salts), which was regarded by 
Wieland203 as a prototype model for oxidation by heavy-metal 
enzyme systems, is an efficient source of free hydroxyl radicals and 
has been extcnsively studied as oxidant of phenolic and related 
compounds196~ 201p 203-212. Attack of ‘electrophilic’ hydroxyl radi- 
calslB9, 207,  310-212 by Fenton’s reagent effects ortho- and para- 
hydroxylation of phenols affording catechols and hydroquinones. 
Secondary processes, including quinone formation, are also ob- 
served201* %08, because the Fe3+ ions produced in reaction (42) form 
complexes with the phenols and the ferrous-ferric system enters into 
oxidation-reduction processes with the products20l. However, the 
formation of quinones can be inhibited by the addition of ionic 
fluoride or pyrophosphate, which remove ferric salts as complexes. 
Under these conditions the ratio of hydroquinone to catechol formed 
from phenol is approximately 3 : 1 ?O1, whereas in the usual Fenton’s 
reaction, i.e., in the presence of ferric ions produced, the formation 
of catechol generally exceeds that of hydroquinone 196, 201,  204-208. 

When the oxidation of phenols by Fenton’s reagent is performed 
in an acidic medium, a change of product ratio is often observed 
and the reaction can even take a different course. Thus, the oxida- 
tion of p-cresol with ferrous ion-hydrogen peroxide in dilute sul- 
phuric acid solution2og does not yield the expected o-hydroxylation 
product but only dimeric compounds resulting from oxidative 
coupling and identical to those obtained by alkaline ferricyanide 
oxidation (equation 10) 78*  namely 2,2‘-dihydroxy-5,5’-di- 
methylbiphenyl (34) and Pummerer’s ketone (37). 

in the 
hydrogen peroxide oxidation of phenols has been reported. With 
hydrogen peroxide and ammonium molybdate the oxidation of 
2-naphthol does not stop at the o-hydroxylation stage, but proceeds 
further (equation 44) to 4- (2’-hydroxy- 1 ’-naphthyl) - 1’2-naphtho- 
quinone (166)?0°. This product was shown to arise from initial 
oxidation of a 2-naphthol molecule to the corresponding lY2-quinone 
followed by combination with a 2-naphthyloxy radical. 

Secondary reactions which often complicate the o,p-hydroxylation 

The use of Ti3+ ions633* lg9 and molybdate salts198* 
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0 

54 1 

(1 66) 

of phenols can mostly be avoided if instead of Fenton’s reagent 
hydroxyl radicals are generated by the action of ionizing radiations 
on water (reaction 43), since in this case metal ions are absent and 
a much wider range of pH can be used. Moreover, Fenton’s reagent 
can lead to a chain reaction which is often difficult to reproduce 
exactly, whereas when penetrating rays are used the amount of 
radicals is known and easily controlled201. As with Fenton’s reagent, 
hydroxylation of phenol by X-ray irradiation of its aqueous solutions 
takes place exclusively in the ortho- and para-position, the hydro- 
quinone-catechol ratio in the products being between 1.5 and 2 in 
neutral solution, and rising to higher values (4.0-4-7) in acidic or 
alkaline media201. Towards both extremes of the pH range quin- 
ones are formed, apparently not from, but in place of, the dihydroxy- 
benzep.es. I n  acidic solirtion a possible mode of formation of o-benzo- 
quinone has been envisaged as involving an intermediate resulting 
from coupling of phenoxy and hydroperoxy radicals (equation 
45) 201. 

o/O. 0-H 6 + HOO. - > 6 -> + H,O (45) 

The photolysis of hydrogen peroxide in the presence of phenols 
in aqueous solution can be conveniently applied for the preparative 
o- and p-hydroxylation of various phenols 2o z. Irradiation with light 
at 2537 A results in the formation of catechols and hydroquinones 
as the main products, ortho-hydroxylation being predominant. With 
p-carboxy- and p-methoxyphenols, hydroquinone was obtained (as 
a result of displacement of the p-substituent by a hydroxyl group), in 
addition to the usual catcchol derivative. Using light over 2800 A at 
p H  1 p-cresol did not undergo o-hydroxylation but was converted 
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to a mixturc of dimers 34 and 37 (equation 10). The primary rz- 
action of the photodecomposition of hydrogcn peroxide is considered 
as a fission of the 0-0 bond of the excited molecule to form two 
HO' radicals (equation 46) which initiatc chain decomposition. 

* 2 H-0' (4s) 

Hydroxylatioii of phenols by hydroxyl radicals then proceeds, most 
probably, through the intermediate formation of a phenoxy radical 
which combines with a second HO' radical to give an  o- or p- 

hu 
H-O-O,-H ___ 

( ~ 4 0 0 0  A) 

dihydroxy compound (equation 47) 202. This mechanism would 

6 + Ho' (--H,O) > 

H 

p0- 

OH 0 0 

also 

(47) 

explain the formation of dimeric coupling products (from the 
phenoxy radicals). Furthermore, it is substastiated by c.s.r. studies, 
which have shown that phenol and p-cresol are converted by 
hydroxy radicals to the corresponding phenoxy radicalsG3;'. 

Under hetcrolytic conditions, i.e., in alkaline solution, hydrogen 
peroxide oxidizes o- and p-hydroxybenzaldehydes (e .g . ,  167, R = H) 
or o- and p-hydroxyacetophenoncs (e.g., 167, R = CH,) (but not 
the m-isomers) to catechols (168) and hydroquinones, respectively 
(reaction 48) 213-217. This reaction, discovered by Dakin213, which 
is formally, (equation 48), the substitution of an ortho- or para- 
formyl or acyl group by a hydroxyl group, was first regarded as being 
applicable mainly to hydrozcybenzaldehydes, but was later success- 
fully e ~ t e n d e d ~ l ~ - ~ l ~  to the generally more accessible o- and p- 
hydroxyacetophenones and other higher alkyl hydroxyaryl ketones. 
Difficulties resulting from the tendency of o-acylated phenols to 
form sparingly soluble chelated alkali salts when the Dakin reaction 
is performcd in aqucous sodium or potassium hydroxide, may be 
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WH NaOH-HH,O HxOz , UH + RCOOH (48) 

overcome by using as the base tetramethylammonium hydroxide 
(or somewhat less satisfactorily benzyltrimethylammonium hydrox- 
ide), whose salt with the starting material is ionized and therefore 
readily soluble216. Thus, the yield of 3,4-dimethylcatechol (170) 
obtained in the Dakin reaction (equation 49) of 2-hydroxy-3,4- 
dimethylacetophenone (169) is .only 2.5% when the base is potas- 
sium hydroxide, and over 25% when tetramethylammonium 
hydroxide is used instead2I6. 

OH 

HO- 
H'oz 

Me @OH 

(49) 

The Dakin reaction has been interpreted by a mechanism similar 
to that proposed for the Baeyer-Villiger oxidaticn and is formulated 
in s~heme(50)21~. 

Oo-+ R-C4 0l8 

'0- 
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2. Alkyl peroxides 

The reactions of peroxy radicals, ROO', and alkoxy radicals, 
RO', with phenols are of particular interest in relation to autoxida- 
tion phenomena, since phenols act as inhibitors and destroy these 
radical species, which arc active intermediates in autoxidation free 
radical chain processes3* ' 9  D. 

A lzrge kinetic isotope effect ( k H / k D  = 6-5-10-5 at room tempera- 
ture) is observed when the hydroxyl hydrogen in phenol is replaced 
by deuterium. O n  the basis of the retardation of the reaction rate 
and the decrease of phenol inhibiting e f f i c i e n c ~ ~ ~ ~ - ~ ~ ~ ,  Ing0ld~lS-22~ 
and Sheltonz22 have suggested that the rate-determining step (a ) ,  
in the reaction (51) of a phenol with peroxy radicals (X = RO) 
consists in the abstraction of a hydrogen atom from the hydroxyl 
group by a peroxy radical, possibly through a transition state of 
type 171a 12, wich formation of a phenoxy free radical (172), which 
subsequently reacts (a') with a second peroxy radical. A similar 
scheme was propoazd for the rate-deternining step in the reaction 
between phenolc and alkoxy radicals115~ 223. 

Mihailo Lj. Rllihailovid and Zivorad CekoviC 

c 

ArOH -t XO' -% [ArOH-OX * ArO.H:OX <+ ArO-HOX] 

(171a) 1.' 
(51) 

\:OH) 

XO' 

(a')  
ArO' I z products < [..;- 61 Xo*(;;oH) X = RO or R 
(172) 

(171 b) 

On the other hand, from kinetic measurements it appears that 
the transition state of the rate-determining step involves one mole- 
cule of phenol and two peroxy radicals224, and C0ppinger4~, follow- 
ing the proposal of Hammond and Boozer224, has therefore suggested 
that as the rate-determining step (6) a charge-transfer complex 
(171b) was initially formed between a peroxy radical and the 
phenol which reacts directly (6') with a second peroxy radical to 
give products, without passing through a phenoxy free radical (172). 
Hyperconjugation in this complex (17 la) presumably could account 
for the observed kinetic isotope effect4*. 
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The relative rates of hydrogen abstraction from mononuclear 
phenols by peroxy and alkoxy radicals, and therefore the relative 
inhibiting properties of phenols in autoxidation processes, have been 
found to give a remarkably good correlation with Hammett's o 
values"99 2 2 4 - 2 2 6  and particularly with Brown's electrophilic o+ 
constants?20? 223, 237. The maximum rate, i.e., inhibiting efficiency, 
is achieved when the substitucnts of the phenol have the largest 
possible negative Z: o+ consistent with a minimum of steric protec- 
tion afiorded tc the hydroxyl group. Thus mononuclear phenols 
which contain a t-butyl group in the 2-position, substituents with 
large negative o+ constants (electron-releasing groups) in 3-, 4- 
and 5-positionsY and a vacant 6-position should be and are in fact 
autoxidation inhibitors with optimum efficiency. 

The oxidation of 2,4,6-trialkyl phenols (173) with peroxy radicals 
(equation 52) generated by the cobalt-catalysed decomposition of 
hydroperoxides114* 2 2 8  or by the thermal decomposition (at 40-60") 
of compounds producing alkyl radicals such as a,a'-azobisisobutyro- 
nitrile, in the presence of mygen (and oxidationinitiators) 114s 2Z49  2Z9, 

generally aflords mainly 4-peroxycyclohexadienones 174. The yields 
of the latter depend on the phenol, on the peroxy radical and on the 
experimental conditions, and are nearly quantitative when 2,6-di-t- 
butylphenols containing a 4-methyl or 4-t-butyl substituent and 
t-butyl peroxy radicals or a mixture of a-tetralyl peroxy and iso- 
butyronitrile peroxy radicals are used1l4. 228* 229. 

OH 

R 

(1 73) 

R R 

R = Me, f - B u  

w ROO' * 
R OOR' 

('174) 

(52) 
Under certain conditions 2,6-di-t-butyl-4-methylphenol (173, 

R = CH,) undergoes oxidative C(methy1)-C(methy1) dimerization 
to products 54 and/or 55 (reaction 14), via the unstable p-quinone 
methide 59 (reaction 1 6), e.g., with triphenylmethylperoxy radi- 
calslllp 114, or in the high-temperature air oxidation of cumene 
retarded by 1?3 (R = CH,)l1l* 230. 

When mono- and di-alkyl phenols with an unsubstituted ortho- 
or para-position are oxidized by peroxy radicals a variety of prGducts 
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can be formed1l1* 230* 3 3 1 .  Thus, from the reaction of 2,4-di-t- 
butylphenol (175) with t-butoxy radicals (generated by the cobalt 
toluate catalysed decomposition of t-butyl hydroperoxide below 30") 
products 176-182 shown in scheme (53) have been isolated231. 
These can be divided into three groups, depending on the type of 
radical coupling reaction by which they are produced or in which 
theirprecursors are formed: (i) phenoxy-peroxy 4C-0 2nd 6C-0 

(177) 

+ ROH 

I I 
0 - R  0 - R  

+ 2 R 0 0 '  
80) 

1 OH OH 

R 

+ 2 R 0 0 '  

OH 

I 
0 0-Q OOR 

R 

(181) (3  
Scheme 53 (cont. on next l u g e )  
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R = I-BU 

(1 82) 

Scheme 53 (c0nt.j 

coupling; (ii) phenoxy-phenoxy 6 G 6 C  coupling; and (iii) phenoxy- 
phenoxy 6C-0 coupling. 

The reaction of t-butoxy radicals, (CH,) ,Coo, generated by 
thermal decomposition at 122 O of di-t-butyl peroxide, with 2,6-di-t- 
butylphenol [38, R = R' = C(CH,),] affords the expected 4 C 4 C  
coupled dimers 41 and 42 (equation 11) 115, whereas t-butoxy radical 
oxidation of 2,6-di-t-butyl-4-methylphenol (53) proceeds with the 
initial formation of the pquinone methiue 59 (equation IS), fol- 
lowed by C(methy1)-C(methy1) dimerization to 54, 55 (equation 14) 
and 183 l15. The absence Gf the 4-t-butoxycyclohexadienone 184 in 
this reaction is probably due to increased steric effects [compared 
to those present during the formation (equation 52) of the 4-peroxy- 
cyclohexadienone (174)] and to the instability of product 184 at 122". 

0 
% SC 

3. Acyl peroxides and peracids 

When treated with benzoyl peroxide in refluxing chloroform, 
p-cresol is converted in 35% yield to 4-benzoyloxy-3-hydroxytoluene 
(187), and the same product is obtained, though in poorer yield 
(20%), from m-cresol (reaction 54)232. Other phenols with a free 
ortho-position behave similarly, i.e., the benzoyloxy group is intro- 
duced preferentially into a position adjacent to the hydroxyl 
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he 
However, with P-substituted phenols (such as p-cresol, 

2,4-dimethylplienol and hydroquinone monomethyl ether), the 
beiizoyl group of the initially formed product (185) usually under- 
goes rapid migration (185 +187j ; this migration probably occurs 
by transesterificatioii through an  intermediate of type 186 232. 

When one of the o-positions in the phenol is occupied by a bulky 
substituent, as in 2-t-butyl-4-methoxyphenol, ortho-substitution by 
the benzoyloxy group is not followed by benzoyl migrationlS0. 

Kinetic studies of this reaction by Walling and H o d g d ~ n Z ~ ~  have 
shown that radical traps (oxygen and iodine) have no effect upon rate 
or products, and that if the hydrogen of the phenolic OH group is re- 
placed by deuterium the reaction velocity decreases (kH/kD = 1-32) ; 
moreover, no carbon dioxide is evolved during the reaction. These 
and other results indicate that the phenol-benzoyl peroxide reaction 
is not a free radical, but a simple bimolecular, probably 'four 
centre', process, involving the OH group of the phenol. Comparable 
results were obtained with both acetyl peroxide and t-butylper- 
benz0ate2~~. 

Further evidence was obtained by using benzoyl peroxide labelled 
with 1 8 0  in the carbonyl gr0ups23~. Analysis of the p;oduct 190 
(scheme 56) showed that about 87% of the excess l 8 0  was present 
in the carbonyl group of the benzoate substituent which had been 
introduced into the phenol. Therefore, benzoyloxy radicals could 

1 8 Y  1 1 8 0  ' 8 0  

II I1 
P h - C - 0 - 0 - C - P h  :e 2 f3 Ph-C=O 

(55) 



!C. Oxidation and Reduction of Phcnols 549 

not have been generated since the formation (equation 55) of such 
radicals would have led to product 190 in which half of l 8 0  was 
in the ester carbonyl and the other half in the phenolic hydroxyl 
group. 

All these facts suggest that the reaction (scheme 56) involves a 
‘four centre’ mechanism either concerted (path a) ’, or proceeding 
(path 6) via an unstable perester (188) and icn-pair (189)2339 ?::*. 

J. 

(1 88) (1 89) 

When both ortho-positions, but not the para-position, of a phenol 
are occupied, oxidation by peroxides in refluxing chloroform or 
benzene (reaction 57) affords as major product (50-70y0) the 
3,3’,5,5’-tetrasubstituted diphenoquinone (191), accompanied by 
small amounts (up to loyo) of the corresponding 4,4’-dihydroxydi- 
phcnyl (192) and the p-benzoyloxy derivative of the starting phenol 

O n  the other hand, when mesitol, in which both o-positions and 
the #-position are blocked by methyl groups, is treated with benzoyl 
peroxide in refluxing chloroform, the reaction (58, R = CH,) affords 
over 90% of 4-benzoylo~y-2,4,6-trimethylcyclohexa-2,5-dienone 
(194) and only traces of 3,3’,5,5’-tetramethylstilbenequinone (195, 

(193) 110, 233. 

R = CH3)ll0. 
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0 OH 

R&R (PhCOO-),> RqR+RgR+ R e R  

1 1  OCOPh 

R = Me, CHMe,, OMe R QR 0 R o R  OH (9 93) 

(191) (1 92) (57) 

R,@R OH Me-(>-"' 0 5 R 

CH-CH 0 - I I + o  
(Ptlcoo-),, 

CHCI, 

Me OCOPh R R 
Me 

Both reactions (57) and (58) can be explained by scheme (59), 
postulating the intermediate existence of a perester 196, which 
would be prone to electrophilic attack at the p~ra-positionl8~. 

Me Me 

191 
(3) further oxidation 

Me Me 

Bulky t-butyl groups in the o-positions retard considerably the 
reaction (58) of 2,6-di-t-butyl-4-methylphenol (R = t-butyl) with 
benzoyl peroxide; no dienone of type 194 is obtained (probably 
because of steric hindrance to formation of 196), and the only 
products isolated in moderate yield arc the stilbenequinone 195 
(R = t-butyl) and the corresponding 4,4'-dihydroxydibenzyl' lo, ll?. 
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Treatment of thc isomeric cresols and 2,4-dimethylphenol with 
acetyl peroxide in acetic acid a t  62-77”, followed by acid hydrolysis 
of the phenol fraction, affords dihydric phenols corresponding to the 
introduction of thc acetoxy group into the free ortho- acc! para- 
positions; moreover, derivatives of o- and $-lydroxyphenylacetic 
acid were found in the acid fraction, indicating that probably the 
radical ‘GI-1,COOH participates in the reaction1059 23 5. Acetyl per- 
oxide in benzene reacts with 2,6-disubstituted phenols in the same 
way as benzoyl peroxide (reaction 57) 233. When 2,4,5-trimethyl- 
phenol is treated with acetyl peroxide in acetic acid at  65” (reaction 
60) it is converted in 80-90% yield to 3,5-dimethyl-4-hydroxybenzyl 
acetate (199), possibly by rearrangement of the initially formed, but 
not isolated, 4- and/or 2-acetoxy-2,4,6-trimethylcyclo~exadicnones 
197 and 198 1 6 G ~  235. 

e e  (AcO-), [ M e : o e  1 1 and/or M e @ ]  -0 M e e e  

Me CH,OAc 

Me 0 AcOH ’ 
OA c Me 

(1 97) (198) (f 99) 

(60) 

Peracetic acid in acetic acid attacks preferentially the ortho- 
positions of phenol and $-substituted phenols, which are converted 
(reaction 6 l), probably through o-quinones, to the corresponding 
cis-cis-muconic acids (200) (phenol gives, in addition, some p-benzo- 
quinone) 23% 237. Since thcse acids easily undergo further reaction 

OH 
COOH 

further - reaction products Q TC;’ V O O H  / 

R = H, Me, CI, Br 

R R (61) 
(200) 

(cyclization to lactones, hydroxylation, etc.) and the resulting pro- 
ducts are difficult to separate, this oxidation is not of great prepara- 
tive value. 

However, when peracetic acid is used in a mixture of sulphuiic 
acid and acetic acid”8, or when oxidatioiis are performed with 
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trifluoroperacetic acid in methylene chloride23G, 4-unsubstituted di- 
and tri-methylphenols, even when they contain a frce ortlzo-position, 
are converted in yields up to 80% to the corresponding fi-benzo- 
quinones. 

When trifluoroperacetic acid is generated slowly in situ, i.e., by 
slow addition of hydrogen peroxide to a solution of 2,6-dimethyl- 
phenol and trifluoroacetic acid in methylene chloride, the reaction 
(62)2*0 affords as major product (42%) the Diels-Alder dimer 203 
of 2,6-dirnethyl-o-quinol (202), while 2,6-dimethyl-fi-beiizoquinone 
(204), which predominates under usual conditions (i.e., when 
hydrogen peroxide is added all at "O, is obtained in only 
27% yield. A cyclic hydrogen-bonded transition state 201 has been 
suggested to account for o-hydroxylation leading to the o-quinol 
202 240. 

\\\\ u 

0 
.. H. .. 11 

0' 0-C-CF, I M e 0 . 0 "  Me 
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4. Persulphate oxidation 

The oxidation of monohydric phenols to dihydric phenols by 
potassium or ammonium persulphate in cold aqueous alkali was 
discovered by Elbs When the para-position is free, p-hydroxy- 
lation (equation 63) gives hydroquinone derivatives (206) ; with 
p-substituted phenols reaction takes place at  the ortho-position and 
derivatives of catechol are obtained, though usually in much lower 

I t  was shown that a hydroxyphenyl alkali sulphate 205 is formed 
as an intermediate and is subsequently hydrolysed in acid solution 
to hydroquinone 4 2 p  3. 

yield2429 143. 

OH OH OH 

Baker and Br0wn~~Q3 have pointed out that the direct introduction 
of the sulphate group para or ortho (but never meta) to the phenolic 
oxygen atom, suggests that in the Elbs persulphate oxidation is the 
resonance hybrid of the phenoxide ion undergoing attack (scheme 
64), and that the substituting agent is a reactive sulphate ion-radical, 
'OS03-, which although an anion is yet electrophilic in character. 
This ion-radical might be initially generated by interaction of a 
trace of a metal cation present as impurity in the persulphate salt 

9- 9 H  
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(such as a ferrous or silver ion) with a persulphate anion (equation 
65). 

Fe3+ + S Z O B 2 - - +  Fe3+ + SOa2-- +- 'OS0,- (65) 
The slow rate of the reaction can bc corre1,zted with the require- 

ment in the above mechanism (64) that the sulphate anion-radical 
has to attack an anion. A further point in agreement with such a 
mechanism (64) is the fact that in general the yield ofpara-hyciroxyl- 
ation is increased by the presence of electron-attracting groups, by 
increasing substitution and by the effect of substituents on the 
activity of the position para to the hydroxyl group242~ 243. 

Waters 7, however, considers the alkaline persulphate oxidation of 
phenols to be a completely heterolytic reaction (66), proceeding 
without the intervention of radical or ion-radical species. 

(205) 

A variety of mono- and poly-substituted monohydric phenols (in 
which the position para to the hydroxyl group is free) have been 
successfully used as substrates in the psrsulphate reaction, the yield 
of the corresponding para-hydroxylation products ranging from 18 
to 50% 241-243. A substantial amount of unreacted starting material 
can usually be recovered, whereas the yields of products resulting 
from ortho-hydroxylarion and/or oxidative coupling of the phenol 
nuclei, are generally very 

Because of its relative stability under alkaline conditions, the inter- 
mediate p-hydroxyphenyl potassium sulphate (205) (equation 63) 
can be alkylated and hydrolysed to an a l k o ~ y p h e n o l ~ ~ ~ .  This modi- 
fication offers useful synthetic possibilities, as illustrated (equation 
67) by the preparation of products 209-213 from the same starting 
material 207 243. 

I n  the persulphate oxidation of polyhydric phenols, usually all 
except one hydroxyl group must be methylated prior to reaction, in 
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OMe OMe 

OS0,K OSOjK OH 

(67) (207) (21 0) 

OH OS0,K OH OMe OMe 

order to protect the molecule against general oxidation. A number 
of such partially alkylated phenols have been successfully oxidized 
to para-hydroxy derivati~es24~. 1-Naphthol and its derivatives are 
converted in good yields to the corresponding 4-hydroxy com- 
pounds, whereas 2-naphthois give poor yields of lY2-dihydroxy pro- 
ducts244. This is in agreement with the above mentioned observation 
that ortho-hydroxylation of p-substituted phenols proceeds in low 
yield. The persi:.lphate oxidation converts coumarins to 6-hydroxy- 
coumarins (equation 68) 242 ,  244, and 5-hydroxyflavones to the 
corresponding 5,8-dihydroxy compounds (equation 69) 2 4 2 s  245. 

(209) (21 1) (21 2) (21 3) 

M e o w  M , I W  (68) 

0 K A O a  
NaOH ’ 

Me0 Me 

0 
M e 0  Me 

OMe M e o w o M e  OMe 

I n  neutral aqueous solution and in the presence of catalytic 
amounts of ferrous, ferric or silver ions, the reaction leads predom- 
inantly to oxidative coupling products24G~ 24’, similar to those 
described for oxid ations with ferricyanide, ferric chloride or aqueous 
ferrous salts and hydrogen peroxide. 

0 0 OMe 

OMe K,S,O. 

OH 0 OH 0 (69) 
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By analogy to the generation of 'OSO,- ion-radicals from per- 
sulphate ions and ferrous ions (equation 65) , the primary step in the 
silver ion catalysed persulphate oxidation may be represented by 
equation (70) 246-249. Oxidation would then involve removal of 

Ag+ + S 3 0 e 3 - 3 A g 3 +  + S04'- + 'OSOa- (70) 
hydrogen from a phenol by a radical, 'OS0,- or HO' (produced by 
attack of 'OS03- or Ag*+ on 249) , or Ag2+ i0n2~~6-248, fol- 
lowed by coupling of the resulting aryloxy or hydroxyaryl radicals. 
The same radicals may be consumed, usually in a minor reaction, by 
oxygenation processes, of uncertain mechanism but presumably in- 
volving HO' radicals or oxygen generated from these radicals2489 249. 

Thus, the S,O,?--Ag-l- oxidation of $-cresol affords the three 
known products 34, 35 and 37 (equation lo), in 7, 7 and 15% yield, 
re~pectively2~~. When treated with the same reagent 2,6-dimethyl- 
phenol (38, R = R' = CH,) is converted in major part (about 60%) 
to the nuclear C-C coupling products 41 and 42 (equation l l ) ,  
whereas nuclear p-oxygenation (either direct or involvingp-hydroxyl- 
ation followed by oxidation; see above) to 2,6-dimethyl-p-benzo- 
quinone proceeds only in about 10% yieldZ4'. Under similar con- 
ditions, 2,4,6-trimethylphenol is attacked at  the para-methyl group 
(equation 7 l), which, presumably via the corresponding benzyl 
radical, undergoes 22% of hydroxylation resulting in the formation 
of 4-hydroxy-3,5-dimethylbenzyl aicohol (214) , and 13% of oxida- 
tive coupling and elimination to give 4,4'-dihydroxy3,3',5,5'-tetra- 
methyldiphenylmethane (215) 247. 

Me@ s208?--*!ye+Me+ HobcH2$ OH 

CH3 CH,OH Me Me 

(21 4) (215) (71) 

F. Periodate Oxidation 
Treatment of monoethers of catechol and hydroquinone with 

sodium periodate (NaIO,) in aqueous solution or in 80% acetic acid 
leads mainly to oxidative rcmoval of the ether substituent with 
formation of ortho- and para-benzoquinone, respectively, and the 
corresponding alcohol (reactions 72 and 73) 250--252. Thus, guaiacol 
(equation 72, R = CH,) is rapidly convertcd to o-benzoquinone, 
which can be isolated in about 65% yield, but with excess periodate 
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is itself slowiy oxidized to cis-cis-muconic acid (216) 252. Catechol and 
liydroquinone (72 and 73, R = H) are also rapidly oxidized with 
periodate to the corresponding quinones2519 252. Sodium bismuthate, 
NaBiO,, behaves in these reactions like sodium periodate'8OP 252 .  

Resorcinol and its monomethyl ether are only slowly attacked by 
periodate, and so also i s  phenol i t ~ e l f 2 ~ ~ ~  2s3. However, alkyl-substi- 
tuted phenols are readily oxidized by sodium periodate to give 
mainly dirneric p r o d ~ c t s ~ ~ ~ ~  255. For example, 2,4,-dimethylphenol 
is first converted (reaction 74) to 2,4-dimethyl-i,-quinol (217), 
2,4-dimethyl-o-quinol (218) and 3,5-dimethyl-o-quinone (219) 254; 

of these products only the p-quinol 217 can be isolated, whereas the 

+ ROH + 10,- (72) 

(slow) 10,- 1 

OR 0 
R =  Me, Ph, PhCH2, H 

o-quinol 218 rapidly undergoes two fixther reactions: dimerization 
by a Diels-Alder addition (equation 75) to give a 1,4-ethenonaph- 
thalene derivative 220, and a similar type of addition (equation 76) 
to the o-quinone 219 resulting in the formation of the adduct 221. 
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Similar dimeric products have been reported for the periodate 
oxidation of 2,6-dimethyl- and 2,4,6-trirnethyl-phen01~~". 

HO Me '5 - 
0 Me 

\ 
\ ' Me 

When treated with sodium periodate, mono- and di-ethers of 
pyrogallol are converted to various quinonoid products, depending 
upon experimental conditions. Thus, 2,6-dimethoxyphenol (222) is 
oxidized (reaction 77) to coerulignone (223), 2,6-dimethoxy-p- 
quinone (224), 3-methoxy-o-quinone (225), 3,8-dimethoxy- 1,2- 
naphthoquinone (226) and a product of unknown structure256. 
Compounds 225 and 226 are also obtained by the periodate oxid- 

M e 0  

M e 0  OMe 

(77) 
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ation of 3-methoxycatechol (227) ?so. The formation of the naphtho- 
quinone 226, which can be obtained by treating tlic quinone 225 
with peri~date"~, has been formulated as involving a Diels-Alder 
type addition of the o-quixione 225 to its hydrated form followed by 
periodate oxidation?57t 258 .  

The oxidative demethylation of the monomethyl ethers of catechol 
(reaction 72, R = CH,) and hydroquinone (reaction 73, R = CH,) 
by sodium periodate in 180-water affords labelled 0- and f-benzo- 
quinone, respectively (and methanol without l 8 0 ) ,  whereas un- 
labelled quinones are obtained from catechol or hydroquinone 
(R = H) under the same  condition^?^^. On  the basis of these results, 
Adler has suggested the schemes (78) and (79), which both involve 
as intermediates aryl esters of periodic acid (228-231) 259. Cyclic 
diester (231) formation (pathway a in 79) would be possible only 
with catechol, whereas hydroquinone oxidation would have to 
proceed via ester 230 according to path b. 

Rccent kinetic work on the periodate oxidation at  pH 1-4 of 

to,-. , 
OMe 

1 1  

: (-HO-) :OH!. :-' 
,*. (-HIO,) 
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hydroquinone, its monomethyl ether and catechol monomethyl 
ether (guaiacol) to form the corresponding benzoquinones (reac- 
tions 78 and 79), has shown that the reaction is second-order but 
that there was no evidence for a detectable intermediatezeo; this 
suggests that if substrate-periodate complexes (possibly of type 228 
and 230) are intermediates, their formation rather than their de- 
composition to products is the rate-determining step. For the 
periodate oxidation of catechol, over a pH range 0-10, however, it 
was found that an intermediate is formed in a second-order reaction 
and that this intermediate (not isolated but discussed in terms of the 
cyclic diester 231 (equation 79) or a dissociable o-benzoquinone- 
iodate charge-transfer complex) then decomposes in a slower first- 
order reaction to products?’O. 

G. Oxidation by Molecular Oxygen 
The reactions between atmospheric oxygen and phenols or their 

corresponding radicals are of special interest in relation to autoxida- 
tion processes and enzymic processes. I n  the presence of dissolved 
oxygen, reactions of this type might compete with other phenol 
oxidations, and should be taken into account when discussing pro- 
ducts obtained by the use of various oxidizing agents. 

When not controlled, the reaction of oxygen with mono- and poly- 
hydric phenols, especially in alkaline media, gives rise to dark- 
coloured, very complex mixtures of poorly defined products. For 
example, black, intractable resins are formed from pyrogallol, which 
has been used in alkaline solution for many years to remove oxygen 
from gaseous systems. However, under mild alkaline conditions, 
pyrogallol is oxidized by oxygen to dimers and trimers of type 41 
and 42 (equation 1 1) 261, whereas 4,6-di-t-butylpyrogallol undergoes 
oxidative opening of the benzene ring followed by recyclization to 
various productsz6?* z63. 

2,4,6-Trisubstituted phenols, such as 2,4,6-tri-t-butyl- and 2,6-di- 
t-butyl-4-methylphcnol, are oxidized by oxygen in alkaline solution 
at  room temperature (reaction 80), through the ions 232, to an 
equilibrium mixture of 2- and 4-hydroperoxycycloliexadienones 233 
and 234 (in yields up to 85%), which are decomposed by alkali to 
the corresponding quinols 235 and 236 9z$ 264. 

Under more vigorous conditions (prolonged action of oxygen at 
elevated temperatures, presence of metal catalysts) , oxidation of 
2,6-di-t-butyl-4-methylphcnol affords a variety of compounds in low 
yieldllt, 113, 208-267.  
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R 

R = Me, l-Bu 

(235) (236) 

If the #-position is unsubstituted, as in 2,6-di-t-butylphenol, the 
intermediat-e phcnoxy radical reacts faster with itself than with 
oxygen92e 93* lo7* 268, ar,d the di?henoquinone 42 [reaction 11, 
R = R' = C(CH,),] is produced in very good yieldg2* 264. 

When one or both o-positions in the starting 4-methoxyphenol are 
free, the course of the reaction with oxygen depends mainly on the 
number and position of the t-butyl substituents, as illustrated by 
reactions (81-83) 269. It has been suggested"9 that the C-0 coupling 

EtOH-KOH 0, ' e o ~ o r ' "  1-BUOH-KOH 0, :eowo 
OMe HO OH 

(81) 

I -EUOH-f-E~O- 
M e 0  

0 
Me0 

(238) (82) 

reaction in the formation (equation C2) of the phenoxy-quinone 238 
precedes oxidative demethylation, which takes place as shown 

(237) 
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@ EtOH%OH * -t 0 0  + 

OMe 0 0 

(239) (240) 

0 W0 + O w 0  
0 0 

J 
OMe 

238 i hydroxylation ""a + MeOH 

0 

(243) 

(84) 

(equation 84). In  reaction (83) the quinone 239 is probably first 
formed, with initial demethylation as in (reaction 84), and is then 
converted to the epoxides 240-242 by HOO- ions produced in the 
course of the oxid&on (reaction 85), since 239 is epoxidized when 

(85) ArO- -1- (02)7 + H++ArO'  -i- HOO- 

treated with alkaline hydrogen peroxide (or t-butyl hydroperoxide) 
but is not affected by oxygen360. 

Stable, sterically hindered phenoxy radicals, such as 4, react 

O D  0-0 GO * (86) 

- 
ArO- -1- O,+ArO' + (02)' 

2 

(4) (244) 
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with oxygen (equation 86) to produce quinol peroxides, e.g., 
244 l 8 -  22--?% g79 l*O.  The reactivity of phenoxy radicals towards 
oxygen is particularly decreased by phenyl substitution, 2,4,6-tri- 
phenylphenoxy radical being remarkably stable to attack by 

Air-oxidation (reactions 87 and 88) of 4-alkylcatechols (245) and 
2-alkylhydroquinones (248) in alkaline media affords up to 75% of 
liydroxy-p-benzoquinones (247 and 253, respectively), which differ 

oxygen3 4 -3 6, 5 2 

OH 0 O i l  

@OH 0, , (Jo 0 2  ,o@< HO- 0,- @OH 

HO / HO- 
/ 

HO- 

R R R R 

(245) (246) (247) (87) 

R = H, Me, t-alkyl 

in the position of the alkyl substituent60. 709  270* z 7 l .  According to 
available evidence the mechanism of both reactions (87) and (88) is 
very probably the sameG9* 70 and, as shown for the oxidation (equa- 
tion 88) of hydroquinones 248, proceeds successively through di- 
anions 24972 and berzosemiquinone radicals of type 250 and 252. 
Thcse radicals have been detected by the e.s.r. techniq~e~8-~0. 
Catechol itself (245, R = H) is oxidized by atmospheric oxygen to 
2,5-dihydroxy-1,4-benzoquinone (247, R = OH) 270, but in the 
presence of dimethylformamide, dibenzo[ 1,4]dioxin-2,3-quinone 
(254) is also obtainedG8. 

Oxidation of alkyl-derivatives of resorcinol with oxygen in alkaline 
solution affords a variety of monomeric and dimeric products, de- 
pending on the number, position and bulk of the alkyl substitu- 
entssp 6, 729 lQ29 273. For example, orcinol (255) is converted in about 
50% yield (equation 89) to a mixture of the dimeric mono- and bis- 
(hydroxy-p-quinones) 256 and 257, re~pectively~~ 142. Free resor- 
cinol monoradicals are not formed as intermediates in this reaction 
(compare reaction 26), and the rate-determining step appears to 
be electrophilic attack of oxygen on the resorcinol monoanion. 

Air-oxidation of catechols and resorcinols in the presence of 
ammonia also involves the substitution of a hydroxyl group by ar? 
amino group, which can itself then undergo oxidation5* 2749 Z 7 j .  

I n  this way resorcinol derivatives have been converted to orceine 
and litmus dyes59 G~ 274. 

C H G-T 



564 Mihailo Lj. MihailoviC and Zivotad Cekovid 

/Lo- 

(253) 

R = f-alkyl; R' = H, Me (from MeOH) or Et (from EtOH) 
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When the oxidation of monohydric phenols by molecular oxygen 
is accomplished in the presence of cupric ions and 2 secocdary amine 
such as morpholine, a rapid reaction takes place a t  room tempera- 
ture affording amino-substituted o-quinones"6. Thus, with mor- 
pholine as the amine ligand in the cupric salt-amine complex 
catalyst, 1- and 2-naphthol are converted (reaction 9Oj to 4-morpho- 
lino- 1,2-naphthoquinone (258), whereas phenol affords (reaction 
9 1) 4,5-dimorpholino- 1,2-benzoquinone (259). In  scheme (92) 276, 

0 

RZNH HN 

NR* 

(259) 

the initially formed copper complex 260 would explain the exclusive 
o-hydroxylation of phenols. I n  the case of phenol itself, product 264 
is further converted into the dimorpholino-derivative 259. These 
reactions have been particularly studied in search of a homogenous 
catalytic system which would represent a model simulating the 
action of tyrosinase, since it is known that this group of copper con- 
taining enzymes catalyses the oxidation of phenols and catechols to 
o-quinone derivatives. 

2,6-Dimethylphenol reacts with oxygen in the presence of a 
cuprous chloride-amine (usually pyridine) catalyst to yield (reaction 
93a) a high molecular weight linear polyphenylene ether 265 (see 
also equation 18, 65->69) lZ39 2 7 7 9  278. p-Cresols behave sirnilarly279. 

It was shown that in a series of 2,6-dialkyl substituted phenols, 
two different types of products tend to form, depending on the bulk 
of the substituents (equation 93). With larger groups, such as t-butyl, 
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R2N< ,x 
cu 

OH 0' ' OH 6 E i ; : : N H >  ~ &OH 

(92) 
(260) (261 1 

0, (or Cu'+) 

(+ H202) l4 
@ < ( I )  / (2) 0, il,NH @ / [or 0, Cu'+) eH< R,NH / 

R2N 

NR, NR, NR2 (+ H202) 

(259) (264) (263) (262) 

C-C coupling (93b)  predominates and tetrasubstituted diplieno- 
quinones 267 [e.g., R = (CH,),C] are produced, via intermediate 
dihydroxybiphenyl derivatives 266 2779 2789 280. On the other hand, 
with smaller substituents, such as methyl, a facile C-0 coupling 
(93a) can occur, resulting in poly(2,6-dialkyl-l,.l-phenylene ethersj 
(265) (e.g., R = CH,) of high molecular ~ e i g h t ~ ~ ~ - 2 7 9 .  However, 
C--0 and C-C coupling can be competitive reactions even in the 
oxidation of 2,6-dimethylphenol, their relative rates being very sensi- 
tive to catalyst concentration, ligand ratio in the cuprous chloridc- 
amine catalyst, temperature and cteric hindrance in the amine ligand 

R 

QOH 

R 

R $R R 

+ nH20  

(93) 

+ tiH,O 

OH 

(266) 

0 

(267) 
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of the coinp1ex"l. I t  is Iiighly probablc that both reactions (93a 
and 936) proceed through radical intermediates, with initial C-0 
or C-C coupling of monomeric phenoxy radicals to dimcric products 
such as 268 (X = H, reaction 94)133* =7Q s  ? 8 2 *  283. However, since 
the increase in the degree of polymerization towards the end of the 
reaction is inconsistent with the addition of monomeric phenoxy 
radicals to the growing polymer chain, in the formation of 265 poly- 
meric quinone ltetals 269 have been postulated as intermediates 
(equation 94) , which arise from combination of two aryloxy radicals 
268 and which decompose to give redistributed polymeric molecules 
(270), in such a way that one phenol unit at  a time is transferred 
from polymer chain to polymer 283--2'35. 

Mee Mve - 
Me Me (94) 

Z 

-c Z' b0 O& M-be 2 (269) Me 

Me@e + Me@e 

Z = H or (OAr)" 

z 0 

(270) 

z 
H. Miscellaneous Oxidations 
1. Potassium nitrosodisulphonate (Fremy's salt) 

Potassium nitrosodisulphonate, ON(S0,K) 2, known as Fremy's 
salt, is one of the most efficient agents for the preparative oxidation 
of monohydric phenols to 0- and p-quinones38Gp 2 8 C .  This salt-a 
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relatively unstable, deep yellow, solid dimer-is completely dis- 
sociated in water, forming a deep purple solution which is reasonably 
stable in the pH range 8-11, and contains the anion-radical 
eON(S03-)2 288. Two moles of Fremy’s salt are consumed per mole 
of phenol (reaction SS) and produce one mole each of potassium 
hydroxylamine-N,N-disulphonate and potassium imidodisulphon- 
ate, whereby the first mole generates from phenol a phenoxy radical 
(271) which then combines with the second mole to give an inter- 
mediate of the quinol type 272 (‘quinitrol’)287. The formation of 
such quinols has been demonstrated in particular cases 289, but they 
usually decompose rapidly into the quinone 273 and the potassium 
salt of imidodisulphonic acid. 

(273) (212) 

With para-unsubstituted phenols this process (‘Teuber’s oxida- 
tion’) affords preferentially p-quinones even when the ortho-positions 
are free, in yields ranging generally from 50 to 99% 97, l 0 2 ~  l o 4 s  1709 

28% 2879 290. If the fiara-position is occupied by alkyl (or alkoxy) 
groups, simpler phenols are converted to o-quinones in 70-90% 
yield97, lo2, 287s 2919 Zo2. By the use of this method quinones have 
been prepared from various naphthol derivatives290, including 
equileninJD3. This oxidation can also be applied for tlie synthesis of 
more complicated, labile o-quinoncs”I and hydroxy-fi-quinone~~~~, 
provided that the redox potential of tlie quinone to be formed is 
not too high. 

Oxidative dealkylation 2nd dealkoxylation with formation of 
quinones has been observed in the reaction of Fremy’s salt with 
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2,4,6-trisubstituted phenols (reaction 96) 105, 11% 202, and with 2,4,5- 
trisubstituted phenols (reaction 97)127~ z92 in which attack by the 
reagent at the free o-position is sterically hindered by a meta-substi- 
tuent. When in 2,4,6-trialkylphenols theparn-blocking groupis methyl; 

Ph P I1 

(97) 

OMe 0 

coupling products, e.g., 54, 55 (equation 14) and 274, arising from 
the intermediate p-quinonc methide 59 (equation 16), are also 
formedllO. 

0 

" TQ0" 
(274) 

oxidation of phenols does not show any particular a d ~ a n t a g e 2 ~ ~ .  
The use of other stable nitroxides instead of Fremy's salt in the 

2. Si!rer oxide 

A one-electron oxidant, silver oxide (usually in benzene or diethyl 
ether), converts phenols to phenoxy radicals'. 6 ,  l 2 ~  2 a ~  41. These, 
depending on their stability, may undergo the characteristic C-C 
and/or C-0 coupling reactions such as in equaticns (1 1 ) 9 3 9  lol* lo2, 
(14.) l l O ,  (18) 102, 123 ,  133 , (20)% 08-BB, 120, (22)111, (29)152 and oxi- 
dation (equation 98) 181, involving both coupling and oxidative 
demethylation. 

Since silver oxide undergoes a rather facile thermal, photolytic 
or metal-catalysed decomposition to silver metal and oxygen, it may 
happen that some of the oxygen from silver oxide is incorporated 
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OH 

OMe 

[ M e 0 6  + M e O e A r ]  I I  

M e 0  OAr MeC OAr 

I (275) 

(276) (277) 

into the phenolic compound in the course of’ the reaction. Thus, 
BlanchardS3 has shown that the oxidation (equation 86) of 2,4,6- 
tri-t-butylphenol to bis( 1,3,5-tri-t-butyl-2,5-cyclohexadien-4-on- 1-yl) 
peroxide (244), via the corresponding phenoxy radical (4), with 
silver oxide in the presence of oxygen, requires the partial utilization 
of the oxygen from silver oxide, since 90-100~o yields of peroxide 
(244) were obtained while only 60-70y0 of the theoretical amount of 
free oxygen was absorbed. 

Hydroquinones and catechols are oxidized by silver oxide (in 
benzene or ether) to the corresponding benzoquinones P 6. However, 
on running the reaction with catechol in acetone solution, two mole- 
cules of the initially formed o-benzoquinone undergo a Diels-Alder 
type addition (equation 99) to produce the yellow crystalline 
dimer 278 296. 

0 

(278) 

3. Halogens 

When 2,4-dialkyl- and 2,4,6-trialkyl-phenols are treated with bro- 
mine in the cold in solvent systems containing a proton acceptor (e.g., 
AcOH-H20, Et,O-H,O-pyridine, CC1,-pyridine, hexane-dioxan, 
etc.), 4-bromo-2,5-cyclohexadienones (fi-quinobrornides) (279) are 
obtained (reaction loo), in yields up to 98% z39 2 5 *  lo99 297-302. Th is  
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(279) R' = HI Me, f-Bu 

oxidation is considered to involve elcctrophilic attack of a bromon- 
ium ion (Br+) at  the 4-position of the phenol with elimination of the 
phenolic proton (reaction 100) z377 399-3019 303. 4-Bromo-4-methyl- 
cyclohexadienones (280) undergo a facile rearrangement (often on 
standing at room temperature) to 3,5-dialkyl-4-hydroxybenzyl 
bromides (281) (reaction 101)109~ 09D9 3019 304. According to e.s.r. 

measurements such a rzarrangement in inert solvents, which is 
acceIerated by U.V. light, proceeds homolytically through phenoxy 
r a d i c a l ~ ~ ~ ~ 1  301p 302, but in the presence of traces of acids or bases 
and in polar solvents a heterolytic mechanism might be opera- 
tive1099 297 ,  9g9* 3 0 1 9  305. 2,4,6-Trialkyl-4-bromo-2,5-cyclohexadicn- 
ones (279) when shaken with a metal (Hg, Ag, Cu, Zn, etc.) in  an 
inert solvent under nitrogen can be converted, frequently in nearly 
quantitative yieId, to the corresponding phenoxy radicals'z? 3 3 9  z5,  log. 

By varying experimental conditions (solvent and temperature) 
the bromination of 2,6-dialkyl-4-methylphenols (282) can afford a 
variety of products in very good yields (reaction 102), most of which 
are derived from the initially formed 4-bromo-4-meihylcyclo- 
hexadienones (280) 2 5 9  207*  g90f 3019  30u. Scheme (103) represents the 
possible reaction paths leading to products, most of which have been 
confirmed experimentally207* 301* 

When 2,6-dialkylphenols containing a para-electron-withdrawing 
group (e.g., NOz, CN, etc.) are oxidized by bromine in ether-water- 
pyridine, 2-bromo-3,5,cyclohexadienones (9-quinobromides) cam be 
obtained in good yield30i. 
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(280) 
(281) 

CHO C H ~ O A C  
(285) .(284) (283) 

(283). 
6 

/ f-BUOH- HyO 
or 1- AcOH 

acetone--H,O 284 
(-HBr) 

/:OH 

Oxidation of 2,4,6-trialkylphenols with chlorine or nitric acid in 
polar solvents at 01- below room temperature affords the correspond- 
ing 4-chloro- and 4-nitro-2,5-cyclohexadienones, respectivelyg3* z 5 ,  
190, 301, 303, 308, SO9. 

4. Berchloryl fluoride 
Perchloryl fluoride, FC103, has not found much use in oxidations 

of phenolic compounds, since it offers no preparative advantages 
over other one-electron oxidizing agents. With 2,6-dimethylphen- 
oxide anion (287) ii1 toluene or dioxan at 0” it reacts exothermically 
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(a) by a one-electron oxidation-reduction process to give 3,3',5,5'- 
tetramethyl-4,4'-diplieiioquinone (288) and 2,6-dimetliyl-j-benzo- 
quinone (289), and (b) by nucleophilic displacement on fluorine 
leading to the Diels-Alder type fluoro-dimer 291 of the 2,4-cyclo- 
hexadienone intcrrnediate 290 310. The neutral phenol 286 in di- 
methylformamide reacts slowly with perchloryl fluoride to give as 
additional and major product 2,6-dimethyl-4-chlorophenol (292), 
which probably arises from chlorination by intermediate species 
such as C10, and HOCl 310 (scheme 104). 

M e o e  OH >Me&. M e e e  M e 6  

0 toluene ' F 0 -> 
FCIO, CH,O- 0 

FCIO, 1 DMF / V 



574 Mihailo Lj. Mihailovid and Zivorad &kovid 

Treatment of steroidal ring A phenols with perchloryl fluoride in 
dimcthylformamide solution rcsults in the para-introduction of 
fluorine with formation of 10P-fluoro-dienones 293 (reaction 105) 311. 

5. Chromyl chloride 
Chromyl chloride (CrO,Cl,) has been uscd for the oxidation of 

different types of organic ~ornpounds3~~*  313y but its action on 
phenols has only recently been reported. p-Benzoquinones are the 
major reaction products, their yields depending on the ratio of 
reactants and on the nature, number and positions of the substitu- 
ents. The highest yields (about 80%) were obtained in the oxidation 
of p e n t a c h l o r ~ p h e n o l ~ ~ ~  (whicii affords chloranil) and 2,5-di-t- 
butylphenol315. A mechanism similar to that proposed for the 
reaction of phenols with Fremy’s salt (equation 95) has been sug- 
gested, the presence of polymeric material (probably polyphenols) 
and diphenoquinones indicating the initial formation of phenoxy 
radicals315. 

6. Organic oxidizing agents 
Quinones of high oxidation potential have been used as oxidizing 

agents for phenols41. For example, with 2,3-dichloro-5,6-dicyano- 
1,4-benzoquinone (DDQ) the reaction proceeds smoothly at room 
temperature in methanol solution and, depending on the structure 
of the phenol, leads to oxidative dimerization by either C-C or C-0  
coupling, oxidative debromination, or oxidative cleavage of hydro- 
quinone monoethers and p-hydroxybenzyl ethers, as well as to 
benzylic oxidationz1. I t  is believed that most of these products arise 
from interrnediatc phenoxy radicalsz1, although in some cases in- 
volving a hydroxyl and a methoxy gioup (e.g., 294), which are 
oxidized (equation 106) to C-0 coupling products (e.g., 295 and 
296) only by D D Q  and not by potassium ferricyanide, the inter- 
mediate formation of phenoxonium ions has been po~tu la ted’~~.  
Tetrachloro- 1,2-benzoquinone (o-cliloranil) has bcen applied for 

(294) 

R = R’ = H or OH 

(295) (296) oMe 
(106) 



10. Oxidation. arid Rcduction of Phenols 5 75 

t l l p  r- nm-pngvqt;nm -r-- -----* cf ~~~~~~ c-quinones from catec!io!s and pyro- 
gallols6* 8 *  31u, and for thc generatioil of aryloxy radicals from 
resorcinols14 2. 

Phcnoxy radicals can also abstract the hydroxylic hydTogen from 
phenols to produce new aryloxy radicalsl9I 3 8 ~  O 4 ,  lZ1. If the new 
radicals are stable, the positior, of tlic equilibrium will depend upon 
structural features (particularly upon oxidation potentia!s), con- 
centration and solvent34* 3 G s  519 8 7 *  loo, 317. By using two 
moles o f a  starting hindered phenoxy radical, e.g., 297, per mole of 
phenol (298), mixed quinol ethers (301) are formed (equation 107), 
the less hindcred phenol (298) reacting in the oxygen radical 
form (300)1?, 36, 37 ,  38, 55,  318-321, 

+ 

R- R R”’ 

0 
R 

(297) (298) (293) (300) 

0 

(301) 

Several enzymatic systems and cell-free extracts of higher plants 
have been found to catalysc the oxidative coupling reactions of 
phenolic compounds6, 8 ,  12. 

7. Electrolytic oxidation 
Electrochemical methods for the preparative scale oxidation of 

phcnolic compounds have received far less attention than chemical 
procedures. 

The phenoxy radicals produced by electrolytic oxidation of 
phenols in neutral or basic media may undergo, in addition to the 
usual C-C and C-0 coupling processes, other reactions as well, such 
as hydroxylation and further oxidation to quinonesl5. An inter- 
esting case, related to coumarin biosyntliesis, is the electrooxidation 
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at  a platinum anode of p-hydroxyphenylpropionic acids 302 (phlor- 
etic acids) (reaction 108), which leads, probably by way of radical 
coupling, to the dienone lactones 303 3 2 2 9  323. When treated with 

(303) 

R = H ur NHCOOCH, Homo + t , o m o  
(304) (305) 

mir!-.ral acid the latter undergo rearrangement to a mixture of 6- 
and 7-hydroxydihydrocoumarins (304, 305) 323. p-Hydroxy-cts- cin- 
namic acid behaves similarly3Z3. 

I n  acid solution the anodic oxidation of polyarylsubstituted 
phenols consists, according to the slopes of the curves corresponding 
to the half-wave potentials, of two single electron transfers, the 
initially formed phenoxy radicals being further oxidized to cations 
(equation 109) 76.  When aqueous acetic acid containing sodium 
acetate was used as solvent, quinol acetates (306) were obtained in 
nezrly quantitative yields'5. 
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8. Other oxidants 
The conversion of phenols to phenoxy radicals and further pro- 

ducts can be effected by means of manganic ions (Mn3-k)324, ceric 
ions (&"+)16. 1 7 ,  73, 100, 103, 106 ,  18% 325, activated manganese di- 
oxide (Mn02)10Jp 123,  321, mercuric oxide (HgO)49, cupric salts of 
carboxylic acids32a and sodium bismuthate (NaBiO,) loo* lo1, l 8 O ~  ",69. 

It is reported327 that phenols are easily oxidized by vanadium (v) 
and cobalt (111) salts. Permanganate readily attacks phenols and, 
given sufficient oxidant, converts them mainly to carbon dioxide 
and water328. Halate ions (X03-) can also oxidize phenolic com- 
poundslOas 130. For example, pyrogallol and 4-substituted pyro- 
gallols (307) are converted (equation 110) by means of aqueous 

OH 

6 h u  (2537A) 

- ~ + , - - e - . ~  ' 
OH 

OH 

( 1  
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potassium or sodium iodate to purpurogallin and its 4.',7-disubsti- 
tuted derivatives (309), probably through thc initially formed 
o-quinone 308 320--332. 

Flash photolysis of phenols affords phenoxy radicals, which have 
been analysed by electron (u.v. and visible) and e.s.r. spectroscopy12. 
Various C - 0  and C-C coupled dimers and hydroxylated products 
were obtained (equation l l l ) ,  the latter (310) being formed even 
when photolysis was performed under nitrogen333. 

111. REDUCTION O F  PHENOLS 

In  general, the conversion of phenols to compounds of lower oxida- 
tion levels involves either hydrogenolysis of the phenolic hydroxyl 
group and/or hydrogenation of the aromatic ring334. Depending 
on the reaction conditions (nature and amount of catalyst, hydrogen 
pressure, temperature, solvent), the following reduction processes 
(equation 112) are possible: (i) hydrogenation of the benzene ring 
with retention of the hydroxyl group334-33u; (ii) hydrogenation to 
alicyclic  ketone^^^^^ 337; (iii) hydrogenolysis to aromatic hydro- 
carbons3-34- 3389 3se; (iv) hydrogenolysis and hydrogenation to ali- 
cyclic hydrocarbons 3 4 * 3 - l; (v) hydrodealkylation of alkyl- 
substituted phenols to lower h o r n o l o g u e ~ ~ ~ ~ ~  342. 

OH 

&R<+ &R+ 6 + R H  

Hz)iiil \ 4Hz ( 1  12) 

bR OR+ H20 OR+ H,O 

A. Hydrogenation and Hydrogenolysis of Phenols 
When phenol undergoes hydrogenation, the predominant product 

may be cyclohexanol, benzene or cyclohexane, depending 0x1 the 
catalyst employed and the reaction. Under certain conditions and 
with specific catalysts, cyclohexanone may be isolated during the 
course of the r e a c t i ~ n ~ ~ ~ v  3 4 3 - 3 4 5 .  According to kinetic evidence and 
product distribution jn various reductions, it appears that tlie con- 
version of phenols to cyclohexanols and cyclohexanes proceeds 
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according to a complex mechanism (scheme 113) 3 3 4 9  341*  344-34O, 

involving successive hydrogenations of thc substrate adsorbed on the 
catalyst surface to give short-livcd intermediate cyclohexadicnols 
31 1 and cyclohexenols 312. Tautomerization of 1-cyclohexenol to 

OH 

Q -y> 

A 

\ OH 
L Y +2H2, -H20  \ 

cyclohexanone would be expected io take place since the keto form 
is more stable than the enol form by about 18 kcal/mole, and this 
would account for the presence of ketones in the reaction mixture 
without requiring that cyclohexanones are intermediates directly 
involved in the formation of c.yclohexanols344~ 345. Since reduction 
of cyclohexanol to cyclohexane proceeds by loss of water, i.e., by 
G-0 bond cleavage, the hydrogenative conversion of phenols to 
alicyclic hydrocarbons (cyclohexanes and isomerization products, 
such as methylcyclopentanes) usually must be performed at  higher 
tcmperatures (over 200") and in the presencc of catalysts with 
dehydrating S 4 O 9  3 4 1 9  345. 

Catalysts used for the hydrogenation of phenols to cyclohexanols 
and further hydrogenolysis to cyclohexancs (and isomeric alicyclic 
hydrocarbons) are platinum, palladium, rhodium34% 3459 347, 3483 

and nickel on alumina34'39 349, oxides of nickel, molybdenum and 
and mixtures of metal oxides and sulphides, such as 

WS, + NiS + Al@, 351* 35 , ,  MoS, + WS, or MOO, + S 353. 
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The effect of the hydroxyl group on the rate of catalytic hydro- 
genation of the benzene ring was investigated by comparing reaction 
rates of phenol and dihydric and trihydric phenols with those of 
benzene and its alkyl derivatives345* 354. It was found that in general 
the kinetic picture is similar, i.e., that the rate constants for the 
hydrogenation of hydroxybmzenes reveal the sarne eKect of sym- 
metry, number of substituents, etc., as for the methylbenzenes, and 
that in the platinum-catalysed hydrogenations the valucs of relativc 
rates in both series are in fair agreement3". 

6. Hydrogenolysis af Phenols 

Hydrogenolysis of phenols to aromatic hydrocarbons can be con- 
sidered as displacement of the phenolic hydroxyl group by hydrogen 
(iii, equation 1 12). 

Because of partial delocalization of the oxygen lone electron-pairs 
over the aromatic ring, the energy of the phenolic C-0 bond is 
higher than that of an alcoholic C-0 bond. Hence, the removal of 
the hydroxyl group from phenols without hydrogenation of the ring 
is a rather difficult operation and requires special experimental 
conditions or prior conversion of phenols to intermediates which 
can easily undergo hydrogen~lysis~~ 4. 

With catalysts such as charcoal339, 355 or oxides of aluminium, 
thorium and chromium3 56, complex mixtures containing relatively 
low yields of corresponding aromatic hydrocarbons are usually 
obtained. More effective catalysts for the hydrogenolysis of mixtures 
of phenols are molybdenum oxides (MOO, and their 
activity being increased by the addition of small amounts of copper 
or chromium or sulphur compounds3 53. Freshly prepared 
molybdenum disulphide, MoS, (obtained by reduction of molyb- 
denum trisulphide), is an efficient catalyst for the hydrogenolysis of 
phenol and o-cresol, the yield of aromatic hydrocarbon obtained at 
25 atm being about 90% 300. However, as the pressure increases 
more products hydrogenated in thc ring are formed3609 361. In  
general, the amount of aromatic hydrocarbon (iii, equation 112) 
increases and that of saturated hydrocarbons (iv, equation 112) 
decreases by decreasing the hydrogen pressure and reaction tem- 
perature and by increasing the number of alkyl substituents in the 

Hydrogenolysis of the hydroxyl group can be achieved by treating 
phenolic compounds with phosphorus trisulphide a t  high tempera- 
ture (equation 114)338, but only one fourth of phenol present is 

starting phenol3349 3519 300-3e2. 
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(114) 
reduced. Thcrcfore, by adding phenol itself, as coreactant, to the 
phenolic compGund which is to be reduced, this reaction can be 
successfully applied for the synthesis of various polycyclic aromatic 
hydrocarbons363. 

Hydrogenolysis of the phenolic hydroxyl group can be achieved 
under milder conditions and in better yield if the starting phenol is 
first converted (by treatment with p-tosyl chloride) to its toluene-)- 
sulphonate ester followed by reduction in the presence of Raney- 
nickel as catalyst (equation 1 15)364 or (by treatment with diethyl 

2 Ar-O-S02C,H,CH, -p& 2 ArH + Ni(O-SO&oHpCH3-p)e (115) 

phosphite in c2rbon tetrachloride containing triethylamine) to the 
corresponding diethyl phosphate, which is then easily reduced by 

8 ArOH + P2S3 + 2 ArH + 2 (ArO),PO + 3 HPS 

H 

Ra-Ni 

0 
I I  

ArOH i- HOP(OEt), + CCI, + NEt, __f ArO--P(OEt), 

-I- CHCI, + NHEt,CI (116) 

0 0 
I I  II 

ArO-P(OEt), 3- Na + NH, - ArH + NaNH, + NaO-P(OEt), 

lithium or sodium in liquid ammonia (equation 116) 365. I n  reaction 
(1 16) the yields of aromatic hydrocarbons from simple phenols vary 
from 60 to 9O”/b, but the reaction is much less successful with 
dihydric phenols 363. Because of mild experimental conditions in 
both steps, the reaction sequence (116) has been applied for the 
hydrogenative conversion of sensitive polycyclic phenolic compounds 
to the correspondiiig aromatic hydrocarbons366. 
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1. INTRODUCTION 

Alcohols are among the most easily obtained reagents of organic 
chemistry. For this reason the ovcrall conversion 

where R is any alkyl, aryl, allyl, benzyl, propargyl, vinyl or acyl 
group, where X is (typically) halide, hydride, azide, alkyl or amine, 
and where the reaction proceeds with rupture of the carbon-oxygen 
bond, is of grcat importance. Through it, a wide range of organic 
derivatives is available from readily accessible (including naturally 
occurring) starting materials, and furthermore, many of the funda- 
mental mechanisms of organic reactions have been elucidated using 
similar displac, Pments. 

This chapter seeks to provide a survey of both the synthetic and 
mechanistic importance of replacing hydroxyl groups by other 
functional groups, although lack of space precludes an exhaustive 
coverage of these topics. 

Displacerncnt reactions involving the initial formation of an ester, 
ROY, even if the material is isolable, are included where the ester is 
usually prepared as an intermediate in the synthesis of RX (equa- 
tion l). Thus, reagents such as l, prepared fiom alcohols as intcr- 

ROH +- [ROY] 4 RX (1) 
mediates in their conversion to iodides', are included, whereas dis- 
placements of p-tolucnesulphonatc (tosylate), acetate, and similar 
derivatives of alcohols will not bc covered in detail. 

ROH -+ RX 
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Displacement of hydroxyl groups by different groups will be dealt 
with in sequence, and different types of hydroxyl function will be 
discussed separately where applicable under each. heading. The 
hydroxyl group in carboxylic and su!phonic acids will not, be 
considered in detail. 

The commonly available literature has been searched through the 
greater part of 1968. Many of the references quoted, particularly for 
reactions of classical importance, are of recent applications of the 
technique, and are not necessarily included for any other reason. 
Undoubtedly some contributions to our understanding of the 
problem have been overlooked. 

\I. DISPLACEMENT BY HALOGEN 

A. Displacement by Iodine 
1. Direct halogenation 
(a) The classical method for converting alcohols to alkyl iodides2 
involves heating the alcohol with iodine in the presence of red 
phosphorus (equation 2). Like other iodinations using phosphorus- 

6 ROH i 2 P + 3 1 2 +  6 RI -1- 2 H3PO, (2 ) 
containing reagents, the reaction proceeds through an  intermediate 
ester which is decomposed by hydriodic acid liberated in the forma- 
tion.af the cster (equation 3). The analosous mechanism of reactions 

PI, -+ P(OR)3 --+ RI 
ROH HI 

(3) 

leading to alkyl chlorides3 and bromides3 is discussed in detail later: 
products of greater optical purity are formed from phosphorus 
trichloride and tribromide than from phosphorus triiodide. The 
intermediate phosphite esters are isolable in the absence of free 
acids. 
(b) Methanol is converted rapidly and quantitatively to methyl 
iodide caing iodine in the presence of diborane4 (equation 4), 

MeOH --& Met (4) 

whereas the same alcohol requires an excess of red phosphorus mixed 
with the yellow allotropes when the classical method is used for the 
preparation of methyl iodide. 

2. The use of hydriodic acid 
a.-Glycols have been converted to vicinal diiodidesG in high yield 

(equation 5)  under very mild conditions, although a morc typical 
c n c-u 
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]rrH HI/N, -20' 2. ax 
OH I 

(avoiding pinacol-pinacolone rearrangements') 

example of the displacement uses refluxing concentrated acid* 

HI 
reflux 

overnight (6) 

(equaticn 6) or the in situ generation of the acide (equation 7). The 
KI 

95% H.PO. 
HO(CH:)pOH __3 I(CHZ)OI (7) 

genera1J.y accepted mechanism of the reaction involves displacement 
of water from the protonated alcohol (eqEation &) by either an S,l 

Ht -I- 1- 
ROH 3 [ROHZ] + RI  + H20 

or SN2 process, depending on the stability of the carbonium ion 
which is generated in an S,l ionization, but a recent suggestionlo, 
that all substitutions at  saturated carbon proceed by a single mechan- 
ism accommodating these extremes, must be considered too. Hydri- 
odic acid is more acidic than the other halogen acids, and iodide 
ion is a better nucleophile than the other halide ions, so that alkyl 
iodides are formed more readily than the other halides under 
corresponding conditions. 

I n  common with all acid-catalysed reactions of alcohols, the pro- 
duction of alkyl iodides by this method is accompanied by rearrange- 
ments in unsaturated alcohols, although dehydration reactions are 
not troublesome. But hydriodic acid is a reducing agent, and can 
convert alkyl iodides to alkanes. This reduction was used by Cope 
in the structure-determination of the macrolide antifungal antibiotic 
fungichromin (2)11, and in determining the carbon skeleton (3) of 
the aglycone of the related rimocidinlz. 

y,, 
CHOH 

.o I Y H  OH OH OH OH OH 

0 
OH 
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/-- 

I 

(3) 

3. Phosphonium salts and derivatives 
(a) Work by Arbusov developed the reaction which n.)w bears his 
name: phosphonium salts derived from alkyl halides and various 
organic phosphites (equation 9) disproportionate, on heating, to 
give (equation 10) a phosphonate, and a different alkyl halide, de- 

RBr -+ P(OE'),+ (R'O),PR Br- (9) 

(R'O) ,PR Br- -+ R'Br -t- RPO(0R') (10) 
rived from the phosphite13. 

The reaction has recently regained prominence because of con- 
troversy over the reaction of phosphines with halo-ketones14 and 
because the phosphonate by-products from the Arhusov reaction are 
used in a modif icat i~n '~ of the Wittig olefin-forming reaction. 

Triisopropyl phosphite gives a high yield of isopropyl iodide when 
heated with methyl iodidela (equation 11). I n  general the conversion 
of an alcohol to the iodide is effected in two stages (equation 12); an 

(1 1) 

+ 
+ 

Me1 
[(CH3)ZCHO]SP 7 (CH3)ZCHI 

acidic reaction medium is avoided during the complete sequence, 
and rearrangements do not occur. 
(b) The method was modified by Rydon and Landor17, and de- 
veloped by their co-workers. Phosphite methiodides give good yields 
of iodides when treated with alcohols (equation 13) and the only 

(13) 
serious disadvantage in the method is in separating involatile, base- 
sensitive iodides from the phenol by-product. Where this separation 
is easy the method works well, and it has heen used on a wide 
variety of alcohols, inciuding primary17, secondaryl7, tertiary'?, 
propargylic' and other unsaturated systems1 ?, glycols' 7, hydroxy 
acids'7, sugars (both as free carbohydratelo* Z 0  and in nucleo- 
sidesz'e z Z )  and chole~tero l~~.  

+ 
(PhO),PMe I- + ROH ic R I  + PhOH -k (PhO),POMe 
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I n  general, very little rearrangement occurs during the displace- 
ment, although a little is observed when neopciityl alcohol is con- 
verted to thc iodide33, and the reagent coiiverts 4 to a mixture of 5 
and 6 24. This corrects the earlier reportz5, that the products obtained 
were 6 and 7, and adds another example to the list of Sx2 reactions 

1 4 "  

H o p e  1c) e 1QMe I o M e  

(4) (5) (6) - (71 

which involve rearrangements a t  C-4 " - 9  27. 

I'ropargyl alcohols give iodoallencsIB in dimethylformamide solu- 
tion, but unrearranged products in methylene chloride. The gross 
mechanism (equation 14) for displacements using phosphite methio- 
dides involves either expulsion of phenol by the alcohol, followed by 
nucleophilic attack by iodide ion, or, more probably (with highly 
electrophilic triphenoxy alkyl salts) attack by iodide ion on an inter- 
mediate pentavalent phosphorus derivative. 

K ' I  + (PhU),POR 

J (14) 

(c) The very similar phosphite diiodides (RO),PI, have also been 
used in this conversion, as have the corresponding dibromides and 
dichlcrides for the preparation of alkyl (and aryl) bromides and 
chlorides. The diiodide has been used much less often than the other 
dihalides, and it has been shown in one casela that it gives poorer 
yields than the methiodide. 

An early example of the interaction of iodine with phosphites was 
given by Forsman and Lipkinz8 (equation 15) and was developed by 
Coreyl (equation 16) to give what seems to be the method of choice 
for the preparation of iodides without side-reactions. 

The advantages of phosphine dihalide reagents are discussed in the 
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sections on bromiiiation and chlorination. Tlie stereochemical conse- 
quences of using the diiodo-,* dibromo- and dicliloro-reagents are 
similar, and these also will be discussed later. 

Modifications of the methiodide reaction have bcen reported, 
using halogen acids or metal halides instead of methyl iodide". I n  
general the yields are much less satisfactory, although n-butyl 
chloride can be forrrxd in 63% yield using ammonium chloride as 
halogen source. The halogen acid-catalysed decomposition of phos- 
phite esters is dealt with in section 11. B.3.b. 

4. Indirect displacements 

The p-toluenesulphonate esters of alcohols readily undergo dis- 
placement by iodide ions in polar anhydrous solvents (equation 17). 
Dimethylformamide is rarely used, but acetic anhydride", acetone30, 
dimethyl s u l p h o ~ i d c ~ ~  and methyl ethyl ketone33 have often been 
used. 

ROTS R I  (17) 
Again, tlie displacement proceeds by S,l or S,2 mechanisms and 

this is reflected in the observed optical purity of the products. The 
most polar solvents favour S,l reactions. 

1 -Apocamphanol has been converted to the corresponding iodide 
by irradiating the oxalic acid ester in the presence of iodine and 
mercuric oxide33. 

5. The use of inorganic iodides 

cholesterol into cholesteryl iodide34. 

8. Displacement by Bromine and Chlorine 

The general methods for preparing bromo- and chloro-compounds 
from hydroxyl groups are so similar that they will be discussed. 
together. Neariy a hundred categories of the conversion of alcohols 
to chloro-compounds are discussed in H o ~ b e n - W e y l ~ ~ .  

* Unpublished work using Ph,PI, is referred to by Wiley and co-workers, 

Aluminium iodide, generated in situ, has bcen used to convert 

J. Am. Chm. SOC., 86,964 (1964). 
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1. Direct halogenation 

(a) Chlorination of alcohols, both photochemically and under 
ordinary conditions, often causes oxidation3“ (equation 18) and 

(18) 
affords no worthwhile preparative route to chloro-compounds37. 
(b) 1-Hydroxyadamantane gives a high yield of l-bromoadaman- 
tane (8) when heated in refluxing anhydrous bromine3e (equation 
19). Since the adamantyl cation is kn0wn3~ to be formed much more 

@ Br2 , & (19) 

CI? 
HO(CH?)ASH --tCI(CH?)dSOzCI 

(8) 

easily than other bridgehead ions, and bromine is a Lewis acid, the 
mechanism of the displacement probably involves the cation as an 
intermediate. 

2. The use of halogen acids 

The use of hydrochloric and hydrobromic acids in the preparation 
of halo-compounds from alcohols has long been a commonplace, 
and examples of these reactions arc legion4”. 

The observed reactivity gradations HI > HBr > HC1 > HF for 
the acids, and tertiary > secondary > primary for the alcohols (the 
former the result both of acidity and anion nucleophilicity), and 
the use of hydrocbloric acid in the presence of zinc chloride for 
distinguishing primary, secondary and tertiary alcohols (Lucas’ test4’) 
complete the classical scope of the methods. Phenols are not attacked 
by the halogen acids HBr and HCI. 

The acids cannot be used on acid-sensitive alcohols. Dehydration 
to alkencs, and rearrangement of cyclopropyl-42, allyl-433. ,*4, pro- 
~ a r g y l - ~ j .  4 6  and, indeed, a lky l~a rbon ium~~ ions in general, occur 
frequently. One of the earliest reported examples4 * of neighbouring 
group participation occurs during such a displacement (equation 20) 

Et &- 
‘I- > EtSCH,CHCIMe (20) EtSCHMeCH,OH ---+ ___ 

HCI 

Me 
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and other cxamplcs of rearrangements observed 
equations (2 1-23). 

GO 1 

are given in 

w -Br 

.I 2 

In the presence of cuprous chloride and calcium chloride, hydro- 
chloric acid converted the propargyl alcohol (9) into the unre- 
arranged chloro-compound in high yield6' at 0". 

Et,C-C-CH 
I 
OH 

(9) 

The rearrangement of alkylcarbonium ions in the course of re- 
actions of alcohols with hydrochloric acid is catalysed by zinc 
chloride and by sulphuric acid479 52, but the results cast no doubt on 
the validity of Lucas' test since they were obtained at  100". Zinc 
bromide and hydrobromic acid convert 1- (bicyclo[2,2,1]heptyl)- 
methanol (10) to l-bromobicyclo[2,2,2]octane (11) j3. 

Other catalysts used in conjunction with hydrochloric acid for the 
conversion of alcohols to chloro-compounds include alumina54 
(equation 24)-the reaction on 12 is carried out at low temperatures 
to render the highly reactive product 13 isolable-and methyl 
cyanide55 and trichloromethyl cyanides6! 5 7  as solvents (section 11. 
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Fe 

- 78” 

Fe 

(1 2) (13) 

B.5.c). The latter reagent, in activating hydroxyl groups towards 
displacement, resembles the carbodiimides’ action on carboxylic 
acids in the synthesis of peptidesss. 

A general study of the reactions of halogen acids with alc0hols~~9 5 2  

has produced results in accord with the mechanism (equation 25). 

No rearrangement is observed when primary alcohols derived from 
n-alkanes are converted to the halides below 120°, whereas some 
secondary alcohols readily rearrange at  room temperature. These 
rearrangements occur not by a dehydration-addition mechanism, 
but through a carboniuni ion mechanism catalysed by zinc chloride 
and by concentrated sulphuric acid. 

Another report is germane to the problem of the mechanism of 
these and similar reactions: it is possible to distinguish between the 
diastereoisomeric alcohols 14 and 15 by n.m.r. spectroscopy, using 

?h Ph 

D H “a: 
PI, Ph 

!I 4) (1 51 

the magnitude of the protcn-proton coupling in the two forms. 
Conversion of the alcohols to their chloro-deriv-itives was then 
showns9 to involve almost complete racemization using lithium 
chloride in hydrochloric acid, but retentien of configuration with 
thionyl chloride (S& mechanismG0). 



1 1. Dkplacemcnt of Hydrosyl Groups 603 

3. Phosphorus-containing reagents 

a.  Dtrivatives ofPv. The use of pentavalent phosphorus derivatives 
for halogenations, at first confined to the pentalialides and to the 
oxychloride, lias been extended widely, and now includcs reagents 
such as Ph,PCl, sl, PhPOCl, 82, 16 '33, and the phosphine or phosphite 
adducts with halogens, 17. 
(i) Phosphorus pentabromide converts certain alcohols to bromides 
more cleanly than does the tribromides4. Phosphorus pentahalides 
react with certain phenolss5 (but not with phenol esters and ethersss) 
and with alcoholsG'3 to give halo-derivatives, with carboxylic acids to 
give acyl halidcsG7, and with amides to give haloimines6* (equations 
26-29). A phosphate ester has been isolated from the reaction of 
phosphorus pentacliloride with a large excess of p-naphthol (equa- 
tion 30). The ester decomposed to 2-chloronaphtlialene only when 

heated to 300 O G9. Tctraphenoxyphosplionium chloride has been 
reported to give no chlorobenzenciO. The reagent can bring about 
Beckmann rearrangements in oxrimes, giving cliloroa~ines7~ (equa- 
tion 31) or analogous products (equation 33) 7 2  and converts second- 
ary alcohols to vicinal dihalides in dry c h l o r ~ f o r m ~ ~ .  
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z PhCCI:N-N:CCIPh 
PI1 c - c P I1 

II I I  
NOH NOH 

PCI, 

A comparison of the action of phosphorus pentachloride, phosphiiie 
dihalides (section II.R.3a.v) and thionyl chloride is made ir? section 
II.B.4: particularly significant differences occur with homoallylic 
alcohols74, and these have been exploited in the steroid field75. 

Like oxalyl chloride (section TI.B.G), phosphorus pentachloride 
converts keto-enamines to chlorovinyl immonium salts76 (equa- 
tion 33, cf equation 29) and, in the presence of phosphorus oxy- 

chloride, benzoy-1 chloride or pentachloroethane, is u.sed in the 
synthesis of chloropteridines77, chloropyridines70 and (with calcium 
chloride) chloroallenes79. I t  was found to be the only reagent capable 
of converting the fluoroalcohol 18 (presumably via an allene) into 
the diene 19 E0. The proposed mechanismE0 has been criticized by 

CFiCI 
I PCI, F2C, 

(1 8) (1 9) 

F2CICCCrCH ,C-CCI=CHCI 
I CFZCI 
OH 

others studying the same alcohol in its reaction with sulphur 
tetrafluoridesl (section II.C.4). 
(ii) Phosphoryl chloride. Like the pentahalides, phosphorus oxy- 
chloride reacts with phenolsE29 E3, alcoholsE4, amides85 and enolsE6, 
to give chloro-derivatives. The reactions proceed through phosphate 
esters which are decomposed by halide ion, and give hydrochloric 
acid and phosphoric acid as by-products. (The reagent is a vigorous 
dehydrating agents', particularly in the presence of pyridine, 
though perhaps less so than thionyl chloride under the same con- 
ditions". Both reagents catalyse the esterification of carboxylic 
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acidsa9, through intermediate mixed anhydrides.) Phosphorus 
oxychloride was used in the presence of lithium chloride in the 
conversion of 20 to 21 80. 

(iii) The imide 22 was converted to 23 in high yield using a large 
excess of PhPOCl, 6 2  at 160": because of the involatility of the re- 
agent no sealed tube was necessary, and the method was shown to be 
preferable to that using phosphorus oxychloride. 

PhPOCI, 

(iv) The cyclic phosphorotrihalidates 16, developed by Gross03 have 
been used to prepare vinyl chlorides from ketones, and other uses of 
the bromo-reagents have been reviewedo0. 
(v) As with the conversion of alcohols to iodides, the reagents most 
suited to the mild displacement of hydroxyl by chloride or bromide 
are the dihalophosphoranes and analogous compounds prepared by 
the interaction of phosphines with other halogen sources, notably 
carbon tetrahalides. 
( x )  Triphenylphosphine dibromide is readily prepared from bromine 
and the phosphine, and is available commercially. Its reaction with 
alcohols~~ and with phenolss1* O 2  is outlined in equation (34): the 

(34) 
conversion occurs at low temperatures, no addition occurs with 
unsaturated alcohols, and the major by-product, triphenylphosphine 
oxide, is neutral and unable to cause subsequent side-reactions. 

Carboxylic acids yield acid chlorides with Ph,PCl, 75. However, 
amides75 and oximes'5 may be dehydrated, the latter may undergo 
Beckmann rearrangementD3, and ethersg4 cleaved with the reagent, so 
that some thought must be given to whether a particular hydroxyl 
group can be displaced without changing the rest of the molecule. 

Ph,PBr2 + ROH --+ RBr + Ph,PO + HBr 
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Hydroxy ketones in the steroid field can probably not be converted 
to pure bromoketones, as dehydrogenation occurs 7 5  adjacent to 
carbonyl groups, but the ester 24 can be broininated ~electively7~ 

(24) 

with a relative reactivity 3 > 7 > 12, the same as that found for 
acetyl a tion. 

A limitation of the method has been found with phenols substituted 
in the orfho position with tert-butyl groupsg5. No halogenation of the 
nucleus occurs, and the bulky substituent is eliminated (equation 35) 

OH OH 

by a mechanism thought to involve a betaine intermediate. Smaller 
substituents are unaffected, and indeed the reaction of phenols, 
naphthols and heterocyclic liydroxy-compounds with triphenyl- 
phosphine dibromide provides a very useful and efficient route to aryl 
halides. When 1-bromo-2-naphthol is heated to 200" with tri- 
phenylphosphinebl it is converted into 2-bromonaphthalene, an 
overall displacement of hydroxyl by bromine. Similarly, p-bromo- 
phenol gives bromober?zene: in view of the result with the naphthol 
derivative this must be also displacement of hydroxyl by bromine 
(with rearrangement) and not by hydrogen. 

Direct bimolecular displacements from an aromatic nucleus only 
occur when the reaction is aided by an  electron-poor nucleus (as 
in the displacement of halide ion from 2,4-dinitrohalobenzenes) or 
when the displaced group is very stable. Displacements are possible 
using the phosphine dibromide because triphenylphosphine oxide 
is a good leaving group. Enol-phosphonium salts behave similarly 
in some reactionsg6. 

I n  solution the structure of the chlorine reagent has been showng7 
to involve an equilibrium (equation 36) and haloform-solvated 

PhSPCI? + Ph3PCI CI- s PhjPCI Ph,PCI, (36) 
- 4- + 
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Ph Ph 

\ /  

\ /  / \  

/ \  
Ph Ph 

PI1 CI+ P -CI--.--.HCCI, 

CI,CH ........... CI-P+CI PI1 

(25) 

dimers, for which structure 25 9 8  has been suggested, are isolable 
solids, stable in the absence of moisture. The structures of many 
other pentacoordinate chlorinated phosphorus compounds are 
similar in showing equilibria between covalent and ionic speciesgg, 
and nucleophilic attack by the alcohol scems the most reasonable 
first step in the conversion to halo-compounds using triphenyl- 
phospliine dihalides (equation 37). 

ROH + Ph,PBr - Ph P’ 
PI- . 4 ’+‘OR (37) 

Ph,PO i- REr 01 Ph,POR 

Preference for decomposition of the alkoxy-phosphonium salt by 
ail S,2 mechanism is shown in many cases. 

The isomeric norbornanols 26-29 were treated with triphenyl- 
phosphine dibromide, with the formation of the phosphoniuni salts 
30-33 loo. 

(30) 

The endo-alcohol 26 was converted smoothly to the em-bromide 
with no loss of optical activity, classical evidence for an Sx2 mechan- 
ism. The  phosphonium salt 30 is isolable, and only decomposes 
when heated above 115”. No analogous displacement is possible on 
31 however, which decomposes at room temperature to give a 
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complex mixture of products (equation 38) the composition of 
which is very solvent dependent. 

I n  triglyme the relative ratio of ion-pair-derived products (racemic 
em-bromide and nortricyclene) to S,P-derived product (optically 
active endo-bromide) is about 7: 1 ; in dimethylformamide it is 
nearly 100 : 1. An El mechanism for the decomposition is made more 
likely by the isolation of nortricyclene, since Kwartlol has shown that 
this product, rather than norbornene, is to be expected from the 
norbornyl cation. 

The phosphonium salts 32 and 33 only decompose when heated 
to 170" and 200" respectively'00. 

Analogous adducts between phosphi tes and halogen are also 
effective in converting alcohols to halo-compounds102. Many dihalo- 
trialkyl phosphites decompose spontaneously to phosphorohalidates 
(RO),POCl and alkyl halidelo3, but stable adducts are also 
known104. An early report claimed that ally1 alcohol was best 
substituted using butyl phosphite and bromine, whereas benzyl alco- 
hols react in high yield with halogen and any phosphioe or phos- 
phite, including cyclic phosphites such as 34. However, triphenyl 

()OR 

(34) 

phosphite dichloride reacts with phenol to give no chlorobenzenelo5. 

The product is (PhO),P from an intermediate (PhO),P C1 70 (section 
II.B.3a(i)). General considerations of the Arbusov-type mechanisms 
involved have been reviewed106: alcoholysis of triphenyl phosphite 
dibromide gives phenol107, and not triphenyl phosphate (compare 
equation 37) as by-product in the formation of alkyl bromides. 
(/3) Intermediates similar to those of equation (36)  are involved in 
the oxidation of phosphites to phosphates in the presence of alcohols 
and carbon tetrachloride108. 1011, a process which serves to convert 
alcohols to alkyl chlorides (equation 39). No acidic by-products are 

P(OR), + CCI, + R'OH -+ (RO),PO + R'CI -t- CHCI, (39) 

+ -  



1 1. Displacement of Hydroxyl Groups 609 

formed and the reaction proceeds a t  moderate temperatures: phos- 
phines may be used instead of phosphites. 

Different mechanisms have been suggested for the phosphine and 
phosphite reactions however, the more nucleophilic phosphines 
attacking halogen, and phosphites carbon. 

Thus, carbon tetrachloride and trialkyl phosphites react with 
alcohols by the scheme outlined in equation (40): a tetraalkoxy- 
phosphonium salt is formed by displacement of the trichloromethyl 
anion from the ir.itially formed salt 35. (A radical process for the 

RO,+,C)R CI- 

P SN2 
- (RO),PO + R'CI 

RO' 'OR' 

interaction (in the absence of alcohols) of phosphites with carbon 
tetrachloride' lo, chloroformlll and bromoform"2 has also been 
suggested.) The method suffers from the disadvantage that two alkyl 
halides can be formed, one from the phosphite and one from the 
alcohol. The ratio of products observed will depend on the relative 
susceptibilities of R and R' to nucleophilic attack. 

No such ambiguity exists when phosphines are used instead of 
phosphites, and a different mechanism1'3 (equation 41) applies. 

+ EtOH + 
CCI, f PPh, - Ph,PCI cC13 - Ph,POEt CI- 

J. 4 (41) + 
Ph,PCCI, CI- EtCl + Ph,PO 

(36) 

Triphenylphosphine and carbon tetrachloride apparently provide 
the ylid Ph,P=CCl, als0*1~--ketones undergo the Wittig reaction 
under these conditions. The phosphite intermediate 35 is known to 
decompose in the absence of an  alcohol to alkyl chloride and the 
phosphonate, 37, which, heated in alcohols, gives r.0 further alkyl 

(37) 
halidell 5. Tri(n-octy1)phosphine behaves in the same way as tri- 
phenylphosphine with carbon tetrachloride and alcohols, using the 

(RO) ePOCCI, 
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halide as solvent, and with carbon tetrabromide and alcohols, when 
only two equivalents of halide and phosphine are usedl1u. 

Another report1' on the mechanism of the similar reaction be- 
tween alcohols and carbon tetrachloride in the presence of tris(di- 
methy1amino)phosphine favours the mechanism of equation (41), 
as expected for a very nucleophilic reagent. (Aminophosphines are 
frequently used in place of alkyl or arylphosphines because the basic 
groups greatly simplify the removal of phosphine oxide from the 
product mixturel'8.) 

Evidence for the proposed mechanism (equation 42) comes from 
three results1'7. The phosphonium salt 38 is not attacked by water, 

+ CHCI, 

+ ROH + 
(Me,N),P + CCI, - (Me,N),PCI CCl, - (Me,N),PORCI- 

J- (39) 
-t- 

( Me,N),PCCI, CI- 
4 

RCI + (Me,N),PO -~ 

(38) 
(42) 

and, therefore, not by alcohol in all probability. This was confirmed 
by adding alcohol to the mixture of phosphine and tetrahalide only 
after the interaction was complete. No alkyl halide was obtained. The 
phosphine, tetrahalide and alcohol, mixcd in ether at low tempera- 
ture, gave two layers, a lower oily onc, presumably 39, and an 
etherial one containing chloroform but no alkyl halide. The alkyl 
halide was liberated by a slow displacement step as the reagents were 
warmed. 

The stereochemical consequences of the displacement should be 
configurational inversion. This has been found to be lZo, but 
examples of reactions with racemizationllD are known, and retention 
of configurationl21 occurs with alcohols in which S,2 reactions are 
prevented by any factor. I n  this, the reagent resembles the pcnta- 



1 1. Displaccmciit of' Hydroxyl Groups 61 1 

halides, and the phosphine halides. Thus, thc conversion of 40 to 41 
occurs with retention of configuration 

Halogen sources other than carbon tetrachloride and tetra- 
bromide have been used: bromotrichloromethanellO, chloroform122, 
bromocyanacetamide123 and hcxachlorocyclopentadiene124 have all 
been employed successfully, but thionyl chloride, sulphuryl chloride, 
cupric chloride and hexachlorcethane proved less eficientlo2. 

The mechanisms involved are probably similar126, althcugh 
Trippett has shown126 that the phosphonium salts derived fiom 
bromocyanacetamide are mixtures of keto-and enol-phosphonium 
salts (equation 43). Others have rcportedl27 that, atleast withtx-halo- 

Ph,P + BrCHCNCONH2+ Ph3PCH(CN)CONH, + Ph,POC(NH,)=CHCN (43) 

ketones, only the enol-phosphonium salts react with alcohols. 
Modifications of the phosphite methiodide method for preparing 

alkyl iodides have been used to synthesize alkyl chlorides (benzyl 
chloride) lo' and alkyl bromides (benzyl bromide) lo7 .  

Few direct comparisons between the methods of using phosphine 
dibromide, phosphine in the presence of carbon tetrahalide, and 
phosphite in the presence of alkyl halide, have been reported. All are 
mild reactions, and rearrangement products are of only minor im- 
portance. Sugar-protecting groups are not attacked by the reagents, 
and whereas the phosphite methiodides give phosphonates instead 
of ha1 es with vicinal diols, triphenylphosphine in carbon tetra- 
chloride gives dihalides12*. 

General reviews of the nucleophilic attack by phosphites and 
phosphines on alkyl halides, and of the reactions of derivatives of 
tetravalent phosphorus, have appeared recentlyl3, lZo. 

b. Deriuatiues of P I 1 .  The standard use13o of the phosphorus tri- 
halides in the synthesis of alkyl halides from alcohols needs little 
discussion. 

The mechanism of the reaction has bcen studied most recently by 
Gerrard and co-workers3 who showed that both the formation and 
decomposition of the intermediate phosphite ester proceed (equa- 
tion 44) in a stepwise manner. 

I. 

4- + 

ROH ROH ROH 
PX3+ (RO)PXz+ (RO)nPX+ (RO),P 

HX 
( R O ) ~ P - ~ ! R X  + ( R O ) ~ P O H * % R X +  (RO)P(OH),+RX + Hap03 (44.1 

Optical purity of the alkyl halide produced is high in each stage 
of the decomposition, and is lowest in the third stage when SNl 
reactions become increasingly important as the stability of the 

C H C - X  
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phosphite ion increases (equation 45). The earlier stages of the de- 
(RO)P(OH)? + R +  + H,PO,- (1.5) 

composition involve S,2 attack on the protonated phosphite 
(equation 46). Overall, the optical purity achieved using these 

+ x- 
(R0)JPH 3 RX + (RO),P(OH) (6) 

phosphorus trihalides is better than when hydrochloric acid or 
phosphorus and iodine are used to cffect the same reactions. 

Attempts to prepare the propzrgyl bromide from alcohol 42 using 

(42) (43) 

phosphorus tribromide gave only 43 l 3 l ,  and rearrangements in pro- 
pargylic systems axe common with this reagent, particularly with 
tertiary alcohols (equations 47 n2 and 48 133)  and probablyno tertiary 
propargyl aryl halides are known. It has been that all earlier 
claims for such halides have given instead the haloallenes. 

Me,C(OH)C=CH - Me,CCICGCH (47%) 
PCI. 

-!- CH Z=CMo-CH=CHCI (23%) (47) 

A curious difference in the reactivity of enantiomers towards 
phosphorus tribromide in the bridged-diphenyl series lias been 
reported by Mis10w'~~. Racemic 44 reacts with the reagent in :he 
solid state to give 45 as expected, whereas the (+) form dispro- 
portioriates under the same conditions to optically active 46 and 
47. The allylic alcohol 48 reacts with phosphorus tribromide and 
pyridine in petroleum ether to give the unrearranged bromide136. 

4. Sulphur-containing reagents 

Of the many sulphur-containing reagents used to convert hydroxy 
compounds to halidesl37, only thionyl chloride (and bromide) have 
enjoyed wide application. Thionyl chloride reacts with alcohols to 
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BrH,C w CH,Br 

HOH,C CH,OH BrH,C CH,Br H,C, ,CH2 
S 

(46) 
(44) (45) 

BrH,C CH,Br 

(47) 

(48) 

form intermediate esters (equation 49) but the stereochemical path 
(49) 

to the final products (and the nature of the products) is determined 
by the reaction conditions employed. Equimolar proportions of 
alcohol, chloride and pyridine give the product of S,2 attack by 
chloride ion on the chlorosulphite ester (equation 50) with inversion 

(50) 
of the alkyl group configuration. 

Two moles of alcohol and of pyridine to ope of chloride give an  
alkyl sulphite in good yield (equation 51). 

(51) ROSOCI + ROSOOR 

I n  the absence of any base, the S,i mechanism operates, and an 
alkyl chloride of the same configuration as the alcohol is obtained 
(equation 52), probably through an ion-pair formed by loss of SO, 
from the chlorosulphite. 

ROH + SOCIz--t ROSOCI + HCI 

ROSOCI Z R C I  f SOz + CI- 

ROH 
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A similar difference occurs when allylic alcohols react with thionyl 
chloride with or without added base, giving either S',2 attack 
(equation 53) or SN2' (equation 54.). Propargyl alcohols behave 

(53) 
SOCI, 

CH$H=CHCH 2OH basfc CH,CH=CHCH ,CI 

(54) 
SOCI, 

CHJCH=CHCHZOH w CH,CHCICH=CHz 
no bare 

similarly138, undergoing direct substitution (equation 55) or re- 
arrangement1 g. 

(55) 

Thionyl chloride is the standard reagent for converting carboxylic 
acids to acid chlorides140. It also displaces hydroxyl groups from 
tropolone~'~1 (equation 56) and, in dimethylformamide solution, 
from highly acidic (equation 57). The importance of the 

SOCI, 
RC,CC,H ._OH RCZECCH &I 

SOCI, 

OH CI 

z z 

+ -  CI (58) 
LoH SOCI, > b" + d"' 

solvent in this reaction is discussed in the following section. 
The reagent converts amides to chloroimines143 and nitroalcohols 

to nitro~hloridesl~~s la5 but does not attack phenol I n  
common with other chlorinating reagents it gives rise to rearrange- 
ments in cyclopropylcarbinyl systems14' (equation 58) and in the 
attempted conversion of aryl2nd other hindered tertiary propargylic 
alcohols to 148. Alcohol 49 was converted into the chloro- 
compound 50 using two moles of thionyl chloride to one of pyri- 
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.' (49) (50) 0. 

diiie'49, and 51 into 52 but 53 into 54 lso$ Is1, an interesting example 
of ring-size effects in bicyclic systems. 

Comparisons have been made of the relative usefulness of thionyl 
chloride and hydrochloric acid 52, and of phosphorus pentachloride 
and thionyl chloride162, in converting alcohols to chloro-compounds. 
In general, however, since the reagents often give rise to different 
stereochemical results, the choice is not always available. 

Shoppee and co-workers have made a particularly extensive 
study153 of the 5a-cholestane skeleton and have rationalized the 
variation in products observed from changing the hydroxyl group 
position in the molecule. 

In  general, phosphorus pentachloride is more likely than thionyl 
chloride to give products from inversion of configuration since the 
intermediate chlorophosphate ester is more easily ionized than the 
corresponding chlorosulphite. 

5. M itrogen-containing reagents 
(a) The active intermediates in many displacement reactions 
(equation 59) which are carried out in dimethylformamide soh-  

ROH 4- SOC12+ RCI + SO2 + HCI (59) 
tion1"2$ 54  are nitrogen-containing salts. A mechanism (equation 60) 
predicting retention of o $ d  activity but inversion of configuration 
through an Ss2 reaction is reasonable. 
(b) A recent reviewlS5 of polychloroamine compounds dealt only 
with their preparations and their intramolecular reactions. But 

DMF 
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> Me,N=CHCI CI- + SOCI, 
Me,NCHO +--> Me,N=CH6 ~ 

I 
I ROH (60! 
I V 

Me,NCHO <- Me,NCHCI + RCI < s N 2  Me,NCHCI CI- 
I 

HOR 
I 

OH 
- I -  

chlorinated enamines derived from amides are known to effect the 
conversion of alcohols to optically pure chloro-compounds15s, and 
of carboxylic acids to their acid chlorides. Picric acid is unaffected by 
the reagents. The reaction is acid-catalyscd, and probably proceeds 
as shown in cquation (6 l) ,  since alkoxide ions react much less rapidly 

H+ z CI,CHCCI=kt, CI,C=CCINEt, CI,CCCI=NEt2 - -F 

I RO" 
Y 

CI- 
C12CHCONEt2 <- CI,CHCCINEt, <- C12CHCCINEt2 

+ CI- + RCI OR 
I I 

ROH + 

with the vinyl amine than alcohols do, and, as expected for an S,2 
reaction, the alkyl halide obtained is of the opposite configuration to 
that of the alcohol. 

(Similar halogenations are known to occur using chlorinated vinyl 
ethers as the reagents, for example 55 lS7 and 56 lSs.) 

CH z=C(OEt)CI CHCI=C (OEt) CI 

(c) Alkyl cyanides give salts with alcohols (equation 62 5s). These 
are susceptible to SN2 reactions, giving alkyl halides of configuration 

(55) (56) 

opposite to that found in the alcohol. The effect is similar to that of 
carbodiimides in activating carboxyl groups towards amide forma- 
tion in peptide (equation 63). 
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R'CO H R'NH, RN=C=NR RNHC=NR ----+ RNHCONHR 4- (63) 
I 
OCOR' R"NHC0R' 

6. Organic acid chlorides 

Many acid chlorides react with alcohols to form esters, which may 
either decompose spontaneously to give alkyl chlorides, or which can 
be converted to them in a subsequent step. 

Oxalyl chloride forms chloroxalate esters with alcohols at room 
temperature (equation 64). The esters decompose when heated 

ROH 4- (C0Cl)Z- ROCOCOCI + HCI (64) 

(65) 

above 100 O in pyridinelS9. Analogous chlorofcxmates also decom- 
pose to give alkyl chlorides'60-a survey of the breakdown of 
chloroesters in general appears in standard texts on physical organic 
chemistry. 

A similar (but i:.:ultistep) reaction has been used to convert 
1-apocamphanol to the iodide (equation 66) by irradiating the 
oxalate in carbon tetrachloride in the presence of iodine and mer- 
curic oxides3 (section II.A.4) based on earlier work on the de- 

pyridine 
ROCOCCCI 7 RCI + CO + COa 

OCOC0,H I 
a 

composition of hypoiodites by Barton161. 
Oxalyl cliloi-ide1~2, like pl~osgcne'~~, converts certaiii czrbonyl 

+ 
f? 
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groups to chlorinc-substituted salts (e.g., equation 67) and, in thc 
presence of oxalic acid, to vinyl chlorideslo4* le5 (e.g., equation 68).  

a-Acetoxy acid chlorides effect the conversion shown in equation 
(69) 160. 

Acetyl bromide has been used to prepare bromo-compounds from 
alcohols, but products from acetylation alone, and from dehydration, 
are common, and the reagent is little used1.67. Thus, carbohydrate 
hemiacetals are converted to (acetylated) bromoethers: 

FH,NH,.HCI CH,NH,.HBr 

OH OAc 

Halogen acids in acetic acid react with the protected sugars to effect 
the same result'68. 

Methaiiesulphonyl chloride has also been used as a chlorinating 
agent in the preseme of pyridine1GO. 

7. Inorganic haiides 
Various inorganic halides have been used to convert alcohols or 

their derivatives (usually tosylates or acetates) to halo-compounds. 
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Among these are sodium bromide170, lithium chimidel 71 and bro- 
mide17^, calcium chloride in the presence of hydrochloric 17*1, 

zinc chloride with hydrochloric acid 7 6  or with dichloromctliyl 
methyl ether176, magnesium bromide’ 77, boron and aiuminium tri- 
chloridesl78, 179, and titanium tetrachloridelsO~ lSL and tetrabro- 
mide la?.  Polar solvents such as dimethylformamide and dimethyl 
sulphoxide (with which tosylates react reversibly) and acetone are 
usually used for these displacements. Treatment of a cyclopropyl- 
carbinol with lithium chloride and hydrochloric acid gave ring- 
opened products18s. 

Tosylate displacements in particular provide one of the best 
methods of converting secondary alcohols to bromidesl7O without 
rearrangement, although inversion of configuration occurs. 

Pyridine hydrochloride has been used on steroid tosylates for the 
preparation of chloro compounds184. 

Phenol esters are inert to liydrobromic acid in acetic anhydride 
(equation 70 1”) whereas henzylic ozes are c!ezvcd, and similar 

Ph &:::o * - HBr Ph &OAC CH,Br (70) 

differentiations are apparent (equations 7 1, 72) in the preparation 
of y-pyrone derivatives, both with free hydroxyl groups and with 
derivatives. 

MeSO,OH,C 

OS0,Me 

C. Displacement by Fluorine 
1. Direct halogenation 

Alcohols do not react with fluorine to give alkyl fluorides. In 
general, the other halogens can be used directly or indirectly to bring 
about substitutive halogen.ation of alcohols under certziin conditions 
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( 1-adamantanol with liquid bromine38, alcohols with iodine in the 
presence of borohydride4 or phosphoruse, alcohols3G with chlorine), 
although oxidations occur if labile functional groups are also present 
in the molecule. 

2. Hydrofluoric acid 

Despite the reversibility of the reaction (equation 73) and the 
conclusion1*8 that the reaction is of little synthetic value, hydro- 

(73) 
fluoric acid has been used quite widely for preparing fluoro com- 
pounds (equations 74 189) 75 190 and 76 191). The low acidity of 

R O H  + H F  + RF + HzO 

HF 

I minute 
Ph$(OH)CH1F - PhZCFCHtF 

-70' 

(74) 

liydrofluoric acid compared with the other halogen acids, and the 
low nucleophilicity of fluoride ion are here overcome. Very variable 

RsSiOH -+ RJSiF (75) 
yields were obtained with the silanols, (equation 75), from 7% when 
R = Et, to 100% when R = Ph, but the reaction, using hydro- 
fluoric acid in acetone, has not been used widely for carbon hydroxy 
compounds. 

Alcohols add to diphenylcyanarnide, Ph,NCN, under the in- 
fluence of potassium butoxide, to give intermediates1R2, analogous 
to those used in section II.B.5c, which react with hydrofluoric acid 
to give alkyl fluorides. 

3. Fluoramines 
The fluoramine FCHClCF,NEt, has been used to good effect193 in 

the example shown (equation 77) and in converting hydroxyamino 
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acids to fluoroamino acids'"', but products rcsulting from the 
rearrangement of the intermediate carbonium ion arc also found in 
many cases 9 5. 

4. Sulphur tetrafluoride 

A great many oxygen-containing compounds, including alcohols, 
are attacked by sulphur tetrafluoridel969 This toxic gas is perhaps 
the most efficient reagent for converting alcohols1gs to fluoro com- 
pounds, but its great reactivity can be a disadvantage. Carbonyl 
groups are converted to gem-difluorides, and carboxylic acid deriva- 
tives to trifluorometliyl groups. Ethers, alkenes and alkynes are not 
attacked, however. 

The convcrsions are catalysed by Lewis acids (L)  , and the meclian- 
ism is therzfore probably as shown (cquation 78). With proparSylic 

'H 
ROSF,-----L F- + 

d R F  + SOFp + F- 

alcohols81 (equation 79) a mechanism similar to that invoked by 

n- > (F,C),C-C=CH S Fa (FjC),C(OH)CGCH 
/ I  4 

--z (FaC),CFC k C H  + (FaC),C=C=CHF 

Landor199 for the rearrangement of sulphinate esters of propargylic 
alcohols ex$ains the product formation. .A similar mcchazism was 
proposed by the sames1 authors for the interaction of PCl, with the 
alcohol 80. 

Sulphur tetrafluoride substitutes the liydroxyl group of tropolones 
by fluorine196 iil benzene solution at 60°, (equation 80) conditions 
considerably milder than those usually used (ca 150" in a pressure 
vessel). This very ready reaction is the consequence of the acidity of 
the enol and also cf the increased susceptibility of the intermediate 
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0 0 

to attack by fluoride ion due to the presence of tlie carbonyl group 
(equation 8 1). The analogous reaction with simple phenols does not 

proceed, a consequence of tlie resistance of the electron-rich ring in 
the phenyl ether intermediate to nucleophilic attack (equation 82) 

6 a 6 __X_, (82) 

However, hydroxyquiiiones are attacked by the reagentlB6 (equa- 
tion 83) and borate estersZo0 of alcohols also. 

OH 0-SFj 

F- 

A recent review201 has briefly summarized other uses of SF, in 

Phcnylsulphur trifluoride reacts in many ways as SF, 201, but is a 
organic chemistry. 

milder reagent. 

5. Vosyiate displacements 

example202, and in other molecules also. 
Fluoride ion can displace hsyl ion, from sugar derivatives for 

6. Fluoroformate decomposition 

Carbonyl fluoride reacts with alcohols to form fluoroformates, and 
tlie decomposition of these esters to alkyl fluorides has been de- 
scribed203. 
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111. DISPLACEMENT BY NITROGEN 

A. Displacement by MH, 
1. Bucherer reaction. The reversible conversion of naphthols to 
naplxhylamines in the presence of aqueous sodium bisulphite and 
ammonia, the Bucherer reaction?04 (equation 84), has also been 

applied?05 to some phenols, to more highly condensed hydroxy- 
aromatic compounds, and to some heterocyclic systems. 

The mechanism of the reaction, for long assumedzo5 to involve 
addition of ammonia to the bisulphite addition compound of the 
keto-form of the naphthol (equation 85) has been shown erroneous, 

and recent reviews have corrected itzo4$ ?06. The older formulation of 
the intermediate as the bisulphite addition product of a ketone was 
untenable in the light of i.r. evidence207. This clearly showed the 
presence of a ketone, which forms an oxime and a semicarbazone in 
the usual way. The intermediate may be regarded as the product of 
1,4 addition to an a,!?-unsaturated ketone (equation 86) or, more 

fully, as the product of the scheme outlined in equation (87). The 
conversion of the ketone, via an  imine, to naphthylamine derivatives 
then is unexceptional. 
2. Ritter reactionzo8. A general mcthod for converting alcohols, 
rather than phenols (scction III.A.l), to amines is that due to Ritter 
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d-QJj "+>d 
/ S0,Na- (87) 

d S 0 3 N a  H H 

(equation 88). A review of its application in the synthesis of hetero- 

(88) 

cyclic compounds has appeared209. The reaction involves the car- 
boniurn ion derived fiom tiic a'icohd: the sainc product car, z!so be 
obtained from an alkene in the presence of nitriles (or inorganic 
cyanides) and acid. The nucleophilic group which attacks the car- 
bonium ion is a covalent cyanide, using the lone pair on nitrogen, 
and not cyanide ion. 

The yield of primary amine is particularly good from tertiary 
alcohols, and poor from primary ones, as anticipated. 

H.SO, 
ROH RNHCOR'--t RNHn 

3. A particularly neat synthetic route to amines from phenols, 
though not a direct displacement mechanistically, has been reported 
by Scherrcr"0, and app!icd to ocstrone2ll (equation 89). 
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Another, patented212 reaction in which the overall coiiversion is of 
a phenol to an aniline derivative is shown in equation (90) although 
it is very unlikely that the mechanism involves any direct displxe- 
ment of hydrcjxyl by amine group. 

4. Tosylates can be converted to azides (section III.C.2) and the 
azides reduced to amii-,es to provide a useful synthetic route from 
alcohols to a m i n e ~ 2 ~ ~ .  

B. Displacement by NR, 
The Bucherer reaction can be extended to prepare secondzry 

amines 205 and hydrazines205 from. phenols. Examples of these 
reactions are included in review articles. 

C. Displacement by h i d e  
1. Direct displacements of hydroxyl by azide are uncommon, but 
carbonium ions derived from alcohols are attacked by azide ion 
(compare the Ritter reaction, section III.A.2) to giveorganicazides"" 
(equation 91). 

NaN, 
Ph,COH - >. P h l C N 3  

H,SO, 

2. Tosylate displacement by inorganic azide ion provides the princi- 
pal route to azides from a lc0hols2~~~ 210. The stereochemistry of the 
product obtained in the displacement of a secondary alcohol depends 
markedly on the solvent polarity, as ar.ticipated from the inevitable 
change in mechanism from SN2 to Ssl in more polar solvents. 
3. Epoxides2" and halohydrins2'8 are attacked by sodium azide 
and acid, giving hydroxyazides. 
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IV. DISPLACEMIENT BY HYDROGEN 
A. Hydrogtvtolysis 

It has long been known that benzylic alcohols21g (and, more re- 
cently, homobenzylic alcohols) z 9 O  are reduced to the parent hydro- 
carbons by catalytic or chemical hydrogenolysis (equation 92). 

(92) 
Cleavage of the carbon-oxygen bond occurs even more rapidly when 
ester derivatives of alcohols are used, and McQuillin and co-workers 
have shown*?' that in a series of conversions (equation 93) the ratc 
of hydrogenulysis parallels the stability of X-, the case with which 

(93) 

[HI 
Ar CH,CH20H +Ar CHzCHI 

Ph Ph 
I 

I 
X 

I 

I 
H 

[HI , R-C-CO2Et R-C-CO,Et 

X- is eliminated, OH- < OCOCH,- < OCOCF,-. 
The hydrogenolysis of secondary alcohols is characterized by a 

high degree of stereospecificity292, different catalysts (and different 
leaving groups) determining whether retention or inversion of 
configuration occurs. 

G a r b i s ~ h ~ 2 ~  has discussed thc mechanism in terms of a modified 
Horiuti-Polanyi model? 24. He concludes that whereas homobenzylic 
hydroxyl groups are lost as water in a 8-elimination process involving 
a benzylic hydrogeii (no carbon-oxygen bond cleavage is observed 
in the absence of such hydrogens) and the final product is therefore 
produced from an alkene, benzylic hydrogenolysis proceeds by a 
different and more complex mechanism. 

Hydrogenolysis of phenols to benzene derivatives using palladium 
on carbor, can be effected through the derivative 57 2 2 5  (compare 
equation 89). 

N-N 

A r O X  \I 
N-N 

/ 
Ph 

(57) 

6. Reduction 
The apparent reduction observed when @-hromophenol is heated 

with triphenylphosphineG1 (section II.B.3a) (equation 94) is seen 
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Br Br 

I 
OH 

instezd as a displacement of liydroxyl by bromine in the light of a 
similar reaction (equation 95) with l-bromo-2-naphtho1, but several 

methods for replacing hydroxyl groups other than by hydrogenolysis 
are known. Iodides (most conveniently prepared from tosylates) are 
reduced by zinc and hydrochloric acid in methanol220 or by bisulphite 
in dioxan2z7. 

Tripheaykarbinol is reduced to triphenylmethane by 98% fsxnic 
acid at  20 O 228,2-naphthol to naphthalene by phosphorus trisulphide 
in phenol at  400" 229, and the alcohol 58 to 59 by lithium aluminium 
hydride in the presence of aluminium ch1oride"O. 

V. DISPLACEMENT BY OXYGEN 

A. Exchange with Labelled Hydroxy! G r o u p P  (equation 96) 
This topic is discussed in another chapter in this volume. 

(96) 
H,O* * 

PhOH 4 H + + PhOH 

6. Exchange with Alkoxy Groups232 (equation 97) 

(97) 
For a discussion of ether formation from alcohols, see an  earlier 

ROH 
PhOH -k H+-> PhOR 

volume in this 

VI. DISPLACEMENT BY S U L P H U R  

Paralleling the acid-catalysed exchange of hydroxyl for alkoxy 
groups in the phenols are the reported conversions (equations 98, 99) 
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of 8-naphthol to a sulphur ether233, and of‘ 3-hydroxy-3-methylbut- 

Me,COHC=CH 0__3 [PhCH 2SCMe,C=CH] + PhCH,SCMe,COMe (99) 

I-yne to the ketone 60 via 61 235. Phosphorus pentasulphide converts 

PIiCH,SH 

(61) (60) 

___, 
H O H r  CHOH 

T I  Ph 
Ph Ph 

the diol 62 ta the sulphide 63 236, and thiols and thiocyanates can 
also be used in the displacement of tosylate groups (equations 100, 
101). 

SCN 

I 
SCN 

KS C N”’ I 
Me C H (0 Ts ) C H (0 Ts) Me DMSO MeCHCHMe 

VII. DISPLACEMENT BY CARBON 

The multitudinous reactions in which the carbonium ion derived 
from an  alcohol attacks another carbon atom, as for example in 
alkene polymerizations, cannot be discussed here. Examples of 
iiucleophilic displacement reactions by alcohol-derived carbanions 
are included however, in section VI1.B. 

A. Displacement by Cyanide 
High yields of cyanoallenes are obtained from propargyl alcohols 

in the presence of hydrobromic acid, cuprous cyanide and potassium 
cyanide. There is no evidence that the acetylenic cyanide is an 
intermediate in this reaction, and no bromoallene is formed239. 



1 1. Displacement of Hydrosyl Groups 629 

Inorganic cyanidcs displacc tosyl groups from alcohol deriva- 
tivesZ40, usually in dimcthylformamide or dimcthyl sulphoxide solu- 
tion, in which the tosylates cxist in the equilibrium241 shown in 
cquation (102). (Displaccments by inorganic ions in these polar 

(1 02) 
f -  

ROTS -k Me,SO + Me,SOR OTs 

solvents also Stem aidcd by prefercntial solvation or thc cation242.) 

B. Displacement by Alkyl Groups 

A great many examples are known of reactions in which carbanions 
react with alcohols and diols to give alkylated p r o d u c t ~ Z ~ ~ *  244. The 
general rcaction is represented in equation ( 103). 

Grignard rezgents z e  smiices ~f potential carbanions, but react 
with alcohols to remove the acidic proton, usually the basis of the 
Zerewitinov determination of active hydroge11~4~. Ally1 alcohols 
can, however, be alkylated by treating ester derivatives such as 64 
with Grignard reagents24G (equation 104). 

Me 

WII. SURVEY O F  DISPLACEMENTS BY HALOGEN ON 
SPECIFIC HY DROXYL FU NCTIQNS 

A. Displacements on Propargyl Alcohols 
The alcohols are very susceptible to rearrangements during sub- 

stitution, giving allene derivatives under a wide variety of conditions, 
often without the intermediacy of propargyl halides. Applications of 
the rearrangements to the synthesis of allenes have been recently 
reviewed by Taylor247. 

Reagents which are used on less labile systems to obviate rearrange- 
ments work well on propargyl systems generally, although no aryl 
tertiary propargyl halides have been prepared 134. In  addition to 
triphcnyl phosphite methiodide at low tempcrature in methylene 
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chloridc18 and triphcnyl phosphite dibromide in the presence of 
pyridineZ4 R, liowcvcr, thionyl chloride has been used on primary 
propargyl a l c o h ~ l s ~ ~ ~ ~  240, and hydrochloric acid51, phosphorus 
trichloridel32 and sulphur tetrafluorideal on aliphatic tertiary ones 
without causing extensive rearrangement. Under different con- 
ditions, mineral acid"# .IG, phosphorus t r i b r ~ m i d e ' ~ ~ ,  thionyl 
chloride134. 148* and sulphur tetrafluoride81 have all been re- 
ported to cause major rearrangements in propargyl alcohols. 
Prapargyl iodides rearrange to iodcallenes in dimethylformamidela. 

B. Displacements on Allylic, Homallylic and Allenic Alcohols 
The problems encountered in studying substitutions of allylic 

are mainly those of detcrinining whether the mechanism 
involves double bond participation. 

From the synthetic aspect, as with bomoallylic systems and, in- 
deed, with simple alcohols, different reagents can he used t . ~ )  give 
stereochemically or isomerically different products. The different 
rezcticns eEectzd b y  PCI, a i d  SGG, (7$-cholestaiiol gives 55% 
7a-chlorocholestane with PCl,/CaCO, but 59% 7~-chlorocholestane 
with SOCl, have been referred to in section II.B.4. Retention of' 
configuration is found with many reagents on homoallylic alcohols: 
PCl,, PX,, (PhO),PX, and Ph,PBr, all react in this way74* 75. An 
important factor encouraging S,i reactions in 3-hydroxy-5-ene 
steroids is the inability of the rigid molecule to assume the necessary 
planar transition state configuration for Sx2 reaction. (See also 
equation 7 7.) 

Allenic alcohols also can be substituted directly by some reagents79, 
but rearrange to 1,3-diene derivatives with others79* 2 8 2 .  

See also References 6, 17, 18, 43, 44, 107, 136, 149, 193 and 24,8. 

C. Reactions of C y c l o p r o p a n ~ l s ~ ~ ~  and of Cyclopropylcarbinols 
No reactions are known in which direct substitution of cyclo- 

propanoh occurs; both with the fi-ec alcohols and with tosylate 
deri~atives25~, ring opening255 invariably takes place prefercntially. 

Cyclopropylcarbinols are also very susceptible to ring opening 
reactions, although the three-membered ring survives substitution 
at the adjacent carbon atom to some extent147. Earlier speculations 
on the intermediacy of the tricyclobutonium ion in these reactions 
are no longer tenable?". Halogen acids effect ring opening to give 
homoallylic halides in good laS. 
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D. Displacements on Phenols (SCC also scclion II.B.3.a) 
Phenols readily form csters with many of tlie reagents used for 

convertino. alcohols to alkyl halides, but dies: fail to undergo 
nucleophilic substitution in a subsequent, halide-forming step, 
cxcept in a few cases. Phosphorus pentachloride gives poor conver- 
sions of phenols to aryl halides because of side reactions: tetraaryl- 
oxyphosphoniuni halides in general are stable at  quite high tem- 
peraturesG9 although their decomposition can be carried out at 
140" using the method due to Rydon70. The 52me method allows 
for the preparation of aryl bromides and iodides by cxchanging tlie 
chloride ion in the phosphonium salts. 

The usc of triphenylphosphine dihalides in place of phosphorus 
pentahalides is preferred becausc of the easier reaction resulting 
from making triphcnylphosphine oxide the leaving group, and the 
only disadvantage of the reagent seems to be encountered with very 
hindered phenols95 (equation 35). 

The hydroxyl group in tropolones can be substituted smoothly 
with sulphur tetrafluoride or with thionyl chloride1q1. Very acidic 
phenols react with thionyl chloride in d imethyl f~rmamide~~~.  

The relative inertia of phcnolic hydroxyl groups towards dis- 
placement cnables chemical differentiations to be made between 
them and, for example, benzylic hydroxyl groups. This has been 
exploited many times (section II.B.7 and Reference 257). 

?. 
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1. INTRODUCTION 

The dehydration of alcohols is one example out of a wide spectrum 
of elimination reactions of the general form 

RX -+ olefin + HX 

which are of interest for the paduction of olefins. Furthermore, the 
bimolecular dehydration of alcohols can often be valuable for the 
formation of ethers. 

The dehydration of alcohols can be observed both in solution and 
in the gas phase. General rules for elimination reactions have been 
given in the past1, 2. Furthcrmore, elimination reactions in solution 
are covered in the chapter by Saunders3 and those in the gas phase 
in the chapter by Maccol14 in the first volume of this series. There- 
fore in this chapter the acid- and base-catalysed dehydration of 
alcohols in solutiofi and thc homogeneous pyrolytic elimination of 
water in the gas phase will be dealt with shortly. The main part of 
the chapter will subsequently cover the gas phase dehydration over 
solid catalysts. Excellent reviews on this topic have been published 
by Winfields in 1960 and reccntly by Pines and ManassenG, who 
treat solely the special aspects of alumina as a dehydration catalyst. 
Since much information on the heterogeneously catalysed dehydra- 
tion of alcohols by various solids has been obtained in the last years 
and since it may now be shown that the principles of organic chem- 
istry, as worked out for homogeneous systems, are aIso applicable to 
heterogeneous systems, the author feels justified in spending more 
than half of the chapter on this last topic. 

!I. DEHYDRATION IN SOLUTION 

A. Acid-Catalysed Dehydration of Alcohols 

1. General observations 

The dehydration of alcohols proceeds in aqueous acid solutions 
of either Br~lnsted or Lewis acids. Product analyses show the forma- 
tion of mainly Saytzeff-olefins'~ *. This is a typical behaviour in El 
reactions. Saytzeff products are, however, the thermodynamically 
most stable olefins, so that under equilibrating conditions the product 
distribution in principle could be thermodynamically rather than 
kinetically controlled. The postulation of an  E l  type reaction is 
therefore only conclusive if the observed Saytzeff-products prove to 
be primary, non-rearranged products. Regarding the stereochemical 
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course of the dehydration a trans-elimination was shown to pre- 
dominate for cyclic alcohols98 10. I n  the following we will first 
elucidate the mechanism and the probablc reaction intermediates 
and then turn to some stereochemical aspects of the dehydration of 
alcohols in acid solutions. 

2. Mechanisms of the dehydration of alcohols 
The elementary steps of the dehydration in aqueous acid solutions 

have been investigated most cxtensively by Taft and co-workers11-1S, 
in particular fci the dehydration of tertiary alcohols. They collected 
much information for the hydration of olefns, which is a reversible 
reaction. Thus, conclusions could be drawn on the olefin-alcohol 
interconversion by applying the principle of microscopic reversi- 
bility. Included in these studies were thc dependence of rate of 
hydration and dehydration on the acidity h i x i h s  :lo and HR *, 
influence of ring size, solvent isotope effects, deuterium exchange 
with olefins, lSO-exchange, energy and entropy considerations and 
measuremeats of olefin solubility. The initial experiments dealt with 
the dependence of the rate of hydration of olefins on acid concen- 
trationll. The mechanism of this reaction was then deduced from 
the experimental results by applying the Zucker-Hammett hypo- 
thesis16. These authors found that the rates of a number of reactions 
follow the h,-function; whereas the rates of another group follow 
the stoichiometric acid concentration [H,O +]. Zucker and Hammett 
formulated the hypothesis that reactions, whose rates follow h,, do 
not involve a water molecule before or during the rate-determining 
step, whereas the second group of reactions involves the participation 
by a water molecule. Some results from different research groups 
for the hydration of isobutene in nitric and sulphuric acid solutions 
a t  acid concentrations up to 5~ are shown in Figure 1. k, is the rate 
constant for hydration of dissolved isobutene at  unit concentration 
and H, = -log h, is the Hammett acidity function. I t  is clear that 
the rate constant parallels h, satisfactorily, and no direct proportion- 
ality between k, and [H,O+] exists. O n  the basis of this result Taft 
concluded that the transition state for the hydration of ordinary 
olefins consists only of the olefin plus a proton, that is, a ‘free’ 
carbonium ion. Any hydration of this intermediate should be 
brought about only by ion-dipole interaction without any strong 

* Thc acidity function Hn is related to the equilibrium Hi -+ ROH $ R+ + 
IR 11 H,O and is dcfinedls” as 15% = -pPK~lor~ - log ___ 

[ROH]’ 
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covalent interaction between the ion and a water molecule. There- 
fore, all rate-determining elementary steps of the rcaction which 
require one or more water moleculcs in the transition state were 
excluded. The following mcclianism for the olefin-alcohol intercon- 
version was proposed: 

,c=c; \ + H,O+ fast - 
_. 

fast 
(3) 

A .-. alcohol + H,O+ 

The species 1 and 2 in this mechanism were thought to be unstable 
carbonium ions, representing a n-complex and a free carbonium ion, 
respectively. During the fast formation of the n-complex by addition 
of a pytjton the structure of the olefin is preserved, the proton being 
solely embedded in the z-orbital of tile C=C double bond. The 
bonding of this proton is therefore obviously very weak and different 
from that of all the other hydrogen atoms which are bonded by the 
coplanar directed sp2-orbitalsig. Except for the embedded proton the 
structure of this intermediate is essentially that of the olefin, the 
positive charge being nearly equally shared between the two un- 
saturated C atoms. In  the frec carbonium ion, on the &her hand, 
one of the carbon atoms bears the greater portion of the charge. The  
transformation from 1 to 2 in step (2) is an activated processlg and 
is therefore assumed to be rate-determining. The distinctions ‘fast’ 
and ‘slow’ in the above-mentioned mechanism are used according 
to the rate of material transfer and not with respect to the rate con- 
stants. I n  the former case the principle of microscopic reversibility 
is directly applicable, so that the reverse of the mechanistic equations 
reprcsefits the mechanism of the alcohol dehydration. For this 
reaction the rate-determining step cannot be the formation of the 
carbonium ion in step (3) but rather the isomerization of this inter- 
mediate to the n-complex (I) in step (2). For this reason the rate of 
dehydration of an alcohol should also parallel the Hammett acidity 
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function and not the stoichiometric acid concentration. This be- 
haviour has in fact been found and is illustrated in Table 1 for the 
dehydration of t-amyl alcohol at 25°C in various acidic solutions15. 

TABLE 1. Correlation of the effect of acidity on the rate constant k for the 
dehydration of tertiary amyl alcohol in aqueous acid media at 25" with the 

H,-functionR. 

HNo, 0.97 0.16 -4.19 -4.35 -4.19 
H!m4 1-50 0.56 -3.90 -4.36 - 3.98 
HCIO, 1-86 0.71 -3.56 -4.27 -3.83 

3.00 1 *38 -2.58 -.4.23 -3.33 
...-3.03 H,S04 4.10 1 4 9  - 2.42 -4.31 

%!SO, 

a Taken from Xeference 15 by permission of the copyright owner. 

Analogous results were obtained for the hydration of other olefins 
and the dchydration of the corresponding tertiary carbinols' 2. For 
the hydration of small ring olefins the effect of structure on the 
rate was aiso consistent with the proposed mechanism14. The activa- 
tion entropies for the hydration ol' olefins were shown to have low 
positive or negative values, ranging from about -4 to +1 e.u., 
whereas for the dehydration of carbinols high positive values be- 
tween +14 and +-19 e.u. were found'z. These observations are in 
-accord wit:: the above-mentioned mechanism since for steps (1) and 
(2) no great entropy changes can be expected. I n  the dehydration 
of alcohol In step (3) some degrees of translational freedom are 
gained and therefcxe the entropy of activation reaches high positive 
values. T h e  existence of a n-complex as an  intermediate is also 
shown by h e  fact that 2-mcthyl-2-butene and 2-methyl-1-butene 
do not isomerize during hydration". Thus, a reaction sequence with 

C 
I 

c-c-c=c 

C 
1 

C-C=C--c 

"+ > 

H+ > 

5: 
c-c-i: 

* -C (4) 
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carbonium ion formation by a preliminary proton transfer to the 
olefin must be excluded, since both olefins lead to the same car- 
bonium ion. On the other hand they form different n-complexes. 
If a carbonium ion, in which all the protons are equivalent, were 
formed preceding the rate-determining step, this could be detected 
by the appearance of deuterium in the unreacted olefin, if the re- 
action were performed in D,O-enriched solution. No such exchange 
could be observed, and it must be concluded that the initially added 
proton remains in an exceptional position, since it is easily lost from 
the intermediate before a transformation to a carbonium ion can 
occur. The most probable reaction intermediate is therefore the 
n-complex. During the reverse reaction, the dehydration of alcohols, 
an exchange between solvent and substrate should be observed, 
since the isomerization of the carbonium ion to the n-complex is 
slow, whereas step (3) is fast. Gold and Gruen21, however, conclude 
from their results on the dehydration of t-butanol in tritium-enriched 
acid solutions, that the direct €€-exchange in the tertiary butyl 
cation has to be ruled out. The only acceptable reaction path would 
then be the exchange via the dehydration-hydration sequence. 

Measurements of the solvent isotope effect, on the other hand, are 
still in favour of Taft's mechanisml3. The results of the hydration of 
2-methyl-2-butene and of 1-methyl-1-cyclopentene in nitric acid 
solutions at 30" and 35"C, respectively, are illustrated in Figure 2 
for various D,O-concentrations. The Figure shows the dependence 
on n of the experimentally determined values of k,,/kH, i.e., the ratio 
of the rate constants for solutions with a relative deuterium con- 
centration n = Z: D/X (H + D) to that for normal aqueous solu- 
tions. These values are compared with the theoretical curves which 
were calculated from a formula derived by Nelson and Butlerz?: 

where (aH+), and (aII+),  are the proton activities in the mixed solvent 
and in H,O and analogously (aD+In and (aD+). are the deuteron 
activities in the mixed solvent and D,O, respectivzly. The derivation 
of this equation was based essentially on the relative acidities of 
D,O+ and H,O+ and on the assumption that a proton transfer from 
solvent to substrate preceding the rate-determining step is involved. 
In  the case of a rate-determining proton transfer process, on the 
other hand, the rate should be retarded linearly with increasing 
mole fraction of D. The fact that the experimental results follow the 
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0.25 0.50 0.7 5 1.00 

FIGURE 2. Hydration rates of trimethylethylene and 1 -methylcyclopentene-1 as 
functions of H,O-D,O content of the solvent. @ 1-methylcyclopentene-1 in 
0.0909~ nitric acid at 35.2"C. - - - theoretical curve for 1-methylcyclopentene-1. 
0 trimethylethylene in 0 . 9 7 3 ~  nitric acid at  '30.0"C. - theoretical curve for 
trimethylethylene. (Taken from Reference 13 by permission of the copyright 

owner.) 

Butler equation lends further support to the preliminary formation 
of a n-complex. Step (1) of the reaction scheme must therefore be 
written in the form 

so that no D can appear in the unreacted olefin as shown experi- 
mentally2O. The observed isotope effects of near unity were explained 
as being caused by compensating opposing effects in reaction steps 
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(1) and (2). The possible occurrence of such low solvent isotope 
eff‘ects for the hydration of olefins has recently been verified by 
Willi2Za by means of purely theoretical considerations. 

The formation of a n-complex seems now well established, whereas 
the degree of hydration of the reaction intermediates is still subject 
to some controversy. With respect to the high solvation energy 
(ion-dipole interaction) of about 69 kcal/mole for a tertiary butyl 
cation Taft himself argued that such interactions would probably 
influeiice certain aspects of the hydration-dehydration mechanism 
as, e.g., the stereochemistry. Moreover, Grunwald, Heller and 
IUeinZ3, relying on their investigations of racemization and oxygen 
exchange of I-phenylethyl alcohol, suggested that the Zucker- 
Hammett hypothesis is not applicable to the alcohol-olefin inter- 
convcrsion in its simple form. Taft and co-workers arrived at  the 
same conclusion in their later work15. If the intermediate carbonium 
ion were as ‘free’ as assumed initially, one would expect the reaction 
rates to parallel the HR-function. The fact that this suggestion could 
not be verified by experiment15 (cf Table 2), whereas the H,-function 

TABLE 2. Corrclation of the effect of acidity on thc rate 
constant k for the dehydration of t-amyl alcohol in 
aqueous HN03 solutions a t  30°C with the Ho-functiona. 

0.973 0.16 -4.02 -4.53 
1.500 0.45 -3.96 -4.66 
2.0 1 0.67 -3.96 -4.85 
2.96 1.00 -3.91 -5.17 
4.00 1-32 -4.01 -5.60 
4.94 1 *56 -4.01 -5.9c 

a Taken from Reference 15 by permission of the copyright 
owner. 

is followed very well, may indicate that the transition state is an 
oxonium ion rather than a ‘free’ carbonium ion, i.e., the transition 
state seems to consist of the substrate plus a proton plus a water 
molecule rathcr than the substrate plus a proton. Thus, two possible 
pathways remain, one in which the ion R+ - - - OH, isomerizes in 
the rate-determining step to a n-complex, or another in which a 
‘free’ carbonium ion eliminates a ,&proton by reaction with a water 
molecule, to I‘onn an olefin. Taft and co -w~t -ke r s~~  have shown that 
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the I 8 0  exchange rates and the dehydration rates of tertiary alcohols 
both follow the h,-function. Since, moreover, the entropies of activa- 
tion for both reactions show very similar high positive values both 
reactions are assumed to proceed through the same initial steps. 
The exchange rates are appreciably faster than the dehydration 
rates, which shows the rate-determining steps to be different. The 
following two mechanisms are consistent with all experimental facts. 

Mechanism A: 

Mechanism B: 

ROH f H,O+ ,- ROH; + H,O 
- 

ROH; T R+--OH, 
(3) 

[>c;c<]+ olefin + H 3 0 +  

ROH -t H,Of - ROH: + H20 

ROH,+ ,- R+ + H,O 
\r 

R+ -t H,O S olefin + H,O+ 

I n  mechanism A, steps (a), (6) and (d )  must be fast and step (c) rate 
determining for the dehydration, whereas for the exchange reaction 
step (a) is fast and step (6) rate-determining. I n  mechanism B, on 
the other hand, step (c) determines the rate of elimination of water, 
and step ( b )  is the slowest reaction for la0-exchange. I n  both these 
mechanisms the transition state is represented by a structure possess- 
ing a triple character, ix., a hybrid with some of the properties of 
an olefin, a conjugate acid of an alcohol, and a carbonium ion. 

An alternative possible description of the n-complex structure is 
given by Taftl5, who prefers mechanism A. 

/c=c-.. ' " OH, H 'I+ 
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Very similar results were obtained by Dostrovsky and IClein24 for 
the 180-exchange and dehydration of t-butanol under identical 
conditions in sulphuric acid so l s t in~s .  T-Tc~.~cvc~, ii-, tlieii- killecic 
analysis these authors assume mechanism B to be more !ike:y, with 
step (c) being rate-determining in the dehydration. An exchange 

H z ” 0  + ROHZ+ + R”OH?+ + HZO (5) 
route could not be rigorously excluded, but is considered as unlikely 
for tertiary alcohols in highly aqueous media. 

Reactions of secondary and primary alcohols have been studied 
less Intensively. The following interrelated reactions of the secondary 
butyl system were subject to the investigations of Manassen and 
Kleinz 5: 

EtCH=CH2 + H 2 0  --j. EtCH(OH)CH, (Hydration) 
CH,CH ,CH=-CH + CH3CH=CHCH, (Isomerization) 

CH,CH,CH(OH)CH,-+ CH,CH=CHCH, + H 2 0  (Dehydcation) (6) 
CH3CH~CH(’sOH)CM3 $- Hzl’O + CH3CHzCH(l0OH)CH, + H ,  ‘*O 

(Solvolysis) 

The reactions proceeded in 0 . 5 5 5 ~  perchloric acid a t  100°C. By 
doubly labelling butan-2-01 with l 8 0  and 14C, exchange and 
isomerizatioii cmld be followed at the same time under identical 
conditions. The pathways of the four reactions can be described in 
the following reaction scheme: 

J t  J2 

(7) 

14 ‘‘c-c-c-c c-c-c-c 
I I 
OH OH 

J1 and Jz indicate reaction intermediates. I t  was found that the ratio 
of elimination to substitution equals L 2 / k 4  = 0.5 and, using a 
method developed by Grunwald and C O - W O ~ ~ ~ I - S ~ ~ ,  that the number 
of water molecules attached to the reaction intermediate in nearest 
neighbour sites is two. Since, contrary to the experimental results, 
as shown by Ingoldzc, the elimination to substitution ratio is smaller 
for secondary carbonium ions than for ‘methyl substituted’ tertiary 
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carboniuin ions (ik2,'k,, = 0.08 for tertiary butyl ioned), it was con- 
cluded that the mechanisni for the secondary butyl compound is 
different from that of the tertiary pentyl compound, i.e., a free 
carbonium ion is not involved as an intermediate in this case. 
Furthermore, from calculations of the free energies of formation of 
carbonium ions one is forced to assume activation energies in the 
secondary butyl system which are too high to be in accordance with 
experinicntal results. Manasscn and Klein therefore introduced 
the idea of a reactive intermediate with two water molecules 
attache6 syinmetrically to each side of the plane of the carbon 
skeleton, the bonds between the water molecules and the central 
carbon atom being of partially covalent character: 

c-c-c-c 

The symmetrical position of the water molecules is supported by the 
comparison of the rates of l*O-exchange and of racemization of 
optically active s-butanol. I t  was shown by Bunton and L l e ~ e l l y n ~ ~  
that the racemization is almost exactly twice as fast as the exchange, 
indicating that each exchange of oxygen atoms between alcohol and 
water gives complete inversion of configuration of the asymmetric 
C atom. 

The high elimination-substitution ratio for the secondary butyl 
compound can be explained by assuming that the neighbouring 
water molecule assists in the elimination of the @-proton. The sug- 
gested mechanism is furthermore supported by the observed isotope 
effects. I n  the t-butyl system the deuterium isotope effect of near 
unity was explained13 by opposing effects caused by the reaction 
steps (1) and (2) in Taft's mechanism; in the case of the kinetic 
isotope effect for secondary compounds only the step in which the 
the C-H bond is formed during hydration has to be considered: 

This step is therefore rate-determining. 
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In tlie dehydration products or s-butanol tlic thcrmodyriamically 
less stable cis-2-butene predominates over the trans-isomer. Manassen 
and Klein25 therefore zssume some 3-t-complex character of the 
reaction intermediate, i.e., the P-proton is transferred to the n- 
orbitals of the developing double bond prior to elimination. Because 
of the higher stability of cis-n-complexes the decomposition of the 
reaction intermediate leads then preferentially to the cis product. 

Similar kinetic studies were undertaken by Dostrovsky and 
Kleint8 for interrelated reactions of the primary butyl compound. 
As reaction products from treating n-butanol with IN sulphuric acid 
solution at  125"C, s-butanol, di-n-butyl ether and a mixture of 
olefins were found. Assuming a reversible and rapid formation of 

(9) ROH + H,O+ + ROH1+ + H20 

the conjugate acid 
could he explained 

of tlie alcohol the formation of these products 
by the fallowing reaction scheme: 

C H3C H2C H,C H,O H: 

< 4  
A 5 

CH,CH,CH(OH) CH3 C H,CH,dHC H, -.--.-- CH3CH = CHCH, 
-5 - 4  

It is known that but-2-ene gives only s-butanol on hydration. 
During the hydration of but-1-ene under the above-mentioned con- 
ditions only one part of n-butanol in 1000 of the hydrated product 
was formed, the main product being s-butanol. This result must be 
a consequence of the low stability of the primary carbonium ion, 
i.e., its minute proportion in equilibrium with the secondary ion 
even in strong acidic media. Since the lSQ-exchange with water has 
been observed to be faster by a factor of 3 than the decomposition of 
n-butanol under identical conditions, the exchange reaction cannot 
proceed through reaction steps 1 / - 1. The concerted reaction step 
(5 )  was therefore suggested to be the preferred reaction path for 

(5) 
the oxygen exchange with primary alcohols. On  the same grounds 
a concerted rather than an ionic mechanisni should then be accepted 
for the direct decomposition of primary alcohols. These conclusions 
are also in accord with the results observed for exchange and 
decomposition of neopentyl alcohol. 

H z l S O  -i- ROH3+ + HzO + R l 8 0 H z +  
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The ether formation from primary aicohols is assumed by Dostrov- 
sky and Klein28 to proceed by the bimolecular attack of an alcohol 
molecule on the oxonium compound. By comparing the conversion 
with the exchange data, n-butanol seemed to be a somewhat more 
effective nucleophilic reagent than water. 

Summarizing the dehydration in aqueous acidic solutions, one 
comes to the conclusion that tertiary alcohols are dehydrated 
through more or less free carbonium ions. Secondary alcohols prefer 
a reaction path midway between a carbonium ion and the transition 
state of a concerted mechanism, whereas dehydration of primary 
alcohols proceeds via an almost concerted mechanism. One may 
assume that with increasing temperature the ionic mechanism par- 
ticipates more and more in the dehydration of secondary alcohols, 
whereas for primary alcohols the dehydration should occur via the 
concerted mechanism even in the most acidic media because of the 
low stability of non-resonance stabilized primary carbonium ions 29. 

Taft’s mechanism has been questioned by RoEek30, who based his 
criticism on investigations of the dehydration of 1-methylcyclo- 
hexanol in sulphuric acid solutions in acetic acid and mixtures of 
acetic acid and water as solvents. It has been shown for such rela- 
tively nonpolar solvents that the acidity function H, in Hammett’s 
definition does not represent a definite physical property of the 
system31. RoEek3% therefore defired a new acidity function (E,) 
relying on indicator measurements on solutions of various mineral 
acids in anhydrous acetic acid and acetic acid containing up to 15% 
of water. This acidity function was shown to be independent of the 
indicator used in the measurements and it was thought that this 
function could be useful in correlating kinetic data for acid-catalysed 
reactions in media of low polarity. The rates of olefin formation 
were followed in 85 to 100% acetic acid, in the presence of 0.02- 
1 . 4 ~  sulphuric acid. The rate constants paralleled the antilogarithm 
(h,); of the acidity function rather than the stoichiometric 
acid concentration. O n  applying the Zucker-Hammett hypothesis 
the slow separation of water from the protonated alcohol with a 
subsequent rapid reaction of the carbonium ion with solvent was 
suggested to be the reaction path of the dehydration, i.e., mechanism 
B was assumed to be valid. Especially two points in Taft’s argumenta- 
tion have been criticized by RoEek. Firstly, it is mentioned that the 
application of the principle of microscopic revcrsibility is justified 
for a reversible reaction proceeding through the same intermediates 
in both directions, but that it does not necessarily mean, as assumed 
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by Taft, that the slowest step in one direction is also the slowest in 
the reverse reaction. Secondly, it is emphasized that according to 
Taft's mechanism the rate constants should parallel the H,-function, 
which was not the case. Taft, however, contrary to RoEek, was led 
by this finding to the suggestion that the Zucker-Hammett hypothe- 
sis is not applicable to the dchydration of alcohols. 

A different reaction path is that through an intermediate ester, 
which subsequently decomposes either thermally or by the El or E2 
mechanisms. Well known for preparative purposes is the dehydration 
of alcohols in concentrated sulphuric whereby, depending on 
the reaction conditions, the initially formed ester either decomposes 
to form an olefin 

ROSOzOH -+ olefin + HOS020H (11) 
or gives an ether 

ROSOZOR + ROH+ aIC)R t ROSOZOH (12) 

Similar mechanisms are possible in various other reagents, e.g. 
p-toluenesulphonic, perchloric and oxalic acid, iil anhydrides and 
in POCI, in  pyridine or P,O, in xylene. One example of such de- 
hydration mechanisms was published recently by Gandini and 
P I e ~ c h ~ ~ .  For the decomposition of aromatic carbinols, namely 
CH,CHPhOH, CH,CPh,OH, CH,PhCPh,OH and CHPh,CPh,OH, 
in perchloric and sulphuric acid they observed a very rapid dehydra- 
tion with a subsequent slow protonation of the resulting olefins. 
Thus, the dehydration was suggested to be a true acid-catalysed 
reaction for which a carbonium ion mechanism could not be 
accepted. The formation of an intermediate ester is suggested. 

,0-cto3 
c-c + H20 (13)  

1 1  H, 
I I  / \ I \  

H-C-C-OH + HClOI 

This subsequently undergoes a cyclic cis-elimination with formation 
of the olefin and the acid hydrate: 

0 

This pathway is deduced from the Chuwaev cis-elimination35. 
v 

Similar behaviour was reported for the dehydration of the isomeric 
2-benzyl cyclopentanols in phosphoric acid3". 
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As noted by Banthorpe3’ this reaction type has not been studied 
systematically for acyclic systcms. Fragmentary information was 
obtained for the more coinplicated cyclic structures. In Banthorpe’s 
opinion, ester and oxonium ion formatiori with stronger acids prob- 
ably occ1-ir simultaneously or within different rangcs of conditions 
with different substrates. Both these intermediates undergo subse- 
quent uni- or bi-molecular decomposition. Furthcr examples for 
the ether formation through intermediate esters and carbonium 
ions are presented by Feucr and Hooz3*. 

3. Stereochemistry 

The stereochemical course of dehydration reactions in solution 
have mainly becn studied with cyclic alcohols. I n  an early work 
Vavon30 showed that cis-2-alkylcyclohexanols dehydrate more 
easily than their trans-isomcrs. From this result a trans-elimination” 
was suggested as likely. Later, using cis-trans isomers of Z-phenyl- 
cyclohexanol Price and Karabinos4 arrived at the same conclusion 
as Vavon because of the almost cxclusive formation of l-phenyl- 
cycloh’xcne from the cis-isomer, whcreas the trans-isomer seemed to 
produce mainly 3-phenylcyclohexene. The mechanism of the re- 
action with the trans-isomer, however, is much more complicated, 
since appreciable ring contraction F nd isomerization was verified 
by thorough 14C-tracer studies in phosphoric acid, the amount of 
I-phenylcyclohexene also predominating in this case42* 43. The 
product distributions are tabulated in TabIe 3. Since the two 
isomeric substrates yield the products ir, widely differing amounts, 
it may be concluded that a classical carbonium ion (4) cannot he a 

’ (4) 

common intermediate in both reactions. Thus, the participation of 
an EZlike intermediate, a t  least in the climination ofthe elements of 
water from the cis-alcohol, may hc suggested. This isomer can achieve 
a trans-planar transition state in conformation ( 5 )  with the hydroxyl 
group Axial and the phenyl group equatorial, which is necessary 
for a tru~zs-elimination~~. 

* Recently the expressions anti- and pi-elimination have been proposed as being 
preferable to truru- and cis-elimination“. 
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For an E2-elimination Hofmann-orientation would be expected 
rather than the almost exclusively observed Saytzeff-orientation. 
The  suitable trans-planar transition state could also be achieved 
between the hydroxyl group and a p-Froton at C(e). (The numbering 
of C atoms is shown in 6.) In  similar cases in the methyl series both 
possible products of trans-elimination have been 0bserved4~. The 
lack of formation of the Hofmann-product may be explained by 
the phenyl substitution at C(2), which by electron withdrawal 
favours the acidity of the adjacent proton more than that of the 
protons at C(o). Assuming the same mechanism for the dehydration 
of cis-2-t-butylcyclohexanol one would expect an enhanced formation 
of the Hofmann-product because of the inductive efCect of this 
group. The only product observed, however, was 1 -t-butylcycio- 
hexene in 100% yield45. Since the substitution of an electron- 
dmating t-butyl group at C(2) may favour an El-like reaction inter- 
mediate, the exclusive formation of the Saytzeff-product suggests a 
carbonium ion mechanism. Steric effects of the bulky groups sub- 
stituted at (&) may also play a role in the orientation of the elimina- 
tion The explanation given above for the product dis- 
tribution of cis-2-phenylcyclohexanol diflers from that of Schaeffer 
and Collins", who include the classical carbonium ion 4 ifi their 
scheme. 

In  trans-2-phenyl cyclohexanol a trans-planar conformation bc- 
tween the hydroxyl group and either P-proton is precluded and 
therefore an  E2-elimination mechanism seems unlikely. Eliel and 
co-workers43 assume the observed degree of ring contraction to 
increase with increasing ionic character of the transition state. 
Furthermore, with the help of 14C-labelling at C(2) phenyl migration 
has been found during the elimination of water from the trans- 
alcoho142. Thus, the reaction steps in this case may be given by the 
scheme as shown on the following page by Schaeffer and Collins42: 
It may be pointed out that phenyl migration has also been observed 
very recently during the dehydration of 3-phenyl-3-methylbutan- 
2-01 in perchloric and in p-toluenesulphonic acid, the Saytzeff- 
product being formed exclusively4 '. 
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-H+ 

Ph 

4 Ph 

The dehydration of 2-t-butylcyclohexanoJ in phosphoric acid at 
130-150°C and in p-toluenesulphonic acid at 200°C has been in- 
vestigated by Goering and c o - ~ o r k e r s ~ ~ .  I n  this system a codorma- 
tion with the tertiary but$ group axial is precluded because of steric 
interactions. The degrees of dehydration of the two isomers were 
nea-ly equal, but whereas the cis-compound produced i 00% 
1-t-butyl-cyclohexene, the trans-isomers produced 60% 1- and 40% 
3-olefin. As rnildioned above, a concerted mechanism for the de- 
hydration of the cis-alcohol can be precluded. The same conclusion 
is reached for the trans-alcohol because of conformational reasons. 
An El-type elimination is therefore suggested for both isomers. 
Different reaction intermediates must nevertheless be postulated 
because of the differing product distributions. A pathway through a 
bridged carbonium ion 7 is assumed as being the prefexrrzd process 



660 H. Knozinger 

in the dehydration of the cis- alcohol, whereas in that cf the trans- 
alcohol the formation of a classical carbonium ion 8 followed by the 
loss of an axial proton is postulated. The removal of an axial proton 

H 

3 

(7) (81 

seems favoured since then the C-H bond of the leaving proton lies 
in the same plane as the vacant &-orbital of the positive carbon C+). 
This facilitates cis-elimination from trans-t-butylcyclohexanol, in 
which the OH group being eliminated is fixed in an equatorial 
position. 

Assuming the formation of an intermediate ester with subsequcnt 
cis-elimination Banthorpe48 offers an alternative mechanism for the 
dehydration of t-butyl cyclo!iexan.ol. 

B. Base-Catalysed Dehydration of Alcohols 
The dehydration of alcohols by concentrated alkaline media is 

known as a method for the production of dienes49. The dehydration 
can be achieved with alcohols, in which the b-hydrogen is activated 
by a double bond. Thus, O l ~ l o f f " ~ ~  b1 succeeded in dehydrating 
M,@- and B,y-unsaturated primary alcohols by potassium hydroxide 
a t  200°C, whereas unsaturated tertiary and saturated primary 
alcohols remained unaltered under these conditions. OhloPo 
studied the formation of ocimene (9) from 3,7-dimethylocta-3,6- 

GCH20H f &i (17) 

(9) 

dienol (isogcraniol) and of myrcciie (10) and furthermore the 

(1 0)  

formation of some 1,3-dienes of substituted cyclohexanes and cyclo- 
hexenes. The reaction of a$-unsaturated compounds was suggested 
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to proceed intramolecularly through a cyclic transition state, as e.g., 

'-1 2 

For the dehydration of P,y-unsaturated alcohols on the othcr hand 
a 1,Z-climination through a polar intel-mediatc was assumed: 

HO- 

Recently Traynelis and co-workers52~ 53 showed that dimethyl 
sulphoxide as a solvent facilitates the dehydration of secondary and 
tertiary benzylic and tertiary aliphatic alcohols and of l-alkyl-cyclo- 
alkanols. The mechanism was elucidated by elimination from threo- 
and egiihl-o- 1,2-diphenyl- 1 -propanol. As the olefin composition was 
the same for both substrates the tl-ans-phcnonium ion (11) was sug- 
gested as a common intermediate: 

(11) 

This carbonium ion mechanism is supported by the observation of 
several pinacol rearrangements. Dimethyl sulphoxide appears to 
serve as a solvent for promoting the ionization of alcohols. Since 
dimethyl sulphoxide shows unique behaviour in comparison with 
other bases of similar dielectric properties, one must consider sol- 
vating properties other than the extreme dielectric strength 
( e  = 48.9, ,u = 3.95 D) of this base to be responsible for the 
dehydntion. 

Olefinic products, however, are not the only possible products of 
this reaction type52' 53. With smaller amounts of dimethyl sulph- 
oxide present, ether formation predominates over olefin formation 
and the preparation of cyclic ethers is possible from certain diols. 
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111. DEHYDRATION IN T H E  GAS PHASE 

A. Homogeneous Dehydration in the Gas Phase 
The homogeneous pyrolysis of alcohols has been performed for 

some straight- and branched-chain aliphatic alcohols. Ethanol, n- 
propanol, n-butanol and isopropanol show pyrolytic decomposition 
at temperatures above 500 "C with dehydrogenation products pre- 
dominatings4-". The direct elimination of water plays a minor role 
in the pyrolysis of these alcohols. On the contrary Kistiakowsky 
and SchultzSs found 100% dehydration during pyrolysis of t-butanol 
and t-pentanol. Later B ~ n a r d ~ ~  reinvestigated the pyrolysis of 
t-butanol. The dehydration proceeds homogeneously and stoichio- 
metrically in the temperature range 487-620°C. The reaction 
follows a first-order rate law between 20-400 mm Hg at all tempera- 
tures. Neither water nor nitric oxide influences the reaction rate. 
Thus, the reaction must be unimoltxular, since otherwise the re- 
action rate would be affected by the addition of nitric oxide, which 
is known to be a strong inhibitor of free radical chain reactions. 
Presumably the elimination of water from t-butanol proceeds via a 
four-centred transition state similar to that suggested for dehydro- 
halogenation reactions609 61. 

Alcohols also characteristically split off water under electron im- 
pact or photoionization in a mass spectrometer to produce an 
'olefin' ion. This phenomenon has been observed with primary 
alcohols and a 1,2-elimination through a four-membered cyclic 
intermediate has been proposed62. However, no loss of deuterium 
from n-butanol deuterated at C,, C2 and C ,  could be detected. Using 
hexanol-4,4-d2, -5,5-dz and -6,6-d2 Meyerson and Leitch63 could 
show that the hydrogen atom lost as water came from C ,  in more 
than 90% of the decomposing molecules, a 1,4-elimination thus pre- 
dominating. From label retentions in secondary decomposition pro- 
ducts it must be concluded that elimination of water is accompanied 
or followed by formation of a new bond between the C atoms from 
which the elements of water are lost. Similarly, 1,4- and 1,3-elimina- 
tion processes have been proved to predominate over a 1,2-elimina- 
tion from cyclohe~anol~~.  This behaviour is retained in substituted 
cyclohexanols. For 4-t-butylcyclohexanols a 1,4-elimination induced 
by photoionization6s or electron impactc6 has been observed. The 
elimination of water is more rapid from the trans- than from the cis- 
isomer. I t  must, therefore, be concluded that the trans- derivative 
reacts in the boat iorm in which the leaving OH-group and the 
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hydrogen atom in position 4 come closest together. An analogous 
1,4-elimination is less likely to occur from the cis-isomer. Further- 
more, the tertiary butyl group also seems to retain the equatorial 
conformation in the ionized state. 

B. Homogeneous Catalysis of the Dehydration of Alcohols in the Gas 

The dehydration of aliphatic alcohols in the gas phase is catalysed 
by hydrogen halides. Various reactions of this type have been 
studied systematically by Maccoll a n d  Stimsori and c o - ~ o r k e r s ~ ~ - ~ ~ .  
Contrary to the uncatalysed pyrolysis in the presence of hydrogen 
halides70 even the decomposition of isopropanol results solely in the 
elimination of water. The reactions (22) are all homogeneous and 

ROH 3. HX + olefin + HzO + HX (22) 
stoichiometrical. They follow the rate law 

Phase 

- d[RoH1 = k[ROH][HX] 
dt 

in the temperature ranges covered and within several hundreds of 
mm Hg of partial pressures of both the alcohol and the halide. In  
Table 4 the frequency factors A and activation energies q are given 

TABLE 4. Arrhenius parameters of the hydrogen halide catalysed dehydration 
of alcohols. 

Q Ref. Temp. range A x lo-'? 
("C) (crn3/mole sec) (kcal/mole) Alcohol Catalyst 

- -  

t-BuOH - 
I-BuOH - 
t-AmOH - 
i-PrOH HBr 
2 BuOH HBr 
t-BuOH HC1 

HBr 

HBr 
t-AnlOH HCl 

- -~ 

487-620 
487-555 
48 7-55 5 
369-520 
3 8 7-52 0 
328-454 
3 15425 

308415 
370-503 

0.324 
450 
33 

1.0 
5.8 
2.0 
9.2 
6.7 
1.0 

-~ 

54.5 
65.5 
60.0 
33.2 
34.9 
32.7 
30.4 
34.0 
27.1 

59 
58 
58 
70 
73 
69 

67,68 
72 
71 

and compared with the data of the pyrolysis of t-butanol and 
t-pentanol. I t  is clearly seen that the catalysed reactions proceed at 
temperatures roughly 150 "C lower than the pyrolytic dehydration 
and that the activation energies are reduced by about 20 kcal/ 
mole. The olefinic products from s-butanol, i.e., 1-butene, cis- and 
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trutzs-2-butene, and from t-pentanol, i.c., 2-methyl-2-buteneY 3- and 
I-methyl-1-butene, appear in near equilibrium concentration be- 
cause of thc isonierizing power of the hydrogen halides. The primary 
product distribution remains therefore unknown. 

Cyclohexene, which is an effective inhibitor in chain reactions, 
does not affect the reaction rates, thus ruling out a free radical chain 
mechanism even in the case of isopropanol. The elimination of water 
must therefore proceed unimolecularly. Three possible mechanisms 
have been discussed by Maccoll and Stimson08. They come to the 
conclusion that the intermediate and rate-determining formation of 
an alkyl halide, which rapidly decomposes to olefin and hydrogen 
halide, is unlikely. This suggestion is based on the assumption that 
formation of the transition state in this case depends merely on the 
polar conjunction o€ the alcohol and halide molecule. Since the 
water molecule is more polar than alcohol molecules, water as a 
reaction product might destroy such a transition state before reaction 
could occur. However, no inhibition by water either produced 
during the reaction or initially added could be verified, so that the 
intermediate formation of alkyl halides must be excluded. Thus, 
two possible transition state models remain, namely a six-membered 
ring (121, which is similar to the transition state assumed for the 

H 
(1 2) (13) 

pyrolysis of or an ion pair (13). During formation of 12 the 
bromine atom makes a nucleophilic attack at the Cg-proton, the 
oxygen atom of the alcohol being protonated at the same time. Thc 
polarity of hydrogen halides favours such a scheme. Regarding the 
ion pair 13 formation, the similarity of this heterolytic mechanism 
with analogous reactions in solution is obvious. No definite decision 
is possible between these two transition state models, since energy 
considerations are in neither case convincing. Maccoll and S timson68 
envisage a continuous range of possible structures between 12 and 13. 

A heterolytic mechanism is also favoured by the influence on 
reaction rates by the substrate structure and the nature of the 
hydrogen halide. Generally, methylation at  the a-C atom brings 
about a great increase in dehydration rate, whereas /?-methylation 
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results only in a slight acceleration. Thus, the relative rate for the 
catalysis hy hydrogen bromide is about 60 in the dehydration of 
t-butanol and isopropanol at  420°C 70, and 57 in the case of t-pen- 
tanol and isopropanol at 400°C 73. t-Pentanol, on the other hand, 
reacts only 1.6-2 times as fast as f-butanol at 360°C ‘l, and s-butanol 
1.9 times as fast as isopropanol a t  430°C 73. The influence of the 
nature of the hydrogen halides is illustrated by the rate ratios 
I : 25: 200 for the dehydration of t-butanol at 320°C with WCI, 
HBr and HI as catalysts, respectively6’. 

C. Heterogeneous Catalysis of the Dehydration of Alcohols in the Gas 

The gas phase dehydration over solid catalysts is a valuable pro- 
cess for the preparation of olefins and ethers. The direction of the 
reaction can be governed by proper choice of the catalyst, by selec- 
tive poisoning of the catalyst surface, by modifying the catalyst’s 
porosity and by selecting favourable temperature ranges. Further- 
more, special catalytic propcrties can be achieved by mixed czta- 
lysts. Section 1 of this chapter deals with several classes of dehydra- 
tion catalysts, a discussion of the selectivity follows in section 2. In 
the remaining sections the kinetic and mechanistic behaviour for 
some important and characteristic systems will be presented. 

1. Dehydration catalysts 
The best investigated dehydration catalysts are the metal oxides. 

Sulphides, mineral salts and ion excharige resins can also be used. 
Metals catalyse the dehydration of tertiary alcohoh, for which de- 
hydrogenation is impossible wi tliout rearrangements of the carbon 
skeleton. Numerous dehydration catalysts have been tabulated by 
Sabatier23l9 233 and more recently in a review by Winfields. There- 
fore in Table 5 only those papers are referred to which appeared 
after 1960. This table does not claim completeness, but it does give 
a survey of the important groups of dehydration catalysts. 

2. Selectivity of dehydration catalysts 
The dehydration of alcohols over various solid catalysts is often 

accompanied by appreciable degrees of dehydrogenation. The 
selectivity of these catalysts is a very important, but as yet unsolved 
problem, though some attempts have been made in correlating 
selectivity factors and special properties of the solids, such as the 
width of the forbidden band gap or the differences of electronega- 
tivities between anion and cation233. Sabat ieFl  in his pioneer book 

Phase 

c n c-z 



TABLE 5.. Dehydration catalysts 

References 
Products Temperature Catalysts Alcohds 

range 

1. Oxides: 
A1203 C,-C5 aliphatic ethers, olefins 

alcs 

aliphatic alcs 
long chain olefins 

A1,03 cyclohexanol cycIohexcne 
A1203 phenylethanols styrenes 
-41203 2-aminocthanol piperazinc, 

pyrazine 
furfuryl alcs 

A1203 unsaturated dienes 
secondary alcs 

Thoz EtOH H,, H,O + olefin 
Tho ,  i-PrOH propenc 
T h o ,  2-octanol 1-octenc 
Tho,  RCH(0H)Me 1-olefins 
T h o ,  phenols phenylcthcrs 
Tho, decalols octalins 
Cr203 C,-C, aliphatic H,, H,O + 

a.lcs olefins 
cyclohexanol cyclohexene 

n-hexanol various 
products 

propene 
Ga203 i-PrOH H,, H?O 4- 

WO,, W,O, C,-C, aliphatic olefins 
alcs 

MOO,, MOO, C,-C, aliphatic H,, H,O + 
alcs olefins 

TiO, (anatas) i-PrOH H,, H,O i 

ZrO, EtOH HZ, HZO 4 
propene 

etliylcne 
SiO, i-PrOH propene 
NiO cyclohexanol cyclohcxene 

MnO I-BuOH isobuteiic 
tz-hexanol 1 -hcxc11c 

v203 EtOH, i-l'rOH H,, H,O + 
olefin 

propcne 
u3os i-PrOH %, H?O + 
Rare earth C,C, aliphatic H,, H,O + 

oxides alcs olefins 
Nd,O, cyclic alcs cyclic olefins 

150400" 75-108 

200-400" 109-1 12 

250-350" 
200" 
500" 

113-1 18 
119 
120 

220-310" 
300-320" 

12 1 
122 

275400" 
165" 
350" 

350450" 

350" 
300-600" 

290-500" 

123,247 
107 
124 

125-1 27 
12Ci 129 

129a 
130-132 

100-300" 133 

260-320" 134 

100-300" 86, 135-139 

138,140 300400" 

280-310" 141 

300400" 1 42 

107 
133 100-300" 

330-380" 
450-500" 

143 
144 

340-420" 145 

320460" 146-161 

200-500" 162 
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Catalysts Alcohols Products Temperature References 
range 

y,o, EtOH H,, H,O, ethy- 
Icne + ether 

S c 2 0 3 ,  Y,O, RCH(0H)Me I-olefins 

2 - Mixed Oxides: 
SiO,/Al,O, C,-C, aliphatic olefins 

alcs 
Si02/Al,0, long chain alcs olefins 
SiO,/A1,0, cyclohexanols cyclohexenes 
SiO,/Al,O, unsaturated alcs dienes 
Cr,O,/Al,O, C,-C, aliphatic H,, H,O + 

a!cs olefins 
ZnO/Al,O, i-PrOH H,, H,O -1- 

olefin - ~- ~ . . ~  

TiO,/FezO, propene 

TiO,/Nd,O, EtOH, i-PrOH H,, I3,O + 
olefin 

propene 
Cc,O,/La,O, i-PrOH :I,, H2O -I- 

3. <eolites, Moieciilar Sieves: 
iMordeni te EtOH ethylene, ether 
type A E tOH ethylene, ether 
type X C,-C, aliphatic olefins, ethers 

alcs 
type X long chain and olefins 

cyclic alcs 
type Y C,-C, aliphatic olefins 

and cyclic alcs 
cation C2-C,, aliphatic olefins, ethers 

exchanged alcs 
zeolites 

exchanged aliphatic and 
zeolites cyclic alcs 

cation long chain olefins 

4. Sulkhides: 
MoS, Cz-C, aliphatic H,, H,O + 
MoS, cyclohexanol cyclohexcne 
WS, C,-C, aliphatic N,, H,O 4- 

alcs olefins, ethers 

alcs olefins, ethers 

300-340" 

350450" 

5 0-3 50 " 

200-400" 
350450" 
150-300" 
230-320" 

280" 

400-500" 

250-350" 
250-350" 
240-350" 

275-300" 

150-2 75" 

240-350" 

140-200" 
2 75-300" 

230-3 10" 

260-320" 
230-3 10" 

163 

125 

107, 164-171, 
182-185 

109 
172 

122,173 
174-177 

178 

179 

180 

181 

186,187 
187, 192-194 

188-195 

196 

197 

187, 190-195, 
198-200 

200a 
196 

138,201-204 

202 
138,201-204 
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Catalysts Alcohols Tcmpeiaturc Products Rcf'crcnccs 
range 

M'S 2 cyclohexanol cyclohexene 
WS, decanol decenes 

5. Meta l  Salts: 
sec. alcohols olefins 
C,-C,, alcs olefins 
cyclohexanol cyclahexene 
cyclohexanol cyclohexene 

S-BuOH butenes 
EtOH ethylene, ether 
C,-alcs olefins 
unsaturated alcs dienes 
1,4-butanediol tetrahydrofuran 

C2-C, aliphatic olefins 

2-Me-2-BuOH olefins 
C2-C, aliphatic olefins 

cyclohexanol cyclohexenc 

C,-C, aliphatic olefins 

EtOH ethylene, ether 

butadicne 

alcs 

alcs 

Me-cyclopentenc 

alcs 

6.  Ion Exclinnge Resits: 
H+-form EtOH ether 
H+, Li+, MeOH, EtOH ethers 

H+-form C,-C1, a!iphatic olefins, ethers 
alcs 

H+-form tertiary aics olefins 

Na-&-form 

7. Vkrious Catalysts: 
active carbon C,-C4 aliphatic olefins 

aIcs 
a-bcron C,-C, aliphatic ethers 4- olcfins 

alcs 
Ni t-BuOH isobutcne 
Ni C,-C, aliphatic ethers 

alcs 

260-320" 

3 75" 
375" 

< 400" 

270420" 
370-430" 
280-3500 
200-350" 
260-320" 

=- 360" 
1804.50" 

180450" 
100-380" 

100-250" 
250-400" 

< 500" 

120" 
80-120" 

125-1 65" 

82 " 

2 10-3 10" 

275-350" 

2 10-360" 
150-190" 

202 
205 

206 
207-209 
238-2 10 
21 1,212 

213 
2 14 

76, 85, 2 15 
216,217 

218 

76, 84, 85 
219 
54 

220,22 1 

22 1 

222 

223 

224-226 
227, 227a 

3 6 7-3 70 

368 

228 

229 

230 
230a 
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on catalysis in organic chemistry considered selectivity as an in- 
trinsic property of the solid catalysts. However, activity and selec- 
tivity are strongly affected by different modes of preparation"*. 
Thus striking difficulties arise in the comparison of various catalysts, 
especially when data of different research groups must be compared. 
Nevertheless, some rough correlations could be found, especially on 
oxide catalysts. Schwab and Schwab-AgaIl idi~~~~ showed that the 
selectivity was changed in favour of dehydrogenation by all prepara- 
tion methods increasing crystal size and decreasing surface area. In 
this view the dehydrogenation takes place mainly on the flat surface 
of the catalyst particles, whereas the dehydration is restricted to the 
interior of pores, holes or channels, thus being strongly retarded 
by a decrease in porosity. 

By mainly geometrical considerations Eucken03j9 9:jG and Wickea37 
explained the behaviour of the selectivity factor 

For the dehydrogenation reaction on zinc oxide they postulated a 
so-called 'Anlagerungsmechanismus', whereby the reaction proceeds 
via a structure 14, in which the C-H proton forms a hydride-like 
bond to a surface metal ion. This is the structural element which 

(14 (1 5) 

lends zinc oxide its quasi-metallic dehydrogenation properties. The 
dehydration on the other hand is explained by means of the hydrogen 
exchange mechanism, 15, which proceeds solely on the oxide crystal 
layer. For the wurtzite lattice of zinc oxide the number of exposed 
metal ions is equal to the number of exposed oxygen ions. Thus, one 
might expect a relative selectivity of 0-5. Experimentally, however, 
almost 100% dehydrogenation is found with zinc oxide. This dis- 
crepancy is explained by assuming a poisoning effect of the de- 
hydration centres by water. From these geometricaI considerations it 
was suggested, as a general rule, that metal ions preferentially 
exposed in the surface are active sites for the dehydrogenation, 
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whereas the dehydration proceeds on oxide-faccs, i.e., oxides in 
which the ionic radius of the cation is large compared to that of thc 
oxygen ion, should favour dehydrogenation. This correlation could 
be roughly verified. E.g., calcium oxide which has the NaCl lattice, 
exposes crystal faces in which Ca2+- and 02--ions alternate, and 
is a typical dehydrogenation catalyst. In the surface of the corundum 
lattice of chromia, however, the oxygen ions predominate, thus 
making chromia, if appropriately prepared, an effective dehydration 
cat a1 ys t . 

Euckcn and H e u ~ i 4 ~ ~  made the additional demand that the sur- 
face ions or atoms should exhibit high polarity in an effective 
dehydrogenating catalyst. A different explanatioii of selectivity has 
been given by Szab6 and c o - w o r k e r ~ ~ ~ ~ *  238A. They suggest that the 
dchydrogenation properties increase with an increase in the ionic 
character of the metal-oxygcn bonds and conversely, the dchydrat- 
ing properties increase with an increase in covalent bond character. 
Similarly Winfield239 states two critcria for classifying oxide cat- 
alysts: (1) an oxide whose metal ion readily changes its valency state 
catalyses the dehydrogenation; (2) an oxide with appreciable n- 
bonding between oxygen and metal is a good dehydration catalyst. 
Thus the following sequence of catalysts has been presented by 
Szab6 and c o - w o r k e r ~ ~ ~ ~ :  

Dehydrogenation 
f 

CaO M g O  21.0 FeO Fe,O, C r 2 0 3  TiO, A1203 SiOz W 0 3  

This suggestion is favoured by the fact that metal salts such as 
ZnSO,, Zn,PO,, CaSO,, Ca,(PO,), and MgSO,,, in which the 
oxygens are bound mainly covalently, show appreciable dehydrating 
properties. I t  must, however, be einphasized that the bond character 
cannot be the sole factor determining the selectivity. E.g., zinc oxide, 
ferric oxide and chromia exhibit the same ionic Character, ix., 
59% as calculated from the differences of electronegativities by 
means of Pauling's However, zinc oxide is mainly a 
dehydrogenation catalyst, whereas ferric oxide and chromia mainly 
catalyse the dehydration. Hcnce, additional factors which may be 
geometrical in nature and may depend on the crystal structure of 
the solid catalyst, must play a role. 

The need for water or surface hydroxyl groups for a catalyst to 
he active in dehydration has been proved, since a fi-eshly heated 
oxide catalyst always shows a distinct indxt ion period with respect 
to its dehydration a c t i ~ i t y ~ ' ~ l - ~ ~ 3 .  This observation implies the active 

-f 
Dehydration 
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participation of the surface hydroxyl groups in the dehydration as 
proton or hydrogen-bridge donors. The acidity of these hydroxyl 
protons may govern the rcaction mechanism of the olefin formation 
favouring either the preference of an El- or an E2-likc elimination. 
This problem will be discussed later in the chapter. 

Another geometrical explanation of the selectivity has been given 
by Balandin244p 2 4 5  on the grounds of the structure correspondence 
principIe of the multiplet theory. Dehydrogenation as well as de- 
hydration are thought to procced on an active surface unit consistins 
of two neighbouririg surface atoms, i.e., a duplet. The reaction for 
which the duplet has the proper spacing will be favoured, or, if two 
kinds of duplets exist both reactions may be obser*red. The dehydro- 
genation can be represented by the following equation, in which the 
duplet atoms are drawn as dots: 

0 

CH,- CH T O  CH,-CH=O 

m H  H y H  
1 1 -  

Hydrogen atoms of the methylene and of the hydroxyl group are 
attracted by one atom of the duplet, thc remaining atoms of the 
molecule by the other. Thus the rupture of a C-H and an 0-H bond 
and formation of a H-H bond aiid a C-0 double bond is assisted. 
Similarly, the dehydration is explained by attraction of a methyl 
proton and the hydroxyl group by one duplet atom, the remaining 
atoms of the alcohol molecule bcing drawn to thc other: 

C H , ~ C H ,  CH,=CU, 
I I f 

H OH HTOU 

I t  can be assumed that the geometry of the duplcts, which are active 
for the two reaction types must be different, thus governing the 
selectivity by their relative occurrence in the catalyst surface. The 
multiplet theory allows the prediction of selectivity of dehydrogcna- 
tion and dehydration. In this case the bond strengths of the various 
reacting atoms attached to the catalyst surface must be known to 
calculate so-called energy barriers whose relative valucs determine 
the selectivity. These parameters have bcen tabulated for numerous 
catalysts by Balandin and c o - w o r k e r ~ ~ ' * ~ ~  246. 

Most of the investigations of the selectivity of dehydrogenation 
and dehydration were restricted to the decomposition of ethanol 
or isopropanol a t  relatively high temperatures. The possible ether 



672 H. Knizingcr 

formation a t  low temperaturcs was therefore overlooked although 
it is well known that various aliphatic -!cohols and benzyl 
alcohol produce ethers under dehydrating conditiom over alum- 
ha5$  % l15, 231, 2 3 2 ,  347. Thoria on the other hand catalyses only 
the olefin formation even from ethanol at  low temperatures347* 253. 

Systematic studies have only been performed for the dehydration 
on aIumina115. A rapid formation of surface alkoxide species during 
the adsorption of several alcohols on alumina has been found by 
many authors. Thus, the formation of the corresponding surface 
alkoxide groups is certain for methanolz4*, e t h a n 0 1 ~ ~ ~ 8 - ~ ~ ~ ,  n-pro- 
p a n 0 1 ~ ~ ~ ~  251, isopropan012~0, n-butan012~~ and benzyl alcohol115. 
During the adsorption of t-butanol, isobutanol and c y c l ~ h e x a n o l ~ ~ ~  
and of methyl cyclohexanols351a no such surface compounds could 
be detected. A close inspection of the experimental facts shows the 
parallelism that all those alcohols which form a surface alkoxide 
species on adsorption tend to form ethers a t  low temperatures. 
Alcohols which do not show alkoxide formation are purely olefin form- 
ing. Furthermore, the thermal stability of aluminium alkoxide~"~ 
is greatest for those derivatives whose corresponding alcohols prefer 
the ether formation. I t  was concluded that the occurrecce and 
the thermal stability of the intermediate suiface alkoxides are the 
factors controlling the selectivity over alumina. The active partici- 
pation of the alkoxide species in the ether formation from ethanol 
could very recently be pyoved since the rate of this reaction step 
has been shown to be directly proportional to the surface concen- 
tration of the alkoxidez7g. It was proposed that in ether formation a 
surface alcoholate group reacts with an alcohol molecule in the 
adsorbed phase by an electrophilic attack on the hydroxyl oxygen, 
while the monomolecular olefin formation goes through an El- or 
E2-like reaction intermediate without participation of an  alkoxide 
species. The details of these concepts will be discussed in the section 
on kinetics and mechanism. The selectivity of ether and ethylene 
formation from ethanol over silica-alumina catalysts has been ex- 
plained similarly"4. 

If the controlling factors are the same with otlicr catalysts, only 
those oxide catalysts which react witk the alcohol to form a thermally 
stable surface alkoxide should be active in ether formation. The 
selective formation of olefin over thoriaZ47 should therefore be 
brought about by the lack of this surface compound. No paper on 
this problem has been published up to now, but it is being studied 
in the author's 1Aoratory at  the moment. 
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Ross and Bennett?5s, studying the deliydratics of ethanol on 
alumina, observed a change of thc selectivity i n  favour of the ether 
formation with increasing sodigm content in the catalyst surfacc. 
They assume an exchange of hydroxyl protons by sodium ions, 
accompanied by a decrease of the overall activity. The increased 
ether formation is explained by the reaction of two ethanol mole- 
cules, one of which is adsorbed on a sodium ion site, the other being 
held by van der Waals forces. In the light of the above-mentioned 
selectivity-controlling alkoxide formation, one could alternately pro- 
pose an increased alkoxide conccntration on the sodium containing 
surface. 

3. Influence of structural and surface properties 
The influence of the conditions of their preparation on the activity 

of catalysts is well known. Systematic studies have in particular been 
published regarding active alumina. An increase in activation 
energies of the dehydration of isopropanol with an  increase of pre- 
heating temperature and time was observed by Fricke and Wes- 
sing256. Differences of the real structure, i.e., structure of the primary 
particles, lattice defects, structure and dimensions of the secondary 
particles, as well as the water content of the samples were suggested 
to contribute to this effect. Similarly, changes in activation energy 
and frequency factor depending on the preparation conditions of 
various catalysts were reported by Schwab and Schwab-i‘l.gaiIidis234, 
but no direct relationship between these conditions and the activa- 
tion energies were found. The dependence of the dehydration 
activity of aluminas on the preheating temperature has often been 
related to the resulting differences in the water content or the 
number of surface hydroxyl g r o u p ~ ~ ~ l - ~ ~ ~ .  Furthermore, the modes 
of precipitation and ageing of the hydroxides strongly determine the 
catalytic properties of the resulting o x i d e ~ ~ ~ ~ - - ” ~ O .  In particular, it 
has been shown by Rodel and Sonntag2”? 3Go, that the pH-value 
and the temperature of precipitation influence the crystal structure 
and the surface area. For the dehydration of methanol, ethanol and 
n-propanol on aluminas with surface areas ranging from 2-72 to 
221 m”g Wade and co-workersSG1. 2 6 2  describe a dependence of 
the specific activity on the surface area or particle size. I n  this 
investigation amorphous samples as well as y- and a-aluminas were 
studied. The maximum activity found for the y-modifications be- 
comes quite understandable, if it is recognized that first of all the 
spinel structure of y- or 17-alumina always shows higher activity than 
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cc-aluniiiia~3G~ 2 3 7 ,  2 G 3  and that secondly, as \~Vcis?G~ and SteinikezG5 
proved, catalyst saniples with tlic highest dcgrce of crystallinity have 
thc highest specific activity. Wcis fiurtlicrmorc stated the predomin- 
ant importance of the degree of crystallinity over the secondary 
structure264. For samples of similar primary and secondary struc- 
tures the surface structure, and in particular the distribution and 
the properties of the surface liydroxyl groups, determine the de- 
hydrating power of the catalyst. Simon and co-workers20G found 
that the structure and pore size distribution in the system of micro- 
pores is strongly affected by the starting hydroxide (bayerite or 
bohmite) and the subsequent preparation conditions of the alumina. 

Treibmann and Simon2G7 investigated the structures of adsorbcd 
isopropanol on aluminas prepared by various methods by means of 
infrared spectroscopy. They also found that the surfax area alone 
cannot determine the dehydration activity and that the spinel 
structure and a high degree of crystallinity are necessary for an 
alumina to be active. While the formation of an isopropylate species 
was observed during adsorption on cvery alumina catalyst, no direct 
relationship was found between catalytic activity with respect to thc 
olefin formation and the appearance of this surface compound. 
Therefore a a  olefin formation through dissociation of surface alk- 
oxide groups as sometimes suggested2Gs. 2c8zT is ruled out. These 
findings are furthermore in favour of the explanation of the selectivity 
of ether and olefin formation given in rhe preceding section. A car- 
hoxylate structure, which was also found during adsorption of 
methanol and ethanol2“, of n-propanol and n-butanol”19 269 and 
of isobutanol and benzyl alcoholllj on alumina, is assumed to 
inhibit the dehydration rather than to be a reaction intermediate. 

The question arises, what kinds of surface sites on alumina, and 
in general on dehydration catalysts, exist and which of them are 
catalytically ‘active sites’. Regarding alumina, it can be stated from 
the studies of Peri27O and of Spannheimer and KnOzinger271 that the 
(100) crystal face is preferentially exposed and that this surface is 
partially hydroxylated under catalytical conditions. Thus thrce 
kinds of surface sites must exist, namely oxygen ions, hydroxyl groups 
and incompIetely coordinated aluniiniuni ions, which may act as 
Lewis acid centres. The necessity of the existence of hydroxyl groups 
on the surface of active aluminas has been stated. Unmodified, high 
purity aIuminas usually give rise to a high degree of isomerization 

thorou=h study of the surface propertics of aluminas Pines and 
of the primarily formed olefinic productsG7 l G Q y  1677 1G9, 272. BY 5 
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Haagz72 could csplaiii the isomcrization activity by the presence of 
strongly acidic Lewis sites. The secondary isomerization of olefins 
can indeed he supprcsscd by selcctive poisoning of the alumina by 
arnm0nia27~, pyridineGy and piperidincGy 2 7 4 ;  these bases prefer- 
entially block the Lewis acid sites. The activity for dehydration to 
olefins on these modified catalysts on the other hand remains 
nearly ~ n c l i a n g e d ~ 7 ~ ~  z i i ,  indicating that the Lewis acid sitcs appar- 
ently do not take part as active centres in the olefin formation from 
alcohols. Krylov3J?> 343 and recenily Bremer and Steinberg3*14> 3 4 b  

on the other hand postulate the active participation of the Lewis acid 
sites. Using an aluminium trihydroxide (bayeritc) as catalyst, which 
exposes solely hydroxyl groups at the surface, complete inactivity 
for dehydration was fo~nd2779 ‘L78. Therefore other surface sites must 
also take part in thc olefin formation. This second kind of sites must 
be the osygen ions. Pines and co-workersG’ 273 postulate acidic (A) 
and basic (B) sites as taking part in the reaction. The participation 
of basic sitcs has recently been proved by poisoning cxperirnents with 
tetra~yanoethylene3~~. The liydroxyl groups of the alumina surface, 
however, exhibit only very weak proton or Bransted acidity2Y1- 272.  

Since H-bond donors and acceptors as active sites must be present 
on all oxide surfaces and also on metal sulphates, pliosphates and 
sulphides and in the S03H groups of ion exchange resins, one night  
postulate the general neccssity for the existence of these two kinds of 
sites on the surface of an active dehydration catalyst. 

A strong decrease in the rate of formation of diethyl ether from 
ethanol by pyridine poisoning of aluinina2’7* 2 7 0  and silica-alum- 
inaZ 5 ‘1 has becn observed, indicating that thc bimolecular ether 
formation demands incompletely coordinated aluminum ions or 
Lewis acid sites as active sites in addition to the H-bond donors and 
acceptors. This result correlates well with the postulatc of the ether 
formation going through an intermediate surface alkoxide stage, 
since the formation of an alkoxidc necessarily proceeds with par- 
ticipation of the incompletely coordinated aluminium ions250, 2 5 1 .  

As for the participation of surface O H  groups, the question arises 
whether their acidity influences the dehydration activity. Dzisko 
and co-workerszsov 281 used silica-alumina, silica-zirconia and 
silica-magnesia catalysts, whose surface acidity was determined by 
the indicator mcthod and the number of acid sites by n-butylaminc 
adsorptionZ8z. The rate constants of the dehydration of isopropanol 
on these catalysts for one milliequivalent of acid ccntres was shown 
to change symbatically with the acidity of the catalyst. Most of the 
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methods for the determination of surface acidities described in the 
literature suffer from not being able to distinguish between Brmsted 
and Lewis acidity. Only the thermometric titration with dioxanZa3 
measures the Lewis acidity alone. A further difficulty in the com- 
parison of catalytic activities aiid surface acid properties arises from 
the fact that acidities are determined in solution at  room tempera- 
ture) whercas the reactions proceed in the gas phase a t  elevated 
temperatures. Pohl and RebentischZa4 therefore measured the sur- 
face acidity of various alumina samples by means of ammonia 
adsorption at 250°C from the gas phase and obtained good correla- 
tion between these acidity data and the catalytic activity observed 
for the dehydration of isopropanol in the gas phase a t  275°C. 
Bremer and co-workers1 id ,  using chromia-alumina catalysts of vary- 
ing cornpsition, were able to determine the influence of acid centres 
on the pre-exponential factor and the activation energy of the de- 
hydration of isopropanol. The  number of OH groups was deter- 
mined by reaction with thionyl chloride, as described by Bohm and 
Schneider2G48, whereas the acidity was measured using the method 
of Miinzing and c o - w ~ r k e r s ~ ~ ~ b .  In  this method the oxide is suspended 
in dimethylformamide and titrated with potassium methylate 
against o-niti-oaniline as indicator. As shown in Figure 3, the 
logarithms of the pre-exponential factor and the number of OH 
groups are linearly related arld activation energy and acidity change 
syrnbatically. Since the catalytic reaction may change the initial 
surface properties of the catalyst, the two quantities af interest for 
this correlation were measured after the catalytic activity had been 
determined. 

I n  a number of investigations?s5-?"" of Russian research groups 
the influence of radioactive irradiation during catalysis aiid the 
influence of pre-irradiation with slow neutrons and y-rays was 
studied. The dehydration of cyclohexanol and long chain normal 
aliphatic alcohols (C5-Cl2) on salt cataly>ts, such as the sulphates of 
sodium and magnesium and calcium chloride or phosphate) was 
thereby investigated. The irradiation was achieved by introducing 
radioactive isotopes such as 35S, ""Ca or 32P into the catalysts. 
Generally a strong increase of dehydration activity was observed) 
and was explained by the ionizing effect of the radiation on the 
catalyst, which causes the surface to have some activated positively 
charged centres. These centres are assumed to enhance its capacity 
for adsorbing OH groups and thus favour carbonium ion formation 
from the alcohols. However, Krohn and SmiihZg3 relate the increzse 
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FIGURE 3. (a) Dependence of the pre-exponential factor of the dehydration of 
isopropanol on N,O,/Cr,O, (7M% Cr,O,) on the number of OH groups. The 
numbers are the pix-heating temperatures. (b) Activation energy of the dehydra- 
tion of isopropand on AI,O,/Cr,O, (h% Cr,O,), curve A, and surface acidity, 
curve B, as a function of the preheating temperature. (Takm from Referencc 174 
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in activity to chemical changes of the catalyst. surlace, i.e., the con- 
version of sulphur atoms to ch1orir.e during the radioactive decay. 
In  another work the same authors294 even found a decrease in de- 
hydration activity for the radioactive catalysts when compared on a 
unit surface area basis. 

4. Kinetic investigations and reaction mechanisms 

a. The reaction scheme. For a long time the question was subject 
to controversy whether olefins and ethers which are observed as 
dehydration products on various catalysts are formed by parallel, 
consecutive or parallel-consecutive steps. The most extensive work 
on this problem has been published on the ethanol-alumina system. 
In early publications consecutive29L297 and parallel 
were discussed. There were, however, some findings which were not 
consistent with either of the two schemes, i.e., some aliphatic 
alcohols of low carbon number at low temperatures form ether 
exclusively and a t  higher teniperatures the induction period, char- 
acteristic for consecutive reactions, is missing in the conversion iso- 
therms for olefin (cf Figure 4a, b). Balaceanu and J u n g e r ~ " ~  there- 
fore proposed a parallel-consecutive scheme which now is generally 
accepted, and which may be written as follows: 

2 A  

A, E, W and 0 
respectively. This 
analysis88* S9 and 

E + W  

(23) 

2 0  + 2WL 

representing alcohol, ether, water and olefin, 
scheme was later proved by thorough kinetic 
by the use of 14C-labelled e t h a n 0 1 ~ ~ ~ ~  303. The 

primary ether formation (steps l/-1) may be an equilibrium re- 
action, whereas for all the other steps the equilibrium is far to the 
right304 under conditions normally used. The secondary ether de- 
composition generally goes through step 3 as shown by the direct 
decomposition of diethyl etherss$ 88.  At higher temperatures, how- 
ever, step 4 cannot be excluded. Isagulyants and co-workers302 
assume this step even a t  low temperatures. 

While methanolgs and benzyl aIcoh01~*~ are dehydrated only 
bimolecularly to the corresponding ethers, the reaction scheme (23) 
holds well with unbranched aliphatic alcohols having more than two 
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carbon atoms. This has been shown for the dehydration of alcohols 
u p  to n-hexanol by Kniizinger and Ko1incns and for the dehydration 
of dodecanol by Langer and Walker306. Thc temperature rangcs 
within which oiily ether formation can be observed decrease with 
increasing chain length. Thus with n-butanol the respective reaction 
steps (l),  (2) and (4) proceed simultaneously even at  the lowest 
possible temperatures. Di-n-butyl ether and mainly 1 -butene (80%) 
were also found as reaction products by Isagulyants and c o - w o r k e r ~ ~ ~ ~  
when using W-labelled n-butanol as substrate. Some mixed ether 
was detected by the simultaneous dehydration of s-butanol and 
n-butanol. Other alcohols such as isopropanol, isobutanol and t- 
butaiiol have also been investigated9 s. The dehydration of isopro- 
panoY results in only small amounts of isopropyl ether with simul- 
taneous formation of propylene. O n  dehydration the three butanols 
form only olefins which by secondary isomerization can then give 
the thermodynamically stable isomer composition. While on de- 
hydration n-butanol mainly forms 1-butene as a primary olefinic 
product, the dehydration of s-butanol yields high relative concen- 
trations of the 2-butenes with cis-2-butene always kinetically pre- 
ferred to imm-2-butene308~ 3389 339  (cf section III.C.4.b.p). 

6. Dehydration of alcohols on alumixa. u) Early mechanisms: In early 
investigations on the dehydration of ethanol and isopropanol, an 
oxonium-carbonium ion mechanism has been postulated by various 
a ~ t l i o r s ~ O ~ - ~ ~ ~ .  The dehydration equilibria were written by Brey 
and Krieger3lO as follows, with the carbonium ion C,H,+ as a com- 
mon intermediate: 

These authors assume the removal of a proton from a methyl group 
to be the rate-determining step in the dehydration of ethanol on 
alumina. This view, however, disagrees with the concept of a car- 
bonium ion mechanism since in this case the formation of the 
carbonium ion is rate-determining. Further details of carbonium 
ion mechanisms are discussed by Winfields. 

Regarding the necessary presence of water or hydroxyl groups for 
a catalyst to be active in dehydration (cf section III.C.3) and apply- 
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iiig thc principle of least motion Eucken and Wick~2~2- 3l39 314 pro- 
posed a so-called hydrogen cxchangc mechanisni jdsection iii.C.2). 
I n  this, the substrate is assumed to be adsorbed in a structure which 
approximates the structure of the reaction products as far as possible. 
It will be shown later that a hydrogen cxchange with the active 
surrace can take place with a carbonium ion mechanism and also 
with concerted mechanisms. 

Contrary to ionic mechanisms, Sendercns3' and 1patieff3lo and 
later Topchieva, Yun-Pin arid SmirnovaZG8, postulated a covalently 
bonded adsorption complex in the form of a surfzce alkoxide. 
Olefins should be formed by dissociation of this surface compound 
whereas ether formation is brought about by condensation of two 
neighbouring surface alkoxide groups. Heiba and Landis317 tried to 
prove this type of alkoxide mechanism by a comparison of the 
product distribution of the dehydration of various alcohols with that 
of the pyrolytic decomposition of the respective alcoholates. The 
mechanistic conclusions, however, seem questionable since primary 
products could hardly be detected at  reaction temperatures above 
300 "C. Furthermore, some evidence has been found which rules 
out the active participation of surface alkoxide species in the olefin 
formation (cf section III.C.3). 

A radical mechanism was proposed by Vasserberg3". Since, liow- 
ever, metal oxide surfaces generally show highly pofar properties a 
dehydration of alcohols through radical intermediates seems un- 
likely. 

Some authors discussed the dehydration as well as the dehydro- 
genation o€ alcohols in the light of the electronic theory of hetero- 
geneous catalysis. Thus Volkenshtein3'*1 319 and Garner320 point out 
that the rate-determining step in the dehydrogenation is an electron 
acceptor step, in the dehydration, on the contrary, a donor step. 
Hauffe321 on the other hand suggests the desorption of acetone as 
the rate-determining donor step in the dehydrogenation of isopro- 
panol. I t  seems, however, questionable whether the dehydration of 
aicohols can be considered to be a donor-acceptor reaction since 
during the course of the dehydration presumably not single electrons 
but electron pairs are displaced. Recently hkye3zz found that 
neither p-type nor n-type doping of a-Al,03 had a particular influ- 
ence on reaction rate or activation energy of the dehydration of 
methanol to dimethyl ether. 

/3) Stereochemical consideratiotzs: Regarding the olcfin formation on 
alumina the question arises whethcr a simple /?-elimination takes 
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place or whether other elimination routes contribute to thc overall re- 
action. Schwab and c o - w ~ r k e r s ~ ~ ~ ~  3 2 5 ,  by dehydrating CH,CD,OH 
on alumina in the temperature range 380-430°C found 75% /?- 
elimination and 25% a-elimination. Similarly, the contribution of 
or-elimination could be observed during the formation of the 2- 
butenes from C,H,CDOHCH, on calcium sulphate, whereas 1- 
butene in this case results from a pure P-elimination2’3. As shown 
by Herling arid Pines3? the dehydration of isobutanol and 2-phenyl- 
I-propanol at 350°C yields the normal olefins besides isobutene and 
a-methylstyrene, respectively. Since the formation of n-olefins is 
even enhanced on only weakly acidic alumina catalysts a classical 
carbonium ion mechanism cannot be responsible for this observa- 
tion. The authors are thus led to the assumption of the hydroxyl 
group being removed by an acid site A and of the proton by basic 
site B. The removal of the elements of water is aided by the anchi- 
meric assistance of neighbouring groups, such as hydrogen or phenyl, 
and followed by a migration of the respective group. This view may 
be expressed by the following equations: 

B 
f “  

‘A 

For the formation of the 2-butenes these authors postulate a non- 
classical carbonium ion (equation 27). 

It is not clear which of the two possible pathways is really 
favoured. The isotope distribution in the dehydration products from 
2-phenyl- 1 -propand- 1 -l4C lends further support to these stereo- 
chemical proposals3”8. SimilarJy, studies of the 14C-distribution in 
the dehydration products from labelled substrates over alumina at 
348°C showed phenyl migration to  occur during the dehydration 
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H 

I 
of 2-phenylethanol-l-1"C to varying extents between 1.1 and 8.3y0, 
and in the case of 2-fi-tolylethan01-1-~~C between 8-9 and 18-0%3288". 
A maximum of 2.2% y-hydrogen participation and of 0-3y0 methyl 
migration accompanicd the dehydration of 1-propand over alumina 
at 345°C as evidenced by the 14C-distribution in the propylene 
formed from I - p r ~ p a n o l - l - ~ ~ C  398b. On the other hand, on a y- 
alumina sample of different catalytic properties, pure p-elimination 
from isobutanol (CH,) ,CDCH,OH has recently been observed326 
at temperatures between 150-300 "C. Since the neopentyl group 
possesses no F-protons, a y-elimination with subsequent methyl 
migration must occur on dehydration. This was confirmed for the 
dehydration of ncopentyl alcohol by the detection of 1, l-dimethyl- 
cyclopropane as a Analogous results were obtained with 
3,3-dimethyl-2-butanol and 3,3-dimethyl-2-pentanol as substrates274. 

As in solutions (cf section II.A.3) , irons-elimination through a 
trans-planar transition state seems to be preferred also on hetero- 
geneous catalysts. Much information on this problem is obtained by 
the choice of model substrate alcohols of suitable structure. Thus the 
dehydration of menthol yields mainly 2-menthene, whereas from 
neomenthol, 3-menthene is formed preferential1y3Z9. Both these 
results suggest a trans-elimination of the elements of water. The 
statistical product distribution in the dehydration of menthol would 
be 2- and 3-menthene in a 2 : 1 ratio. On  the other hand, if a trans- 
planar transition state is required, only the formation of 2-menthene 
should be observed, since an axial position of the hydr-oxyl group 
with a hydrogen in trans-position is only achieved with the hydrogen 
attached to C(2) (see structure on the following page). 
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Thc more stable original chair confixmation of menthol with the 
equatorial OH group must therefore flip into the favourable con- 
formation with the OH group axial. Neomenthol on the contrary 
in its most stable conformation bears the OH group in axial position 
with @-hydrogens in trans-position present both at and C(3). 
2-menthene and 3-menthene can therefore both be formed through 
trans-elimination, with the thermodynamically more stable 3-men- 
theiie formed in preference. Since neomenthol is in the conformation 
rcquircd for trans-elimination, its dehydration proceeds faster than 
that of meiithol under comparable conditions. 

The resalts of Kochloefl and co-workers330 for the dehydration of 
alkylcyclohexanols on alumina also fit trans-elimination331 as does 
also the product distribution from the dehydration of the four 
stereoisomeric 1-decalols studied by Schappell and P i n e ~ 3 ~ ~ .  Sim- 
ilarly trans-elimination was shown to be the preferred mode of 
dehydration using the stereoisomcrs of 2-alkyl-, 2-phenyl-, 3-t-butyl- 
cyclohexanols as model substances3323. Variances in product distri- 
butions from these reactions with the position, size and nature of 
the group suggested that steric and polar factors play a role in 
determining the product distribution. The stereochemistry of the 
dehydration of 1 ,4-cyclohexanediols333, 2-endo- and 2-exo-born- 

and of endo- and exo-n~rbornanol~~~ has also been studied and 
the results have been summarized by Pincs and R4anassenG. All these 
reactions are claimed to procecd in a concerted way, the hydroxyl 
group of the alcohol being attracted by an acidic site and the proton 
being removed by a basic site. 

For the dehydration of aliphatic alcohols the trans-elimination is 
also the preferred stereochemical course on alumina6. used 
the diastereomeric alcohols d,Z-eythro- and dJZ-threo-2-butanol-3-d as 
substrates, and found that their catalytic dehydration over alumina 
at  200°C procceds in a nearly stereospecific fashion. The product 
analysis agreed with trans-elimination, which was further supported 
by the 1% tracer studies of Pines and Herling”8. Generally speak- 
ing, trans-elimination clearly predominates when dehydration pro- 
ceeds by @-elimination. 

The explanation of trans-elimination on a solid surface is a matter 
of controversy. Schwab and S~hwab-Agal l id i s~~~~ postulated on the 
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grounds of selectivity studies (cf section III.C.4) that the dehydration 
should proceed in pores of molecular dimensions and in crevices 
and channels of the catalyst. This idea was taken aver by Pines and 
co-workersO* 320 with the assumption that the active acidic and 
basic sites were located at  opposite walls of the cavities. This sug- 
gestion, however, seems questionable since the dehydrohalogenation 
of halogenated hydrocarbons on nonporous salt catalysts was also 
found to proceed by tl-ans-eliminati0n3~~1 337. From the occurrence 
of cyclic olefins in the dehydration of neopentyl type aIcohols Pines 
and co-tvorker~~ 7 4  as an alternative assume a non-classicaI carlsonium 
ion intermediate with a mobile proton being lost to the same surrace 
that also attracts the OH group. 

Figure 5 shows the olefin distribution of the dehydratioa of 

*O- 
-"7"" a- 0 

0 t - ~ u t e n e  f 
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predominance of the cis- over the trans- olefin has been observed 
during the dehydration of 2- and 3-pentanols5s 339+ The primary 
product distribution in these investigations has been determined 
either by extrapolation to zero contact t i rn~3~9 or by preventing 
secondary isomerization reactions by poisoning with alkalis0, 83, 8 %  

organic bases and ammonia273, n74. Such cis-preference also occurred 
in the dehydration of s-butanol in acid solution (cf section II.A.2). 
Pines and Haag339 propose the same explanation for this pheno- 
menon on solid catalyst surfaces as that given for reactions in solution 
by Manassen and Klein25, i.e., formation of a proton-olefin complex. 
Since cis-z-complexes are more stable than trans-n-complexes the 
unusually high cis/trans ratios bccome understandable as shown in 
the following scheme, which is a trans-elimination: 

y )  Kimtic eqmfion.r: The olefin formation from alcohols lias frc- 
queiitly been explained by a single-site adsorption2439 3109 34% 341. 

The resulting Langmuir-type equations include terms for thc in- 
hibition by water and are of the general form: 

the surface reaction being suggested as the rate-determining step. 
I n  this cxpression r means the reaction rate, k the rate constant of 
the surface reaction, K2\ and KIv the Langmuir adsorption coefficients 
and P,\ and PW the partial pressures of alcohol and water, respec- 
tively. Krylov""? suggested that the desorption of water was the 
slowest step of the overall reaction. Butt and co-workerss8s 8 9 ,  3 4 5  

could describe their conversion isotherms of the parallel-consecutive 
reaction scheme for the ethanol-ether-ethylene interconversioii by 
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nieans of the rcspectivc single-sitc ratc equations. For the dehydra- 
tion of cyclohexanol' 13, s-butano122fi and iso-propano122G6;L on thc 
other hand a dual-site adsorption is reported. Over wide tempera- 
ture and pressure ranges the experimental results wcre best fitted 
by equations of thc type 

the symbols having the same meaning as in equation (111). There 
arises, however, a discrepancy to experimental findings in that type 
(IV) equations do not result in a zero-order reaction at high sub- 
strate pressures and negligible inhibition by water, i.e., at  low con- 
versions. A zero order, however, has in fact been verified for the 
dehydration of alipiiatic'009 l o s s  1 1 5  as well as cyclic a lc0hols~~5~ 3 3 O .  

Recently an empirical expression has been found which avoids this 
l15. When r and ro are thc reaction rates under the given 

conditions and for the zero-order, respectively, and b is a constant, 
this equation can be written as 

The value 0 ,  may be regarded as the fractional coverage of the 
catalyst surface by alcohol in the presence of inhibiting water. This 
expression evidently allows a zero-order reaction at low conversions. 
However, it is difficult to correlate this 'adsorption isotherm' with 
a simple adsorption model. For the adsorption of only one com- 
ponent isotherms of the type 

(KP)"" ' = 1 + (KP)l/" 

have been 347, where K is the adsorption equilibrium 
constant and n a constant. With n = 2 the equation describes dis- 
sociative ad~orp t ion~~s .  For application to adsorption on energetic- 
ally heterogeneous surfaces with saturation properties equation (VI) 
was derived by S i ~ s 3 ~ ~ .  The validity of this expression has been 
proved for various systems350~ 3 5 1  and Figure 6 shows some data of 
the dehydration of cyclohexanol drawn according to the linearized 
form of equation (V). From infrared investigations of the €3-bond 
systems which form during adsorption of alcohols on a I ~ m i n a ~ ~ ~ ,  
a dual-site adsorption of structure 16 was suggested in which the 
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FIGURE 6 .  Kinetics of the olefin formation from cyclohexanol on alumina at 
alcohol pressures of 115 (0 )  and 155 (a) mm Hg and I00 (e) and 160 (a) mm 

Hg, respectively, at the temperatures indicated. 

(16) 

alcohol molecule is bonded to the surface by two nonlincar H-bonds*. 
Such adsorption structures for alcohols also seem highly probable 
because of sterical aspectsss. Water on the other hand was shown to 

Q The existence of nordinear H-honds has been proved by Luck3528. Alcohols 
in particular form cyclic dimers with nonlinear H-bonds at Iow concentrations as 
shown by the AT,-matrix technique3”?”. 



12. Thc Dehydration of Alcohols 699 

block surface hydroxyl groups through single site adsorption by 
only one linear H-bond for which the water molecule is the accep- 
tor353. This picture holds for relatively high ratios of alcohol to 
water pi‘essures. 

Regarding the ether formation, the question arises whether the 
bimolecular reaction is of the Eley-Rideal or the Langmuir- 
Hinshelwood typei-. De Boer and co-workersloa9 3 5 4  suggest a simul- 
taneous ether formation by both reaction types. Zero order has been 
observed for the ether formation from methanollO1* l O 8 ,  ethanolS*, 
isopropano1lo8, n-propano1116 and benzyl a1cohol1l5. This result 
clearly indicates a surface reaction with both reaction partners 
adsorbed, i.e., a Langmuir-Hinshelwood type bimolecular reaction. 
This conclusion was also reached by Balaceanu and Jungz r~2~’~ .  
The reaction is inhibited by water and the kinetic data are best 
described by equation (V)”* lol* l15. If Oa in this expression repre- 
sents the fractional coverage of the catalyst surface by alcohol the 
reaction rate of the bimolecular ether formation is proportional to 
the alcohol surface concentration and not to the square of the con- 
centration as one would expect. A second reaction intermediate was 
therefore postulated whose surface concentration must be constant 
during the reaction course. This intermediate may be a surface 
alkoxide, the ether formation thus proceeding through the inter- 
action of this compound with a molecularly adsorbed alcohol. 

S) Mechanisms of ether and olefinformation: The kinetics and stereo- 
chemistry of the dehydration of alcohols on alumina has been dealt 
with in the two previous sections. The timing of the elementary 
steps will be the subject of this particular section. LMechanistic con- 
siderations h2.w often been based on only one of these three equally 
important factors. For this reason the mechanisms of ether and 
olefin formation have not yet been fully clarified. 

Pisman and co-workerssG postulated for olefin formation a re- 
action intermediate which is H-bonded to a surface oxygen ion: 

R-C-C-R’ R-7-C- R‘ - R-C=C-R’ 4- H,O 
I I  I 
H O H  H S +  OH 

-- 

t For heterogeneously catalysed bimolecular reactions the Langmuir-Hinshel- 
wood mechanism describes the reaction between two chemisorbed species. The 
Eley-Rideal mechanism on the other hand holds for bimolecular reactions with 
only one reaction partner being strongly adsorbed, i.e., chemisorbed, thc other one 
bcing physically adsorbed or pushing from the gas phase (cf. 353a3. 
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Pines and Haag339 and later K r y l ~ v ~ ' ~ ~  and Jain and I'illai'08 prefer 
an adsorption of the alcohol through thc oxygen of the alcoholic 
hydroxyl group on a n  incompletely coordiaated surface aluminium 
ion. The G O  bond of the alcohol can thereby be polarized, making 
the OH group a better leaving group. The ,?-hydrogen can be 
abstracted by a basic site. In the reaction coursc, as given by 

Iirylov, for the dehydration of isopropanol the desorptioii of water 
is assumed to bc rate-determining. The dehydration of C@-deuterated 
alcohols gives rise to a primary lcinctic isotope effect3"> 355. This fact 
disagrees with a rate-determining desorption of water, since dcutera- 
tion of the alcoholic hydroxyl group does not give rise to an isotope 
effect. From other experimental facts some contradictions with 
respect to the above given adsorption complex also arise. It has been 
shown that selective poisoning of the Lewis centres by pyridine did 
not affect the olefin f0rmation~7~) z 7 i s  279. Furthermore, H-bonds 
are not postulated contradictory to the indications of infrared spec- 
t r o s ~ o p y ~ ~ ~ .  The adsorption structure 17 may also be objectionable 
on steric grounds. Spectroscopic investigations of the H-bond 
systems352 and steric considerations99 led to an alternative adsorption 
complex 16, in which thc alcohol molecule is bound to the surfacc 
by two nonlinear H-bonds. The same adsorption complex 16 has 
been suggested earlier by Winfield3j6. I n  this structure the alkyl 
groups are apparently removed from the surface so that no steric 
interactions will weaken the adsorption bonds. An oxygen ion of the 
y-alumina surface occupies an area of 8 A? as given by With 
this value a bond angle ofabout 110" between the nonlinear H-bonds 
H-0 * - - H can be calculated, which agrees very well with the bond 
angle of a water molecule. If it is accepted that the olefin formation 
starts from the adsorption complex 16, the water molecule can thus 
be preformed in the adsorption complex in accordance with the 
principle of least motion. By the preformation of the water molecule 
the C-0 bond is polarized and, depending on the ionization energy 
of the alkyl residue and on the acidity of the surface proton, a car- 
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bonium ion like species may be formed. A high ionization energy 
of the alkyl residue and low acidity of the surface proton, on the other 
hand, would let a concerted elimination of the elements of water be 
expected. Both in the El-like and in the E2-like mechanisms a 
hydrogen exchange with the surface occurs, according to Eucken and 
Wickez41"$ 3 1 R r  314. Pines and co-workersu proposed that tertiary 
alcohols are dehydrated through more or less free carbonium ions, 
secondary alcohols through intermediates which may be considered 
as the transition state of a concerted mechanism containing an ionic 
contribution, and primary alcohols are dehydrated via a concerted 
mechanism. Recently, a primary kinetic isotope effect was measured 
for the dehydration of t-butanol-d, 355, indicating an E2-like mech- 
anism even in the case of tertiary alcohols. As shown in Table 6 this 

TABLE 6. The kinetic 
isotope effect fos the 
dehydration of 1-BuOH 

and t-BuOH-do 355 .  

120 
140 
160 
180 
200 
220 
240 
260 

3.3, 
2.8, 
2.3 
1-8 
1.4 
1-23 
1.1, 
1.1, 

isotope effect decreases with increasing temperature, It can be con- 
cluded that the transition state is generally that of a concerted 
mechanism containing ionic contributions, whose size depends prlm- 
arily on the ionization potential of the alkyl residue. With increasing 
temperature the ionic character of the mcchanism will increase, 
finally leading to an  El-like reaction intermediate, and in accord- 
ance with Pines and co-workers6 the carbonium ion mechanism will 
dominate at temperaturcs higher than about 220 "C. 

Recent investigations of the thermal desorption of ethanol and 
diethyl ether adsorbed on alurnina10"~ loG were assumed to support 
the alknxidc m d i a i i k n  jcf section iii.C.4.b.~~). Using the same 
experimental techniqxs Makarov and S l i c h e k o ~ h i k h i n ~ ~ ~  arrive at  
similar results. These authors, however, suppose a direct or indirect 
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participation in the olefin formation of the surface acetate which is 
observed spectroscopically (cf section III.C.3). Because of the high 
stability of this surface compound this reaction path seems unlikely. 
Furthermore it seems questionable whether such thermal desorp tion 
studies really render conclusions on the dehydration mechanism pos- 
sible, since the experimental conditions are extremely different in 
so far as during the catalytic reaction the alcohol and the reaction 
pi-oducts are present also in the gas phase and are therefore also 
physically adsorbed. Tamaru and co-workers268u recently presented 
experimental results by the direct i.r.-spectroscopic observation of 
the adsorbed species during the course of the dehydration of ethanol 
and isopropanol which seem to prove the alkoxide mechanism. 
These experiments are similar to the above mentioned thermociesorp- 
tion studies in so far as the alcohol was trapped out of the reaction 
vessel before following the desorption of the reaction products fi-oin 
the adsorbed phase. Gencrally speaking, it may be stated that there 
exist experimental results which still lead to contradictory con- 
clusions. Thus, further work will be necessary to clarify the question 
which intermediate species are taking part in the olefin formation. 

Nevertheless, in ether formation the active participation of an 
alkoxide species seems proven because of the facts given in the 
section on selectivity (cf section III.C.2) and because of the form of 
the kinetic equation (5) and the retardation of the ether formation 
by selective poisoning of the Lewis centres by pyridine2’7. Jain and 
Pillai108v s58 ,  accepting the existence of basic or nucleophilic (B) 
and acidic or electrophilic (A) sites on the surface of alumina, 
describe the bimolecular ether formation by the interaction of two 
types of adsorbed alcohol molecules. This idea was derived from 
results of the dehydration of various aliphatic alcohols in the presence 
of phenol, which is assumed to compete with the alcohol for adsorp- 
tion on the B sites. The alcohoi molecule held by the A site represents 
the adsorption structure responsible for the olefin formation as just 
mentioned. The polarization o€ the C-0 bond results in a positive 
charge on the alkyl rest which is considered as being a carbonium 
ion-like species. The chemisorption of an alcohol molecule on the B 
site through a H-bond increases the nucleophilicity of the hydroxyl 
oxygen. The R-0 group in this adsorption structure represents an 
alkoxide-like surface species. The reaction course leading to ether 
is described by a nucleophilic attack of the alkoxide type species on 
the positively polarized carbon of the carbonium ion, similar to a 
S,2 reaction in homogeneous media. 
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Alternately, abstraction of a /I-proton from the carbonium ion by 
the alkoxide or by a basic site on the surface leads to olefin. In this 
proposal the catalyst induces the suitable polarity in the reactive 
molecules. The adsorbed phase is therefore considered by Jain and 
Pillai as being similar to a polar medium, where both nucleophilic 
substitution and elimination are taking place at the same time and 
are competing with each other. 

I n  this mechanistic concept oxygen ions and incompletely co- 
ordinated aluminium ions of the catalyst surface work as active 
sites, whereas the hydroxyl groups are not involved. It is, however, 
known that hydroxyl groups take an active part in the dehydration 
r e a c h n  (cf section III.C.3) and it has been shown by infrared 
spectroscopy that they form H-bonds during adsorption of 
alcoliols35~. A mechanism has therefore been proposed which is 
analogous to that of Jain and Pillai, as it also involves the re- 
action of an alkoxide type surface species with a molecularly 
adsorbed alcfihol. The adsorption structures of these two species are 
clearly distinguisiied99* P 7 7 *  3s9. For the molecularly adsorbed 
alcohol the adsorption structure 16 is assumed, whereas the alkoxide 
type species is formed by dissociative adsorption of an alcohol mole- 
cule. The sxitahle polarity of the reaction partners is also induced 
in this case. The alkyl group in the alkoxide species is positively 
polarized by the electron withdrawal of the underlying Lewis centre, 
and the attraction of the hydroxyl proton of the alcohol molecule 
by the basic site increases the nucleophilicity of the hydroxyl oxygen. 
Ether forrriation will therefore occur through an electrophilic attack 
of the a-carbon of the alkoxide species on the hydroxyl oxygen of 
the molecularly adsorbed alcohol: 
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According to this picture water must be formed from the condensa- 
sation of two neighbouririg hydroxyl groups. The desorption of 
water as the rate-determining step could be ruled out, since the 
ether formation from deuterated methanols with rhe production of 
heavy water did not give rise to a primary kinetic isotope effects". 
The overall reaction rate is presumably governed by the rupture 
of the C-0  bond of the alkoxide surface ccmpound. By applying 
the principle of microscopic reversibility the suggested elementary 
steps of the reaction can easily be reversed to explain the equilibrium 
reaction 

ROR + HzO-2 ROH (33) 
t. Dehydration v f  alcohols on silica-alumina and on molecular sieves. 

Silica-alumina catalysts of various compositions and pretreatments 
are active in cracking, isomerization and polymerization. They are 
also effective dehydration catalysts whose activity may even exceed 
that of aluminaS5. De Mourges and co-workersl07 report the follow- 
ing activity sequence with respect to the dehydration of isopropanol: 
SO, < Al,O,, T h o ,  < SiO,-Al,O,. Using the same test reaction 
Kolesnikov and co-workers'GBB 170 studied the influence of the co- 
ordination number (cn) of the A13+-cation in various minerals on 
their dehydration activity. Catalytic activity decreased in the ordcr 
sillimanite (cn 4 and 6) > andalusite (cn 5 and 6 )  > kyanite (cn S ) ,  
i.e., the catalyst with the lowest coordination number of the Als+- 
cation is the most active. It was therefore concluded that the 
catalytic effect is primarily due to metal ions with a low coordination 
number which are able to form polycentric molecular orbitals with 
the substrate and to undergo a reversible increase of their co- 
ordination. From thermal desorption experiments with ethanol it 
followed that the aluminium ions exposed in the surface of silica- 
alumina are the sites active in dehydrationlo4. De Mourges and 
co-workers"4 arrived at  the same conclusion using catalysts of differ- 
ent alumina contents between 0 and 25% for the dehydration of 
ethanol and isopropanol. Below about 5% of alumina the dehydra- 
tion activity increases nearly linearly with the alumina content. 
Hence Topchieva and Y ~ n - P i n ~ ~ ~  were led to assume a simultaneous 
reaction scheme for the dehydration of ethanol with a common 
intermediate of the type of a surface aluminium alcoholate, i.e., the 
alkoxide mechanism described in section III.C.4.b.or with respect 
to alumina as catalyst. Two kinds of sites were postulated by de 
Mourges and co-workers107 to be active in the formation of ethylene, 
whereas a third type of active sites is assumed to lead to ether254, 
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the alcohol molecule being held to the surface by a dual-site adsorp- 
tion. The number or efficiency of the active sites must be closely 
related to the A1-Si ratio. Water was found to inhibit both olefin 
and ether formation, alcohol and water being adsorbed on different 
sites and therefore not competing with each other for the same sites. 
The desorption of water must then be suggested as being rate- 
determining. By a kinetic analysis of dehydration data of s-butanol 
Kittrell and Mezaki171~ 226* 3150 also propose a dual-site mechanism 
with the surface reaction being rate-determining. A zero-order has 
been found for the formation of ethylene from ethanol a t  reasonably 
low temperatures ( < 165°C)254, whereas the rate of ether formation 
is best described by a nearly half-order reactionzs4~ 361. Contrary to 
the above-mentioned dual-site mechanisms Miller and Kirk166 postu- 
lated a single-site surface controlled mechanism, on which, however, 
a mass transfer effect in the catalyst pellets was superimposed. Under 
such conditions it appears, however, questionable whether a clear dis- 
crimination between various rival reaction models can be achieved. 

Besides ether and olefin formation from ethanol and isopropanol, 
secondary isomerization of the olefinic products from the higher 
aliphatic alc01iols~6~ as, e.g., n-pentanol165, 3-pentanols5 or 2- 
methyI-Z-butan018~, has been observed. The product distribution is 
therefore often close to the equilibrium distributioc. As with alumina, 
an exceptionally high cisltrans ratio €or 2-olefins was found. The 
stereospecificity of silica-alumina, however, is low compared to 
alumina, because of its higher surface acidity; its activity is higher 
for the same reas0n8~. 

A special class of natural and synthetic ahminosilicates arc the 
zeolites or molecular sicves. They show in gcneral a distinct catalytic 
behavi0ui-3~~ and they are, in particular, selective dehydration 
catalysts. Because of the unique pore structure of this group of 
catalysts the selectivity is caused by either the inolecular shape, which 
possibly prevents a ixolecule from penetrating- the catalyst interior, 
or by mass-transfer phenomena within the pores and cavities of 
the catalyst364. Molecular shape selective dehydration of alcohols 
was reported by Weisz and co-workers*S8$ Their results for 
the dehydration of isomeric butanols on Ca-zeolites 5A and 1OX 
are summarized in Tables 7 and 8, both of which refer to equal 
contact times. The two zeolites show only slight differences for the 
dehydration of n-butanol which can penetrate both crystals. Iso- 
butanol however is apparently excluded from the crystal interior of 
the zeolite 5A. This catalyst is therefore shape selective which is 
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TAULE 7. Dehydration of primary butyl alcoholsa. 

Wt yo dehydration 

"C Ca 1OX Ca 5A 

n-BuOH i-BuOH n-BuOH i-BuOH 

220 - 22 10 (2 
230 9 46 18 (2 
240 22 63 - 28 t 2  
2 60 64 85 60 <2 

5 290 - - - 

a Taken from Refercncc 189 with permission of the copy- 
right owner. 

TAULE 8. Dchydration of s-butanola. 

Wt yo ccnversion 
"C Ca 1OX Ca 5A 

109 15 N O  
116 25 N O  
130 82 N O  
190 >90 11 
205 >90 26 
210 > 90 45 

a Taken from Reference I89 with 
permission of the copyright owncr. 

proved also in the case of s-butanol dehydration (cf Table 8). With 
increasing temperature zeolite 5A also develops slight dehydration 
activity, which is due to reaction on the external crystal surface. 
This could be verified by comparing the external to internal surface 
area ratio and the relative degrees of conversion of the 5A and IOX 
zeolites. Analogous results have been obtained for the dehydration 
of n- and i s o p r ~ p a n o l ~ ~ ~ .  

I n  the dehydration of aliphatic alcohols selective fGrmation of 
olefins has been observed even from substrates which form ethers 
on dehydration over alumina or amorphous aluminium sili- 
cates1*6p 197.  This selectivity is caused by a retardation of the diffu- 
sion of ether from the active internal surface. Rhlek and GrubneP2 
found that the apparent activation energy of the diffusion of ethanol 
in both zeolites 5A and 1OX is 1.4 kcal/mole. The apparent activa- 
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tion energy of the diffusion of ether on the other hand was found 
to be 2-1 kcal/mole in the zeolite lox, but 6.4 kcal/mole in the 
zeolite 5A. This diffusion behaviour is reflccted by the conversion 
data for t!ie two catalysts. The overall activity is nearly identical 
whereas the molar ratio ethylene-ether ranges from 0-0-5 on zeolite 
1OX and 1-4 on zeolite 5A a t  260°C, depending on the contact time. 
For comparison this ra io  lies between 0 and 1 SO for the dehydration 
of ethanc! on alumina at 240°C. For the same reaction Bryant and 
K r s n i ~ h ' 8 ~  recently showed that the selectivity factor decreases with 
increasing pore size in thc order zeolite A > zeoIite Z > zeoIite X. 
This effect is even morc pronounced with the longer chain of 
n-butanol. 

As far as thc effect of cations in the zeolite structures is concerned 
the €3-form was always found to be the most active catalyst in 
d e h y d r a t i o ~ i ~ ~ ~ ~  l90.  The catalytic effect was explained by the pres- 
ence of protons bonded to thc A10, tetrahedrocs in the crystal 
structurc"O. By introducing mono- or di-valent cations by base- 
exchange the catalytic activity decreases. In the case of Ca ions, the 
activity was shown to depend on the position of the ions a t  the 
surface of the zeolit.: and on the amount of water adsorbed by sur- 
face dipolsl"9 200. Maximum activity was observed for a 1 : 1 ratio 
of Ca ions and adsorbed water molecules. Thus the catalytic activity 
can be adjusted to a convenient level by the nature and quantity of 
the cation used, limited only by the stability of the cation exchanged 
solids. Usually both size and valence of the exchanging cations show 
proncunced effects on the catalytic activity. The order LiX > NaX 
> KX > RbX was observed for the activity in the dehydration of 
n -b~ tano l '~~ .  The dehydration of ethanol on zeolite X is only slightly 
affected by low degrees of exchange of Na+ by Ca2+, but is consider- 
ably enhanced at larger degrees of exchangelg3. Higher dehydration 
activity of zeolites exchanged with bivalent cations was also observed 
by Bryant and I<ranich1s7, who explain this phenomenon by geo- 
metrical considerations. Cations in the pores and cavities of the 
zeolites occupy space and only one bivalent ion is required to 
replace two monovalent ions. Furthermore they could determine 
limiting ionic radii, i.e., 1.21 A for monovalent and 1.32 A for 
bivalent ions in zeolite A. Catalysts exchanged with ions of radii 
larger than the limiting values, as e.g., potassium and barium, 
respectivzly, were found to be inactive. Similar correlations with 
large-porc zeolites X could neither be expected nor obtained. The 
effect of the intrcjduction of divalent cations on the activity of type 

C 11 G-.\ A 
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X and Y zeolites with respect to the dehydration of iso-propanol 
has recently been studied by Stone and Agudo2003. The activity 
sequence at 160°C was found to be HY-76 > Cay-78 > MnX-74 
> NiY-65 > MnY-77 > Mn-Y-32 > NaY > Cay-27 > NaX, 
with the attached numbers indicating the percentage replacement 
of Naf by protons and divalent cations, respectively. This activity 
sequence is discussed with respect to the number, charge and location 
of the charge balancing cations. Protons located in the supercages 
are considered to be the active sites. I t  is suggested that the cations 
of catalysts containing high percentages of divalent cations exert 
an indirect specific effect through the reaction 

M2+ + H 2 0  -+ MOH+ + H+ 

d. Dehydratiott of alcohols on thoria. Thoria is well known as an 
active dehydration catalyst5. It selectively forms ethylene but not 
ether from ethanol (cf section III.C.2). The activity and selectivity 
of dehydration and dehydrogenation strongly depend on the pre- 
paration conditions. The most active and selective dehydration 
catalyst is obtained by pyrolysis of the oxalate at 350-400°C 36G. 

A less active, but equally selective catalyst is obtained from thc 
decomposition of thorium acetate or carbonate1267 l Z 7 .  Appreciable 
dehydrogenation has bcen found with thoria samples prepared from 
the hydroxide123. The degree of dehydration of ethanol on these 
catalysts increased with increasing surface area. These results were 
explained by associating the dehydration with the interior surfaces 
or pore walls of the oxide, which are rare in the low-area materials. 

The most striking behaviour of thoria catalysts is the stereospecific 
formation of 1-olefins from secondary al~ohols~2~-127. Asinger and 
~o-workers'2~ obtained 88% I-octene from the dehydrarion of 
2-octanol at 350°C. The selectivity decreased with increasing 
temperature cis- and tram-?- or -3-octene being additionally formed. 
Lundeen and van H0ozerl~~7 I 2 7  on the contrary found a tempera- 
ture-independent selectivity factor. Some product distributions xre 
given in Table 9. I n  a series of isomeric hexanols the 2-alcohols 
were generally more reactive than the 3-alcohols. Contrary to the 
dchydration of secondary alcohols the product distribution from the 
dehydration of t-amyl alcohol was found to be temperature- 
dependent and not selective. The stereochemistry of the dehydration 
of 2-alcohols over thoria was elucidated using threo- and epthro-2- 
methyl-4-deuterio-3-pentanol at 350°C. From the preferred con- 
formations of the substrate alcohols (i.e., methyl and isopropyl 
groups in trans-position) m d  from the amount of deuterium retained 
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TADLE 9. Thoria-catalysed dehydration of 2-alcohols'. 
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Alcohol 
Products yo 

1 -Alkene 2-A!kene 

2-Butanol 93-94 6-7 
2-Hexanol 95-97 3-5 
2-Octanol 95-97 3-5 
4-h4ethyl-2-pentanol 96-98 2-4 
1-Cyclohe.xy1-1-ethanol 96-98 2-4 

a Taken from Reference 127 with permission of the copyright 
owner. 

in the main products (cis- and truns-4-methyl-2-pentene) , i t  was 
concluded that they are formed by a stereoselective cis-elimination. 
The results are consistent with a structure in which the alcohol is 
bonded to the surface via the hydroxyl oxygen and a @-proton: 

Because of nonbonded interactions between the chemisorhed alcohol 
and the catalyst surface, structures 19 and 20, which would lead 
to the 2-olefins on abstraction of the elements of water, are less stable 
than structure 18. The latter requires smaller parts of the chemi- 
sorbed molecule to come close to the catalyst surface than 19 and 20, 
in which protons of a methylene rather than a methyl group are 
bonded to the surface. Thus, the stereospecific formation of 1-olefins 
from 2-alcohols is preferred. 

Similar stereoselective action, with 1-olefin yields >85%, has 
also been observed for several other oxides chosen from Group IIIB, 
including the lanthanides and actinides1". Scliappcll and Pine~1~9a 
came to the conclusion that, similar to alumina, the preferred 
reaction course in the dehydration of the stereoisomers of 1-decal01 
over thoria (prepared from the oxalate) a t  350°C is a traizs-elimina- 
tion. This follows from the formation of 1,9-octalin as the principal 
product from the dehydration of cis,cis-1-decalol, and of cis- 1,2- 
octalin as the main product from cis-, tmns-1-decalol. The stereo- 
specificity of the dehydration in the presence of thoria, however, was 
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found to be not so grcat as in the presencc of alumina. I t  was assunicd 
that this lower stcreospecificity may in part be due to the ease of 
dehydrogenation of decalols to dccalones, with a subsequent 
epimerization of the alcohols. 

e. Defydration of alcohols or; ion exclzange resins. The  dehydration 
of alcohols on the Hi--form of ion exchange resins (mainly poly- 
styrene) in liquid phase has been reported in various 
Ethers were observed as the main products from primary alcohols, 
whereas tertiary alcohols formed olefins. From kinetic measure- 
ments368 the anhydrous sulphonic acid groups or their mono- 
hydrates were suggested to represent the active sites in the dehydra- 
tion of t-butanol. I n  this system the reaction rate was limited by 
intraparticle diffusioil when resins of higher degrees of cross linkage 
(about 8%) were used. 

For the vapour phase dehydration on ion exchange resins Kittrell 
and Mezakizz67 226, using Kabel and Johanson's"4 kinetic data, 
postulated an  Eley-Rideal mechanism for the ether formation from 
ethanol, with one alcohol molecule impinging from the gas phase 
on an adsorbed alcohol molecule to yield adsorbed ether and water. 
Gates2zTr 2278, on the contrary, suggested a Langmuir-Hinshelwood 
mechanism with both reacting alcohol molecules being adsorbed 
adjacently, as best fitting the kinetic data. Water strongly inhibits 
the ether formation from methanol and ethanol. The activity of Lif 
and Naf exchanged resins is negligible while increasing with the 
H+-content. This indicates the necessity of the II+-ions for the 
catalyst to be active in dehydration and suggests that the reaction 
proceeds through oxonium or carbonium ion intermediates. From 
measurements of the dielectric constant of the systcm polystyrene- 
methanol372 it could be shown that one S0,I-P group adsorbs two 
alcohol molecules in different structures as shown schematically by: 

The same structure was deduced from infrared spectroscopic studies 
for the adsorption of ethanol, isopropanol and t - b ~ t a n o l ~ ~ ' .  This 
suggestion is consistent with a Langmuir-Hinshelwood mechanism 
of the ether formation, and the two alcohol molecules held by 
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different adsorption bonds may bc regarded as the respcctive part- 
ners in the bimolecular csurfacc' rcaction. 
f. Delydmtion of alcohols on metals. Alcohols such as t-butanol which 

cannot undergo dehydrogcnation without rearrangement of the 
carbon skeleton are dehydrated even on From the pre- 
parative point of view the recent investigations of Pines and 
Steingaszner"O1b have to be considered shortly. These authors ob- 
served the formation of ethers from n-bu tanol, s-butanol, isobutanol, 
2- and 3-methyl butanol and even from neopentanol over nickeI/ 
kieselguhr catalysts in the temperature range from 130 to 190°C 
during the hydrogenolysis of the alcohols. In  particular, the forma- 
tion of neopentyl ethers is a novel reaction and yielded up to 72 mole 
yo of the products formed depending on the preparation conditions 
of the catalyst. Even unsupported nickel catalysts yield ethers. Mixed 
ethers were also produced from primary alcohols. The structure of 
the alcohols seemed to have little influence on the yields of the 
cthers. The hydrogen present during the course of the reaction 
seemed not to take part directly in the ether formation, but to pro- 
long the lifc of the catalyst. The main function of tl-e hydrogen was 
assumed to be to keep the catalyst surface clean. Surface sites 
responsible for the ether formation were shown to possess acidic 
properties since the pre-adsorption of ammonia caused a loss of 
activity towards the ether formation. Acidic sites A and basic sites B 
in a nickel catalyst may be attributed to small amounts of nickel 
oxide which is present in the catalyst surface. This nickel oxide on 
heating may cause acidic and basic sites in a similar manner as 
alumina. The increase in the strength and/or number of acidic 
sites when nickel/kieselguhr is used could be explained by intcr- 
actions of silica with the nickel as described by Periz3Ob. Since the 
formation of ethers from alcohols is kfiown to occur oli acidic 
catalysts Pines and Steingaszner formulated an analogous mechan- 
ism in which acidic and basic sites of the nickel catalyst participate 
in the reaction in a concerted manner: 

There is, however, an alternative mechanism ~vhich explains the 
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ether formation under the experimental conditions through the 
condensation of an aldehyde with an alcohol to form hemiacetal, 
followcd by the hydrogenolysis of the hydroxyl group. This second 
mechanism seems to be preferable if i t  is considered that ether 
formation from neopentanol is not possible over any other acidic 
oxide catalyst. Furthermore, the occurrence of small amounts of 
ethers was reported when passing alcohols in the presence of 
hydrogen over evaporated p l a t i n ~ m * ~ ~ c  or palladium filmsZ3Od. The 
existence of oxide in the surface of these metals seems unlikely. 

5. The effect of the substrate structure on the reactivity 

The first attempts to correlate substrate structure and reactivity 
in dehydration reactions were reported by D o h ~ e " ~  and Bork and 
Tolstopyatova37Q, who studied the olefin formation from aliphatic 
alcohols on bauxite at relatively elevated temperatures. Generally, 
the observed activation energies decreased on methyl substitution, 
namely by 5.5 Itcal/mole on substitution in cc-position, by 2.5 kcal/ 
mole in /3- and by 0.5 kcal/mole in y-position. I n  agreement with 
this tendency Stauffer and K r a n i ~ h ~ ' ~  found a constant activation 
energy of 31 kcal/mole for the dehydration of the straight-chain 
aliphatic alcchols ethanol through n-hexanol on y-alumina. Kraus, 
Kochloefl and co-workers1l8* 330 came to the conclusion that for 
the dehydration of aliphatic and cyclic secondary alcohols and of 
stereoisomeric alkylcyclohexanols on alumina steric requirements 
predominate over the inductive effect with respect to their influence 
on reactivity. Some recent results on the olefin formation from 
aliphatic alcohols on alumina376 are summarized in Table 10. The 
observed activation energies can be discussed in the picture of an 
E2-like elimination reaction as mentioned in section III.C.4.b.G. 
The values of the activation energies increase in the order tertiary, 
secondary and primary alcohols. This trend is explained by the 
differing ionic contributions to the transition state and by the induc- 
tive effect of the alkyl groups adjacent to the /3-C atom. Thus, the 
ionic contribution is low in the dehydration of isobutanol as corn- 
pared to t-butanol. Furthermore, the two methyl groups in y-position 
in isobutanol compensate the positive charge at C, by their inductive 
effect. The acidity of the @-proton in isobutanol is therefore much 
less than the acidity of the e-protons of t-butanol so that the activa- 
tion energies are found in the right order for the rate-determining 
rupture of the C-H bond. 

3-Methyl-2-bu tanol and 2-methyl-2-bu tanol both form Hofmann- 
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and Saytzeff-products in comparable amounts. The inductive effect 
would predict a lower activation energy for the Hofmann-product. 

TABLE 10. ' ' ~ ' ~ L I C '  activation ei;Crgies of the okfin formation from 
aliphatic alcohols ovcr 1'-alumina. 

Activation energya 
(kcal/molc) Alcohol P1,oduct 

i-BuOI3 Isobu tylcnc 30.0 4 0.6 
s-BuOH .----- cis-2-butcne 27.2 0.7 

y L  trans-2-butcne 31.1 & 1.0 

3-Me-2-BuOH ------+ 2-Me-2-butcne 25.1 & 0.4 
l 3 - M c - 1 - b u t e n c  27.7 & 1.0 

Cyclohcsanol Cyclohcscne 25.7 f 0.3 

1-BuOH Isobutylcnc 25.5 f 0.6 

22.2 rf: 0.3 
1 2 - M e - I - b u t c n e  23.1 & 0.3 

2-Me-2-BuOH ----. 2-Me-2-butcne 

 the errors indicated arc maximum errors. 

However, the reverse order is found experimentally. An additional 
contribution of an olefin stabilizing effect must therefore be accepted. 
This fact supports the E2-like reaction intermediate since an olefin 
stabilizing effect can only work if the double bond is preformed in 
the transition state, which is true for E2-like but not for El-like 
reaction intermediates. 

The applicability of linear free energy relationships (LFER) to 
heterogeneously catalysed reactions has been proved r e ~ e n t l y ~ ~ ~ - ~ * ~ .  
The Hammett equation for aromatic and the Taft equation for 
aliphatic compounds have now been used to correlate the reactivity 
of alcohols for dehydration. I t  can be s h 0 w n 3 ~ ~  that the reaction 
constants p of these equations are low or even negative for carbonium 
ion or highly polar mechanisms. Since the mechanism of a hetero- 
geneously catalysed reaction is determined by the substrate structure 
and by the surface properties of the catalyst, the value of the 
p-constants should reflect both these factors. Some examples have 
very recently been reported383, which are shown in Figure 7. The 
Taft equation was found to be valid for the dehydration of four 
secondary alcohols (2-mcthy1-3-butano1: = 0; 2-methyl-3-hex- 
anol: (T* = -0.11; 2,4-dimethyl-3-pentanol: 8 = -0.19 and 2- 
methyl-4-ethyl-3-hexanol: G* = - 0.22) on alumina, zirconia, 
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FIGURE 7. Correlation of reaction ratc constants of dehydration of secondary alco- 
hols in the coordinates of the Taft equation: 0 SiO,; ZrO,; @;Ti02; Q)N20,. 

titania and silica. The reaction cmstants decrease in. this order, 
being negative for titania and silica. An E2-like debidration mech- 
anism on alumina seems therefore indicated by LFER, whereas for 
the dehydration on titania and silica a more polar mechanism must 
be assumed. I n  this case, clearly the surface properties of the catalyst 
predominantly determine the reaction mechanism. 'The reaction 
rate constants of the dehydration of substituted 1-phenyl etlianols 
on alumina could be correliited by the Hammett equationll!'. The 
reaction constant in this system was found to be negative and more- 
over-using the above-mentioned four catalysts-it was independent 
of the catalyst3S4. Appareztly the stabilization of a carbonium ion 
by the phenyl group is so strong that the influence of the catalyst is 
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iicgligiblc and cven on alumina tlic dchydration procccds through 
an El-like reaction intcrrnediate. I n  this case the substrate structure 
predominantly deterrnincs the mechanism. 

The reaction rates of the ether formation from methanol, ethanol, 
n-propanol and benzyl alcohol on alumina could also be correlated 
by the Taft equati0n37~~ 385. Tlie activation energies of the four 
reactions are equal at 25.5 kcal/mole. Thus, the differences of the 
reaction rates can only arise from differences in the activation 
entropies. The transition state of the mechanism (32) can be 
represented by 

(21 1 

Tlie or-C atGm in the alkoxide-like species is positively charged 
because of the electron withdrawal of the Al3+-ion. This positive 
charge is decrcased by the electron-donating power of alkyl groups, 
while, on the other hand, i t  is eiihanced by the electron withdrawal 
of the phenyl group in the benzylate. The charge distribution on the 
hydroxyl oxygen of the alcohol molecule is only s!ightly affected by 
R because of the damping effect of the methylene group. The 
formation of a transition state 21 is thercfore to a first approximation 
the more probable the more positive the a-c' atom of the alkoxide 
species. The activation entropy and the reaction rate are therefore 
highest for the dehydration of benzyl alcohol. The reaction constant 
is in fact found to he positive, indicating that the ether formation 
does not proceed via a strongly polar mechanism. Steric restrictions 
are apparently negligible despite the widely varying molecular sizes. 

IV. CONCLUDING REMARKS 

There is a high similarity between the dehydration of alcohols in 
solutions and on heterogeneous surfaces in the gas phase. All the 
principles of organic chemistry worked out for reactions in solution 
hold in heterogeneous catalysis. Thus in both systems the factors 
determining the course of the elimination reaction and the structure 
O F  the transition state are in principle the same. The nature of the 
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lcaving group and the structure of the alkyl residue are intrinsic 
properties of the substrate inoleculc, whcreas thc solid catalyst takes 
over the rolc fulfilled by the solvent in liquid phase reactions. The 
strength of the basic sites of a surface corresp3nds to the strength of 
dissolved bases and the interactions between the substrate molecule 
and the catalyst surface can be compared to the solvating power 
of the solvent. Even linear free energy relationships are applicable 
in heterogeneous reactions. The reaction course and reactivity are 
principally determined by the preponderance of either the intrinsic 
molecular properties or the surface properties of the catalyst. Due to 
the adsorption of the substrates on solid surfaces differences with 
respect to stcric aspects may sometimes arise as compared to reactions 
in the liquid p1:ase. The close similarities between dehydration re- 
actions in solution and on alumina surfaces led Pines and Manassene 
to the suggestion, which may be generalized for heterogeneous cat- 
alysts, that catalysts ‘seem to act as solvating agents and therefore 
may be considered as pseudosolvents for dehydration reactions’. 
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1. lNfRODWCYlQN 

Rearrangements cai:alysed by acids or bases in which the hydroxyl 
group plays a determinative role either as a direct participant-as 
keto-enol tautomerism-or indirectly by exerting a directive in- 
fluence-as in the pinacol-pinacolone rearrangement-are well 
known and have been adequately reviewedl -4. Uncatalysed re- 
arrangements in which hydroxyl groups play similar roles are less 
well known and have not been reviewed as a coherent group. Recent 
formulation of the conservation of orbital symmetry theory by 
Woodward and Hoffmanns-12 has permitted an understanding of 
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many of these uncatalyscd, coiicerted reactions not possible carlicr, 
and this chapter leans hcavily on those ideas. 

Primary attention is given to thermal processes, but some related 
photochemical rcactions arc included. Certain reactions which are 
not strictly to be te:.med rearrzngements have been included because 
of their similarity mechanistically with the rearrangements, and also 
because the survey would otherwise have been incomplete. I t  is 
hoped that the majority of significant material was unearthed from 
the literature, but apologies are made to the authors of any work 
inadvertently omitted. 

11. SIGMATROPIC REARRANGEMENTS 
A. The [/,3] Sigmatropic Shift 

Orbital symmetry theory indicates that a concerted thermal 
1,3-hydrogen migration must be an  unlikely event. The theory pre- 

( 1 1  
ti 

I z 
Z 

H 
X \ y /  I 

X L Y / / Z  

dicts5* 7 that the migrating atom must proceed from an initial 
position on one side of the plane of the other three atoms to a final 
position on the opposite side of the plane (equation 1). This awkward 
geometric requirement cannot be achieved in a concerted process. 
While no clear-cut examples of concerted uncatalysed keto-enol 
conversions are to be found in the literature, it must be noted that 
no studies have been made with the objective oftesting this possibility. 

I .  Thermal keto-enol interconversion 

A number of reactions are known in which a keto-cnol inter- 
conversion must occur during a thermal reaction. In no case has any 
study of the mechacism of this keto-enol tautomerism been carried 
out. S r in iva~an l~  suggested that the enol produced during irradia- 
tion of 2-hexanone undergoes ketonization in the gas phase. He con- 
sidered that one enol molecule could act as a hydrogen transfer agent 
to convert a second enol to the lieto form (equation 2). Studies by 

‘CH, 
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McMillan, Calvert and Pitts'g failed to provide support for this idea. 
When 4-pentenophenone-2-d undergoes an enolene rearrangement16 
(see section 111) the intramolecular deuterium migration is accom- 
panied by an inicrmolccular transfer. Since the enolenc rearrange- 
ment in this case must bc preceded by e:iol formation, the inter- 
molecular exchange is perhaps associated with the kcto-end 
conversion and might indicatc thc occurrence of reactions analogous 
to equation (2). 

TIic oxy-Copc rearrangement (scc section 1I.c) must give an eiiol 
directly which then kctonizes. Rcarrangemcnt of ly2-didcuteroxy- 
ly2-diviiiylcyclohcxane in the gas phase produced facile intermolecu- 
lar deutcrium transfers''j. Thus once again wlicrc a [1,3] hydrogen 
migration might occur under thermal impetus, intermolecular shifts 
are observcd. It must bc concluded that while thermal keto-enol 
interconversion may be possible, it is very doubtful that these involve 
concerted [ 1,3] sigmatropic shifts. 

2. Photochemical keto-enol interconversion 
A photoinduced [1,3] sigmatropic shift is predicted by orbital 

symmetry to proceed suprafacially. The prediction should be valid 
for a conccrtcd reaction from the first excited singlet state, but its 
relevance to reactions of other excited states is questionable. Experi- 
mental observation of direct photoenolization is dificult because of 
the rapid reversion of the enol to the keto form. Lemairel' found that 
irradiation of biacetyl leads to a product with the spectral and 
chemical properties of an enol. Enolization occurs via the second 
excited singlet state and cannot proceed through the first excited 
singlet or lower vibrational levels of the lowest triplet state. 

Some observations of McMillan, Calvert and Pitts'" show that 
photoenolization is not a general reaction. Irradiation of 2-penta- 
none in a vessel pretreated with deuterium oxide gave the enol form 
of acetone via a Norrish type I1 cleavage. The acetone produced 
was monodcuterated and recovered 2-pentanone contained no 
deuterium. Thus under the conditions used neither 2-pentanone 
nor acetone once ketonized will form an enol. I t  would appear that 
despite the expectations based on the theory, concerted photochemi- 
cal keto-enol interconversions are no easier to find than are the 
thermal ones. 
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B. The [l,SJ Sigmatropic Shift 
Orbital symmetry considerations predict5s 'I that concerted [l, 5) 

sigmatropic shifts should be suprefacial if induced thermally and 
antarafacial when promoted photochemically. 

I .  Thermal dienol-enone intarconversions 

The prediction of a favourable geometry €or the concerted thermal 
1,5-hydrogen migration does not of itself predict that they will be 
attainable. However, the thermal dienol-enone interconversion has 
proved to be a relatively facile process. Experimental observation 
of the rearrangement (equation 3) cannot normally be r-lade directly 
since the diend is only a transient species. Frequently obsemation 
is made possible because some alternate hydrogen transfer process 
permits a formal 1,3-migratioii to occur (equation 3). Concertedness 

0 - H  cF -: p & j  -T----% f/J- \ 13) -* 

H' 

is assumed if the reaction will proceed only when thc carbonyl and 
y-CH unit are cis  on the ct,p-double bond. 

Ohloffls found that citral and neral isomerize to unconjugated 
aldehydes at temperatures as low as 130" (equation 4). The products 

U C H O  = ~ C H O  

(f 1 

(4) 
CHO CHO 

1 1  
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boil a t  a loww temperature than the reactants so distillation through 
an efficient column (175" pot temperature) g.iics a distillate coii- 
taining 30% 1 and 70% 2 and 3. Similarly distillation of pulegonelD 
gave isopulegone in good yield (equation 5). The stereochemistry of 

isopulegone was confirmed by 0.r.d. studies. 
Similar observations on a deconjugatiori process were rnadc by 

Conia and co-workers209 zl, but the equilibrium between conjugated 
and unconjugated ketones was altered by an enolene cyclization (see 

tg (6) 
.-._A 

w 
(no cyclization) 

+ -- 
0 

section 111). Thus a major difference in the reaction was caused by 
the presence (reaction 7) or absence (reacticn 6 )  of a methyl group at 
C, on the 3,7-octadien-Z-one skeleton. The actual product isolated 
from the reaction (7) was 2,3,4-trimethyl-3-acctylcyclopentene. 

It is possible that the small amount of 4-methyl-4-penten-2-one 
obtained on pyrolysis of 4-rnetho~y-4-methyl-Z-pentanone~~ has its 
origin in a similar deconjugative process. Crandallz2 has attributed 
the formation of a conjugated product from 2-vinylcycIohexanone 
to a l,5-liydrogen migration following enolization (equation 8). The 
nature of the intermediate enol there suggests that o-vinylphenols 



724 Elliot N. Marvel1 and n’illiam Whallry 

might react analogously. The intermediacy of such a [1,5] sigma- 
tropic shift in the forniation of a benzopyran from phenyl propargyl 

1 

ether has been suggested (equation 9) ?‘. The cis-trans isomerization 
of o-propenylphenols (reaction 10) has also been attributedz5 to a 
1,5-hydrogen migration. Other examples of this general thermal 
enone-dienol interconversion are probably buried in the literature. 

2. Rmtochemical dienoLenone interconversions 

Perhaps indicative or the tenuous connexion between theory and 
reaction in photochemistry is the fact that the 1,5-shift which is 
theoretically less favoured geometrically has many formal examples 
while the more favourable 1,3-shift is rarely observed. The  photo- 
chemical 1,5-migrations may, of conrse, bc complex mechanistically, 
and their occurrence in no way contradicts the theory. 

A direct photoeiiolization invoking a 1 $hydrogen transfer was 
first observed by Yang and RivassG. The concentration of enol 
(equation 11) at  the photostationary state was too low for direct 
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detection. Its presence was confirmed by dcuterium exchange, and 
by trapping the e n d  with dimethyl acctylcnedicarboxylate. Flash 
photolysis st~1diesz7 showed thc reaction involves an n ->n* triplet 
state which decays to the cnol via a first-order process with 
k = 2 x lo3 sec-l. The enol 
first-order process with li = 9 

reverts to starting material also by a 
x lo-? sec-I. 

C H  
l b  

( 1  l i  

R = H, CH, 

A more comprehensive study was made by Huffman, Loy and 
U11man28, who found it difficult to predict on a purely structural 
basis which ketones will react. T h i s  1-benzoyl-2-methylnaphthalene 
and I-benzoylfluorene do not react, while 6-benzylbenzanthrone, 2- 
benzyl-3-benzoylbenzofuran and 3-bemyl-2-benzoylbenzofuran do. 
Of ten 2-alkyl-3-aroylchromones tested six reacted and four did not. 
Photochromism a t  low temperature and photoinduccd deuterium 
exchange were used as criteria for the reaction. Generally the enol 
(coloured form) is longer lived in nonpolar solvents and reverts to 
the keto form more rapidly when triethylamine is added or in polar 
protic solvents like ethanolz9. Therefore the dark reaction is not a 
thermal 1,5-hydrogen transfer. 

Huffmann, Loy and Ullman showcd that photoenolization in these 
cases proceeds exclusively via thc 12 +n* triplet state. I t  seems prob- 
able that reaction occurs only when that is the lowest energy triplet, 
since kctoncs which do not enolize frequently phosphoresce". A 
similar explanztion was given by Yang27 and Beckett and Porter30. 
Pitts, Johnson and Kuwana31 suggested that the failure ofo-hydroxy- 
benzophenone to undergo photopinacolization was due to photo- 
enolization. Even though 2,4-di-t-butyl-6-hydroxybenzophenone 
cannot form an  enol it apparently undergoes a photoinduced 1,5- 
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hydrogen transfers2 (equation 12). The  reaction has been attributed 
to the n+n* singlet, but this supposition has not been confirmed. 

As equation (12) suggests, coplanarity is not a requirement for 
hydrogen transfer. The photocnol from 2-benzyl-3-benzoylchromone 
has the structure indicated in reaction (13), since it shows infrared 
bands of an internally hydrogen-bonded carbony128. The  photo- 
chromism33 of salicylaldchydc which has been attributed to a 

0 

1,5-hydrogcii transfer, was shown by Becker and R i ~ h e y ~ ~  to be due 
to the trans-isomer of the keto-mil (equation 14). Earlier 
assumed the coloured product was the cis-keto-anil. 

Both 2,4- and 2,5-dimethylacetophenones undergo photoexchange 
involving the o-alkyl group only and show photochromisrn at low 
temperature3', and similar beliaviour has been reported for o-methyl- 
benzaldehyde3 7 .  Weller38 interpreted the spectral changes occurring 
on irradiation of salicylate esters as indicating a 1,5-hydrogen 
migration. Both aliphatic a,@-unsaturated carbonyl compounds may 
undergo a photoenolization with a 1,5-hydrogen shift. Normally the 
reaction is observed when the proton is then transferred to the 
cc-carbon in a dark reaction and deconjugation results (equation 3). 
Structure as a criterion for the deconjugation gives results here as 
erratic as in the photoenolization of aromatic systems. Whether the 
n+n* triplet is implicated is not yet clear, though in certain cases 
a n+n* state is the reactive one (see below). 

An early reports9 of the photodeconjugation of 3,4,4-trimethyl-3- 
penten-2-one could not be repeated by Jorgenson and Yang", who 
found only a cyclopropane derivative (reaction 15). Similarly the 
formation of 3-ace~ylcyclofie:;eiie from l-acetylcy~lohexene~~ could 
not be confirmed by Pitts and Simonitis4*. However, irradiation of 
a-ionone produces a deconjugation reaction (16) 'Is. McDowell and 
Si f 'n iade~~~ reported conversion of trans-crotonaldehyde to 3-butenal 
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w, /CH3 s\ 
H2C-C -CH,COCH, 

\ 
CH, 

in low quantum yield (0-l), however, Allen and PittsQ" failcd to 
detect this product. 

(16) 

Yang and JorgensonQ5 surveyed the photobehaviour of a series of 
aliphatic enones. Deconjugation cannot be attained with 3-penten-2- 
one, 4-methyl-3-penten-2-oneY 3,4-dimethyl-3-penten-2-one and 4,5- 
dimethyl-3-hexen-2-one, but 3-hexen-2-one and 5-methyl-3-hexen- 
2-one react nicely (reaction 17) when irradiated in Pyrex vessels. A 

hw 
CH3CO-CH=CH-CH-CH, Et,O CH,&OCHzCH=CCH3 (17) 

1 1 
R R 

deuterium atom was introduced at  the cr-carbon if the irradiation 
was done in CH,OD. To complete this enigmatic series it was later 
foundJOS 4 7  that 2,6-dimethyl-ZY5-heptadien-4-one undergoes mono 
or double deconjugation in aqueous methanol, but only mono- 
deconjugation in liexane (reaction 18). 

Commenting on the deconjugation of 1-acetylcyclohexene, a 
molecule in which a direct 1,5-hydrogen transfer is not possible, 

hu I lrexane 

CH3 1 
I 

CH,=C-CH,COCH =C(CH,), 
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Hammond and T'ur1-0~8 suggested that deprotonation of the polar 
st +n* singlet state, followed by reprotonation, could account for the 
deconjugation (reaction 19). Though the example which evoked the 
theory is probably not valid, some further cases of a similar type 

(19) 

have since been uncovered. Yatnada, Uda and Nakanishi4g founci 
some 3-methylenecyclohexa~ione in the product of irradiation of 
cyclohexcnone and ethylene in benzene. The double bond in a 10 
cc-testosterone migrates to a nonconjugatcd position during irradia- 
tion (equation 20) 50. A direct 1,3-hyd;ogen migration could account 
for these results. McDowell and S i f i~ i ades~~  had suggested the 1,3- 

I # (20) 

' ,s" h I .  

t-BuOY 
___\ 

0.c- O%/ 

migmtion as a general route for all deconjugative reactions, but 
exchange had eliminated i t  from consideration in several 
cases. Specific incorporation of deuterium at C ,  in 10 a-test~sterone~l 
showed. that 1,3-shifts are not operative in this case either. Kuwata 
and Schaffner51 showed that deconjugation in 10 a-testosterone 
involves the n -m* excited state. Howe:,er, that requirement holds 
only in alcohol solvents since in benzene solution the reaction may 
proceed upon n +n* excitation. 

While the results above show that 1,5-hydrogen shifts need not be 
intramolecular, the stereochemical results in other cases suggest that 
the direct intramolecular transfer does occur. Photoisomerization of 
ethyl trans-crotonate5z* 53 ieads directly to the cis-isomer, but ethyl 

h I' 
CH,=CH-CH,COOEt d 

H H J ,  - / d h 1. H \  / 

,c=c, - ,c=c, 
H 

H COOEt H -tC COOEt 
(21j 

3-butenoate appears only after an induction period. T h e  cis-ester 
gives both t r a m  form and ethyl 3-butenoate without an induction 
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period. Jorgenson and G ~ n d e l ~ ~  reported simiiar observations with 
ethyl 3,4,4-trimethyl-2-pentenoate. These reactions were not subject 
to photosensitization, and ethyl crotonate does not react if a Pyrex 
filter is used. Jorgenson55 confirmed the stereospecificity of the hydro- 
gen transfer with some rate studies on the geometric isomers of ethyl 
3,4-dimetliylpentenoate. 

Photodeconjugation appears to be more general with unsaturated 
esters than with enones. Buchi and Feairhel1erss showed that ethyl 
ch-~-cyclohexylacrylate reacts readily (equation 22). Ethyl 8, 

metliylcrotonate undcrgoes deconjugation while its ketone analogue- 
mesityl oxide, fails to react53. Unsaturated acids also react. Pro- 
longed exposure of cis-/3-benzoyl-or-methylacrylic acid to sunlight 
gave B-benzoyl-or-methyleneacrylic acid (reaction 23) 57. Trans- 
crotonic acid is converted first to the cis-isomer and then to 3-butenoic 
acid5*. A particularly interesting example was found by Crowley 
(equation 24)59. However, since the methyl esters of the acids gave 

H ,COC6H5 CH,COC,H, 
h Y I 

(23) - ‘C 
l l  4c\ 

H,C COOH 
H,C / c  ‘COOH 

h 6’ 

R-CH=CH-CH=CH-COOH RCH=C=CH-CH,COOH 

(24) 

allene only when formic acid was added to the irradiation mixture, 
the reaction may involve a more complex process. 

3. The P-hydroxy olefin cleavage 
Thermal 1,5-hydrogen migrations via a cyclic transition state 

are not restricted to cis-dime systems. I n  fact the occurrence of such 
migrations in molecules containing a 3-butenol grouping has been 
known for many years. Strictly speaking this reaction does not 
constitute a rearrangement except in special cases, but it is included 
here because of its mechanistic relation with the preceding reactions. 
Krafi60 observed in 1877 that pyrolytic distillation of castor oil gave 
an unsaturated fatty acid. Vernon and RossG1 studied the process in 
greater detail and isolated lieptaldehyde in 85% yield. Barbot62 

C I 3  O - B B  
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OH 
I 

Ct+,(CH2)sCHO + CHz=CH(CH,)aCOOCH3 

showed that methyl ricinoleate gives methyl undecylate and hept- 
aldehyde. Gensler and Abrahams63 obtained 2-octanone from the 
pyrolysis of methyl 12-methylricinoleate. 

Pyrolysis at 600" of a large series of unsaturated tertiary alcohols 
was made by Grignard6". He reported that better yields of ketones 
from B,y-oIefinic alcohols could be obtained in vacuo at 500° 
(reaction 26). Apparently he was not aware of the double bond 
migration or of the special character of the /?-hydroxyole fins. 

OH 0 

I 
R3 

I A II 
R'CH=CH-CH,-C-R* - + R'CH2CH=CHz i- R2-C-R3 

(26) 

R' = H R2 = CH, R3 = n-Pr, C6H5, C6H,CH, 

R' = CH3 R2 = CH, R3= n-Bu, C6HS, C,H,CH, 

Bain66 found that the reaction was reversible at lower tempera- 
tures, and he devised the useful synthesis of nopol (equation 27). 

When both the double bond and the carbonyl group are in the same 
molecule, the reaction becomes a rearrangemciit (equation 28) 1% 66. 

A number of similar cxamples (equations 29-31) are to be found in 
terpene cliemistry18. 

The relation between these reactions and the AIder 'ene' synthe- 
sisG7 was noted by Arnold and DowdallGs. They showed that mono- 
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olefins generally combinc with reactive aldehydes with migration 
of the double bond (equation 32). Young and RobertsG9 drew 

OH 
I 

It C H, C HCOC,Hs 

attention to the relation with the Claiscn rearrangernent7O and 
suggested a cyclic transition state. Substantial evidence in support of 
the cyclic transition state has been accumulated. Deuterium label- 
ling'l showed that the hydroxyl proton is transferred intramolecularly 
to the y-carbon. Only a single diastereomer is found when P-pinene 

Et oEt 5 C 6 H 5 C H D C H ~ C H ,  + EtCOEt (33) 
C6H5 

combines with methyl pyruvate (equation 34.) 72. Similar selectivity 

OH 
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is found in the 'ene' reaction73~ 74. A radical rcactioii is cliininatcd by 
use of an optically active alcohol (equation 35) 75. Optical activity is 
retained in a product whose asymmetric centre is formed as that in 
the reactant is destroyed (equation 36) 7(3. Activation parameters for 

[a] =-go" + 102" 

(36) b'c -0 

500" 

Me,CH'. 6 -  OH CHMe, 

+ 8.02 -!- 23" 

a fiumber of cleavages have been measured7; and most AH' lie 
near 40 kcal/mole and AS$ are ca -8 e.u. 

I n  the cleavage process a preference normally exists for formation 
of a trans double bond. Thus decomposition of diphenyl cc-methallyl 
carbinol gives 77% trans- and 23% cis-2-butene (equation 37) 78. The 

H 

Me 
/ (37) O\ /'' 1 Y M e  -> A +,co + Me\ ,c=c, c-c' 

\ I  
d H  

H 

I l l  (381 
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ratio of cis to t r am is similar to that obtained in an E, elimina- 
tionio. This contrasts most remarkably with the result achieved 
when an alkyl mesityl a-methylallyl carbinol is d e c o r n p ~ s e d ~ ~ ~  78. 

If the alkyl group is methyl, 72% cis-2-butene is formed05 and when 
the aikyl is isopropyl 74% cis-2-butene results78. A cyclic transition 
state with the breaking OH and C-C bonds coplanar (equation 38), 
expected on a stereoelectronic basis, will rationalize these results. 
I n  accord with geometry for the transition state the double bond 
formed during the condensation process is predominantIy irans 
(reaction 39) 80. 

1 
H 

(39) 

1 
R, &, 

C CH2CH20H 
I 
H 

A!kyl and aryl groups have only relatively small influence on the 
rate of the cleavage?'. Going from a primary to a tertiary alcohol 
increases the rate by about fivefold. Phenyl groups have the largest 
effect and show opposing influences when in the 3- or the 4-pssiiioil 
on the butenol chain. Thus 3-phenyl-3-bcten- 1-01 decomposes atout 
ten times faster than 3-buten-1-01 itself, and the 4-phenyl derivative 
reacts about five times slower. 

Synthetic use of the reaction can be made in either direction. 
The cleavage reaction has been used in a very clever process for 
lengthening carbon chains (equations 40, 41) 82. I n  equation (41) 
when R is C k C H  the reaction takes a different c0urse8~. However, 
replacing the double bond by a triple bond does not cause the re- 
action to faila49 f% 86. When it is functionally possible the reaction 
competes with the oxy-Cope rearrangement (see section 1I.c) 87. I n  

N, RcH~CH=CH(CH,)~CHO (40) 
CHOH 

(CIJ '2 1 X'CH--CH=C"R '1 500' 
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/-., 

cases where the oxy-Cope is geometrically mifavourable the cleavage 
may be the only observable pr.xess (equation 44)8*. 

> CH,=CH--CIiO + CHz=C=CH2 (42) 390" 

CH,-CZCH 

0 

4. Decarboxylation of P,y-unsaturated acids 
A reactim which is directly related to the P-hytlrosyolefin cleavage 

is the rather special thermal decarboxylation of p,y-olefinic acids. In 
fact it makes little difference whether the hydroxyl-bearing carbon 
is the alkyl carbon of the alcohol or the carbonyl group of the acid 
(equation 45) a9. The mechanistic relation between these was recog- 
nized by Arnoldeo, who showed that the decarboxylation of a$- 
olefinic acids often occurs via the /?,y-unsaturated acid. A six- 

M e  

I Me Me 

1 A 
HOOC-C-CH=CH-COOH - ,C=CH-CH,COOH 

membered ring transition state is favoured since dienoic acids 

(45) 

often 
give unconjugated dienes (reaction 46)91* 8 2 s  93. The special ease of 
decarboxylation of &y-olefinic acids has been utilized in structural 
studies of morolic acide3 and of polyporenic acidg4. The reaction has 
been ernplcyed for the synthesis of exocyclic olefins (equation 
4.7)", 9r,* 
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5. Thermal aldol condensation 

The aldol condensation which is normally carried out with acids 
or bases as catalysts does O C C U ~  as a thermal process. Formally it may 
be visualized as a 6-bydroxy olefin cleavage with the carbon-carbon 
double bond replaced by a carbonyl group (reaction 48). Generally 
the retrograde aldol rather than the condensation is more readily 
observed as a thermal process. Smith and Yates9' studied the de- 

composition of 4-hydroxy-4-methyl-Z-pentanone in the vapour 
phase at 220-250" (equation 49). The  kinetics are first-order with 
AH$ = 30 kcal/mole and ASs = -8 e.u. 1Moleg8 found that 

H OH 

2-methyl-2- ( 1 -1iydroxyisopropyl) cyclohexanone undergoes a re tro- 
grade aldol condensation, whereas 1 - ( 1 -1iydroxyisopropyl) -3,3- 
dimethyl-Z-bicyclo[Z.Z. 1 Jheptanone, which cannot form an enol, is 
thermally stable (equation 50). Lamberton observed a retrograde 
aldol condensation when a 3-hydroxycyclohexanone was distilled 
(reaction 5 1) 99. Apparently a tiwrnial retrograde aldol reaction 
plays a role in the interesting photochernicd synthesis of 1,5- 
diketones (reaction 52) developed by deMayo loo*  lol. 
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Diketones may undergo a thermal aldol condensation with 
cyclization20. 102. Thus, for example, 1,7-diphenyl- 1,7-heptane- 

C6H5COOH CSHSCO 

C6H&3(CH,),COC6H5 330" > [ pJC6..] d @SH5 

(53) 
dione cycIizes at 330" and the aIdol product dehydrates under these 
conditions (equation 53) lo3. Marvel1 and Whalleyl03 noted that a 

A 

OH 
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thermal aldol condciisation may providc the route to thc formation 
of 7-hydroxy-2-bicyclo[5.3.O]decanone fi-om 1,2-divinyl-1,2-cyclo- 
bexanediol (reaction 54). In this casc an alternate possibility exists 
for formation of this hydroxyketone (see equation 86). 

6. Decarboxylation of P-keto acids 

The well known decarboxylation of P-kcto acids is mechanistically 
related to the above reactions and involves a six-membered cyclic 
transition statefO4. I n  buffered media both the acid and the anion 
undergo decarboxylation, but the rate constant for the acid is ca 100 
times greater than that of the anionlo4. If reaction is carried out in  
the presence of Ixomine, an a-bromoketone is found (reaction 55) 

OH 
A I 

CH3-COC(CHJ&OOH - H3C--C=C{CH3), + CO, 

H,C -COC(CH,), 
I 
B: 

indicating the initial formation of an enolAo4. If enol formation is 
geometricaily impossible the acid will be thermally stable, as is 
7,7-dimethyl-2-bicyclo C2.2.11 hep tanone- 1-carboxylic acid105. The 
rate of decarboxylation of B-keto acids is not markedly influenced by 
solvent, and the change from alkyl to aryl groups on the ,&carbon 
also has very little influence on the ratelOG. 

C. The [/,7]Sigmatropic Shift 
Concerted thermal 1,7-hydrogen migrations are predicted theo- 

retically5p 7 to be antarafacial. However, the molecule now may have 
sufficient flexibility to meet this requirement and these reactions have 
been observed in all carbon ~ y s t e m s ~ ~ ~ - ~ ~ ~ .  Not surprisingly, the 
1,7-hydrogen migration in a trienol system is rare since the stereo- 
chemical requirement that two contiguous double bonds have a 
cis-configuration is rarely met. Heating cis-1-(o-hydroxypheny1)- 
butadiene at 1 10" is reported to give 2-methylbenzopyran (equation 
56) 113. The OD derivative leads to introduction of a deuterium in the 



D. The [3,3] Sigmatropic Shift 
The Cope rearrangement, discovered in 1940115y is one of the well 

known and carefully investigatedllG examples of the [3,3] sigma- 
tropic reaction. The course of the rearrangement may be quite 
profoundly influenced by the presence of hydroxyl groups, and 
Bersonll' has coined the term oxy-Cope rearrangement for such 
cases. Oddly enough the first example of an oxy-Cope rearrange- 
meiit was published some ten years prior to Cope's discovery. 
UrionllS found that heating 3,4-dihydroxy-ly5-hexadiene over 
aluminium oxide gave cyclopentene-1-carboxaldehyde and a trace 
of 1,6-hexanedial (equation 59). The role of the aluminium oxide is 

obscure and probably does not alter the reaction (see below). How- 
ever, it did serve to mask the purely thermal nature of the rearrange- 
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ment from Urion. In  further studies he showed that some acrolein 
and propionaldehyde were formed in the reactionllD, and that the 
pinacol-pinacolone rearrangement product, 1,5-pentadiene-3-car- 
boxaldehyde, was not an intermediate. The horndogous 4,5- 
dihydroxy-2,6-octadiene gave a mixture of cis- and 1rans-4,,5-di- 
methylcyclopentene- 1-carbo:caldehyde (reactioti 60) OO, 

CHO 

AIzO, H 3 y j  I- CH,CH=CHCHO (60) 

Following Cope's early work there was a period of relative in- 
activity ir, this field, and no studies of hexadienes with functional 
substitucnts other than nitrile or ester groups were made until 1959. 
Wiemann and Tliuanlzl, in a continuation of Urion's work, re- 
ported that the thermal and acid catalysed reactions of 3,4-dimethyl- 
3,4-dihydroxy- lY5-hexadiene gave different products. They sug- 
gested aluminium oxide was acting as a surface active catalyst. 

H3C 
HO 320" 

CH3 
OH H+ I 

H3C+ 7' CH&O-C-(CH=CH2), 

(61) 4-w v, R3 
f CH,CO[CH2),COCH, AbO, OH I-!& 

Generally simple aliphatic fiexadiencs having one or more 
hydroxyl groups a t  C, or C ,  rearrange in a concertcd process giving 
a carbonyl compound. Thus 1,5-hexadien-3-01 gives 5-hexenall". 
The p-hydroxyolefin cleavage is the main competitive reaction 
(equation 62). Viola and co-workersS7 have made a thorough study 
of the effect of methyl substitution on the ratio of cleavage versus 
rearrangement. Replacement of a hydrogen by a methyl at  Cz, C, 

I l l  
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or C, alters the ratio very little, while substitution at  Cl, GG or C, 
favours the cleavage. The ratio is solely dependent on the relative 
free energies of the two transition states (Curtin-Hammett prin- 
ciple)l23V 134 and apparently more than a pure steric problem is 
involved. 

It has been shown theoreticallyG that the Cope rearrangement 
prefers a chair-like to a boat-like transition state. This has been 
confirmed experimentally12G. With a diol having both doublz bonds 
trans application of the principles of conformational analysis shows 
that both dl and meso forms of the diol must give the dl form of the 

I 

product (equation 63). Ring closure should lead exclusively to the 
trans-4,5-dialkylcyclopenten- 1 -carboxaldehyde. Chuche and Wie- 
man126 found that for R = phenyl the product was purely tram, but 
where R = methyl the product contained 76% trans- and 24% 
cis-4,5-dimethylcyclopenten- 1 -carboxaldehyde. The latter result 
confirms Urion's earlier studyl?o. Either the reactant in  this latter 
case must contain some mono-cis isomer, or a most unexpectedly 
high percent of reaction occurs via the boat-like transition state. 

Conia and students1Z7- lZ8  have shown the synthetic value of the 
rearrangement of the readily accessible 1,2-divinyl- 1,2-diols. Re- 
action may lead either to a dione or a cyclized product (equation 64) 

CH,CO(CH,),COCH, 

(64) 

depending on the conditions. The  reaction might be expected to be 
useful for ring expansion by four carbons. In  some cases it is indeed1*9 
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useful in this way (equation 65), but in the most valuable region, 
i.e. formation of medium rings from the common ring derivatives, 
cyclization of the bis-enol is apparently unavoidable103. 127. Under 

controlled conditions the hydroxy ketone can he isolated103 (equal 
tion 67). Formation of the ketone is stereospecific since the trans-dlo- 

OH OH 

'b 

OH 

gives one isomer of the ketone, while the cis-diol forms a mixture 

containing mainly the other isomerl03. The resujt is nicely rational- 
ized via a stereospecific Cope rearrangement followed by an aldol 
condensation (equation 54.) or by an enolene rear ranpmmt (equa- 
tion 86). 

If the molecular geomctry permits the ends of the hexadiene system 

320" 

88% 

48% 

6% 2% 

(68) 

2.5% 36% 
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to approach one another properly, the Cope rearrangement is a con- 
certed reaction116. M k n  this condition is not met fission to two 
allylic radicals and recombination Examples of the oxy- 
Cope reaction which proceed by a biradical mechar,ism have been 
reported by Uerson and students1'7- 131-l33. Both epimers of 7-vinyl- 
2-bicyclo[2.2.1] hepten-7-01 rearrange at the same rate giving mix- 
tures of the same products but in differing amounts (reaction 68) 131. 

Radical recombination with both single inversion and double in- 
version of the ally1 groups occurs. The monocyclic ketcjne is dcrivcd 
from a reaction which is a formal analogue of the P-hydroxy olefin 
cleavage. Since syn-7-vinylnorbornenol is the major product (75%) 
from 7-norbornenone and vinyl Grignarcl, this thermal process is an 
effective synthetic entree to the bicyclo[3.2.2]nonane ring system. 

' A  second epimeric pair (equation 69) shows quite a different 

I 

320" 

otr 
/k$ OH 

0 0 

85% 

behaviour despite the fact that they react at the same rate. In this 
case the radical recombinations or hydrogen abstractions are 
so much faster tk.an internal rotations that no crossover results. 
That the reaction is intramolecular was confirmed by the use of 
optically active reactants132. The hydroxyl group lowers the bond 
dissociation energy of the central bond of the biallylic system by 
2.4 kcal/rnolel 3. 

Use of a triple bond in pIace ofa  double bond apparently causes 
no alteration in the course of the r e a r r a n g e m e ~ ~ t * ~ - ~ ~ .  Both the Cope 
rearrangement and the p-hydrosy olefin cleavage (equations 42 and 
43) occur. Some ciioleiie rcarrangemcnt products arc also observcd 
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(see section 111). The mechanism has not bcen investigated, but no 
products derivcd from a single inversion radical recombination were 
observed. Even 3,4-dimethyl-3,4-diliydrox)-- lY5-hexadiyne gave the 

( ---> A RCOCM2CH2CH=;C=CH, + RCOCH=CH2 (70) 

* + CH,=C=CH, 

I 

(7'1) 

product expected of a normal oxy-Cope rearrangement (equation 
71) *O. An alternative route via formation of a dimethylenecyclo- 
b ~ t e n e l ~ ~  and electrocyclic ring opening of the ketonizcd cyclo- 
butene*s5 is a distinct possibility. 

8118. THE ENBLENE REARRANGEMENT 

The term 'enolene' rearrangement was coined by Roberts15 to cover 
the general rearrangement (equation 72). In the rcverse direction 

(72) 

this is formally a 1,5-hydrogen shift, and where x = 1 Winstein136 
called such rearrangements homodienyl hydrogen shifts. The forward 
reaction is clearly an intramolecular 'ene' reactionG '. To emphasize 
this diversity of character, these rearrangements have been put in a 
separate section. 

Historically the enolene rearrangement is an offspring of the Clai- 
sen rearrangement. Lauer and Filbert:: observed that y-ethylallyl 
phenyl ether gave 0- (cc,y-dimethylally1)phenol (equation 73) rather 
than the expected 0- (a-ethylal1yl)phenol. The normal product was 
identified in the product mixture by Iater ~o rke r s l3~ .  Rearrangement 
with isomerization in the allylic moiety was termed the abnormal 
Claisen rearrangement. Some of the structural requirements for 

(OH ,j -A "> - 
(CH,), (CH,),y 
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0 - C H, C H = C H -E t 

173) 
A 

abnormal rearrangement were quickly established. Only the normal 
product was obtained from or-alkylallyl phenyl 13% I4O. A 
y-methyl or phenyl on the ally1 group led only to normal reaction14’. 
Para-Claisen rearrangement of the y-ethylallyl ether of methyl 
cresotinate was completely normal142. An abnormal product was 
0btained13~ from y-propylallyl 4-carbethoxyphenyl ether (equal 
tion 74), and a chroman clearly derived from an abnormal product 

0-CH,CH=CHCH,Et 

A +r;-cH=cHEt (74) 

COOEt 

8 
COOEt 

was isolated from a y,y-diniethylallyl ether143. An acyclic case was 
provided by the isolation of a small. amount of 3-methyl-4-hexena- 
from y-ethylallyl vinyl ether’”. Eventually use of C14 showed that 

CHp=CH-O-CH,CH=CH-Et - Me-CH=CH-CHCH,CHO A 

(75) 

an abnormal product was also formed from a crotyl ether144. 
Finally, a careful investigation revealed that the abnormal product 

was not a direct descendant from the ether, but resulted from further 
reaction of the normal produ~t14~. The methyl ether of the normal 

I 
Me 

O-~H,CH=CH-EI ~ & L - c H = c H ?  ~ b C H - - C H = C H M e  OH Me 

r--------- 

(76) 
product is thermally stable alone or in the presence of phenol. Para- 
Claisen products are also thermally stable. Rearrangement is limited 

0 / 
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to o-(a-alkylallyl)phenols, and is a rather complex example of the 
eiiolene rearrangement145. 

A signiscant body of data has been accumulated in support of this 
mechanism. Further studies with o- (2-C14-methylallyl)phenol showed 
that the label was equilibrated between the =-methyl and y-ally1 
carbons onlylqGv lA7. Heated in deuterium oxide the phenol incor- 
porated deuterium on the same two carbons14*. However the rate of 
incorporation was faster at  the y-carbon than in the methyl group. 
This observation is in accord with the expectation that the methyl 
groups on the cyclopropane ring of the intermediate may be either 

3 1  

cis or trans (reaction 78). Only the cis orientation can lead to deutera- 
tion of the methyl. Both deuterium incorporation and cis-trans 
isomerization of the double bond were used149 to demonstrate 
reaction of an o-crotyfphenol. 

The rates of cis-trans isomerization and of deuterium incorpora- 
tion at the y-carbon of 0- (a,y-dimethylally1)phenol are identical150 
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and the trmzs-product obtained from a pure cis-isomer contained only 
deuterium at the y-carbon (reaction 79). The proton transfer is thus 

OD 

1 

OH y e  _I 

o C H - C H = C D l e  

trans 

stereospecific. The theoretical basis for the specificity was suggested 
by Winsteinls'. 

As these results would suggest, cis- 1 -acyl-2-alkylcyclopropanes 
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undergo facile thermal ring opening accompanied by a hydrogen 
152-164. Trans-isomers are thermally stable at temperatures 

where the cis-isomcrs react readily. Rearrangement of l-qcetyl- 
2,2-dimethylcyclopropane was kinetically first-order (ASS = - 10 
e.u.)'"g 153. Though the enol appropriate to rcversal of this ring 
opening is not stable in a nonphenolic system, it is apparently formed 
readily in situ since 4-pentcnophenoiie-2d exhibits the zppropriate 
deuterium migration (equation 80) 16. 

Conia and students have demonstrated that the eiiolene rearrange- 
ment is of great generalityz0$ 2 1 s  155-1G4. Examples of the type 
(reaction 81) have been studied with n = 1, 2, 3, 4 and 7. When 
n = 1 or 2 ring opening occurs and when n = 3, 4 or 7 cyclization is 
the spontaneous process1 50 .  The stereochcmistry of the cyclized 
product is as shown but if Rz  = R3 = H further reaction leads to 

11 
R'CO C H R 4 R S  

R2 

the trans-isomer. Yiclds in the ring formation rcach a maximilm 
with n = 3 and decrease as n increases. However, even when n = 7 
the yield is 30% (equation 82) 15*. 

MeCO(CH,),CH=CHZ 3800 (82) 

Doubly-unsaturated ketones with an cx,F-enone system will react 
(equation 7) if the proper structural coiiditions are satisfiedz1, 160, 
but the cr,/?-double bond is deconjugated during reaction. Acetylenic 
ketones Iike 7-octyn-2-one cyclize in  good yield2*. If the acetylenic 
group is in a terminal position the initially formed exocyclic double 
bond migrates to an endocyclic position (equation 83). 
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I 
.1 

COMe COMe 

I n  all of these aliphatic or alicyclic cases the enol must be formed 
initially from the ketone. As was noted earlier the mode of this 
process is not yet clear. In  some other reactions, notably the oxy- 
Cope, an enol is formed directly and under the proper conditions 
an  enolene rearrangement could follow this step. When 3-methyl-3- 
hydroxyhex-1-ene-5-yne is heated the expected rcsult occurs 
(equaticn 84) 8 5 .  Apparently the alleiic enol rearranges rapidly to 
the 1 -ace tyl-2-vinylcyclopropane which survives the conditions of 
the reaction. This is the first examply of a ring closure in the enolene 

Y I 
MeCOCH,CH,CH=C=CH, 

C r C H  

A -> 

OH 

H,C=C- 

OHC- C H,C H,CH=C=C H, 
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case whcre n = 1. A most unusual ring closurc is observed when the 
methyl group is missing (equation 85)*4. I t  would appear that the 
3-cyclopenten-1-carboxaldehyde could not be the product of a 
concerted ring closure like tlic cnolene process. The enol is expected 
to be predominantly trans, if the oxy-Cope rearrangement is con- 
certed in this case, and in any event dircct transfer of the hydrogen 
to the central carbon of the alleiie would give a trans double bond 
rather than the cis one needed to form a five-membered ring. 

The enolene rearrangement may also be the terminal step in 
oxy-Cope rcactions lcading to initial formation of medium ring bis- 
enolslo3. I n  accord with this suggestion, which gives a role only to 

CHO 

& OH 

CHOH 

L O H  

> 

one of the hydroxyl groups (equation 86), the mono methyl ether of 
1,Z-divinyl-l,Z-cyclohexanediol reacts in the samc way to give a 
bicyclic productlo3. 

Though the final step in most ring openings by the enolene process 
is a formal lY3-hydrogen shift, ihe theoretically expected greater 
facility of a 1,5-sliXt is illustrated by one case (reaction 87)Io5. Note 

OHC' *-.a 
I -  & (881 

CHO 
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that the vesy I'acile 1,5-hydrogen shifts in the cyclopentadiene 
ringlGG? 16' apparently proceed more rapidly than that involving the 
enol. A ring closure of an interesting type which may also belong to 
the enolene group has been reported (equation 88)108, although the 
authors do not attribute the ring closure to this mechanism. 
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1. INTRODUCTION 

The purpose of this chapter is to discuss the formation and reactions 
of hydroxyl groups in compounds found in biological systems. If one 
looks at the large number of organic molecules found in the plant and 
animal kingdoms, it is quickly apparent that the majority contain 
hydroxyl groups, for example, all sugars, some amino acids, some fatty 
acids, steroids, pigments, etc. Since it would be difficult to try and 
describe completely the synthesis of all of these compounds, only the 
general principles of hydroxyl group formation will he discussed here. 

Although compounds with hydroxyl groups may vary structurally 
and chemically, there are surprisingly few general reactions which 
lead to their biosynthetic formation. I n  organic chemistry, hydroxyl 
groups are introduced into molecules by one of the following 
reactions : 

1. Reduction of a carbonyl group. 2. Group transfer reactions in- 
cluding ester hydrolysis and hydrolysis of glycosidic bonds. 3. Aldol 
or ketol condensations. 4. Addition of water at  a double bond. 
5. Monooxygenation or mixed function oxygenation. 
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These reactions have been extensively investigated and the mechan- 
isms arc relatively well understood. 

The same reaction types are found in biological systems with the 
important difference that they are catalysed by enzymes. The  
enzymes have been divided into groups according to the reaction 
which they catalyse’. Reactions of the hydroxyl group in biological 
systems are in most cases implied in the enzymatic reactions for 
their formation since most of these are reversible. 

The importance of reactions involving hydroxyl groups in tio- 
logical systems can be indicated as follows: Hydroxylated compounds 
formed by the addition of water to a double bond or by reduction 
of a carbonyl group can act as hydrogen donors for dehydrogenases. 
These can transfer their reducing equivalents to the respiratory chain 
resulting in the formation of ATP, which is the major energy source 
for all biochemical reactions. Hydroxyl groups can also act as 
acceptors in group transfer reactions. These are important in photo- 
synthesis and in the metabolism of carbohydrates. 

The hydrophobicity of organic compounds can be diminished by 
introduction of hydroxyl groups. This enables the specific transfer 
of compounds between systems of varying hydrophilicity. 

Hydroxylations are important in steroid metabolism where the 
presence of hydroxyl groups plays an important role in biological 
hormone activity. The metabolism of xenobiotics (see section VIII. 
8.4) also involves hydroxylation reactions. Secondary metabolism 
reactions such as those involved in the synthesis of alkaloids, ter- 
penoids, etc., also utilize hydroxyl group formation. 

I n  summary, the processes leading to biologicai formation of 
liydroxyl groups and their subsequent reactions will be discussed, 
giving representative examples of each group to illustrate the 
mechanism involved. Special emphasis has been placed on some 
of the monooxygenases which have been extensively investigated 
oaly in the last few years. 

11. SOME CONCEPTS O F  ENZYMQLOGY AND 
A LIST O F  ABBREVIATIONS 

I n  a discussion of the biological formation and reactions of hydroxyl 
groups, it may be well to define some of the more common bio- 
chemica1 terms and concepts. 

An enzyme is defined as ‘a protein with catalytic properties due 
to its power of specific activation’z. 
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Purification of enzymes led to determinations of molecular weight 
and shape as well as various other physical aad chemical properties. 
In addition to protein, many enzymes also contain bound metal 
ions, flavins, pyridine nucleotides, pterins, etc. 

Enzyme reactions can be studied by investigations of the sub- 
strates and products using the usual methods of general chemistry; 
spectrophotometry, manometry, electrode methods, pohrimetry, 
chromatography, isotopes. 

I n  interpretation of such investigations, three definitions are 
particularly useful in biochemistry: 

1. Coenzyme. Functions as a biological catalyst only when it is 

2. Substrate. Substance on which an enzyme acts and which is 

3. Active centre. Part of the enzyme at  wliicli the substrate is 

Enzyme reactions iiivolve the formation of an intermediate enzyme- 
substrate complex: 

E + S +ES $ EP + E + P (1) 
wherz E = enzyme; S = substrate; ES = enzyme-substrate com- 
plex; EP = enzyme-product complex; P = product, 

Enzyme activities are usually expressed in the folIowing terms1: 
One unit of an enzyme is that amount which wi!! catalyse the 

transformation of 1 pmole substrate/minute at optimal p H  and 
substrate concentration at a given temperature The specific activity 
is defined as units of enzyme/mg of protein. 

Excellent reviews on mechanisms of enzyme catalysis are those of 
Westheimer3 and Rose4. 

For easier reference, the classification (‘EC’) numbers as set forth 
by the Enzyme Commission of the International Union of Bio- 
chemistry1 have been included whenever possible. 

A list of some abbreviations commonly used in biochemistry follows. 

Abbreviations 

NAD 

NADH, 

activated by a specific enzyme. An example is NAD. 

activated by it. 

bound and at which the enzymatic reaction occurs. 

= oxidized nicotine adenine diphosphopyridine nucleo- 

= reduced nicotine adenine diphosphopyridine nucleo- 
tide 

tide 

tide phosphate 
NADP = G.7.AZ-sA ,;,,,,d nicotine admine dlphosnhopyridine nucleo- 
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NADPH, = reduced nicotine adenine diphosphopyridine nucleo- 

ATP = adenosine triphosphate 
FAD = Bavin adenine nucleotide 
UDP = uridine diphosphate 
DOPA = dihydroxyphenylalarine 

tide phosphate 

110. REDUCTION O F  A CARBONYL GROUP 

These important reactions in biocliemistry are catalysed by a group 
of enzymes belonging to the oxidoreductases, subgroup dehydro- 
genases. Those of interest here catalysc the following reversible 
reaction: 

R1R2C=0 +- R'R'CHOH (2) 

Substrates for these enzymes are alcohols, sugars, hydroxy acids and 
hydroxy steroids and thc corresponding ketones. They require a 
pyridine nucleotide, NAD or NADP, as co-factor. Recent reviews of 
dehydrogenase reactions are given by Sund, Diekman and Wallen- 
fels5 and by StrittmatterG. 

A. Alcohol Dehydrogenasc 

One of the best known and most thoroughly investigated reactions 
of this type is that of alcohol dehydrogenase (ADH, EC I.l.1.X.). 
I t  catalyses the following reaction: 

RCHO +- NADH: "t RCHZOH + NAD (3) 

This enzyme can be isolated from many different sources. 
The stereochemistry of this reaction has been studied particularly 

by Vennesland and co-workers using deuterium labelled ethanol. 
The enzyme is stereospccific for both the alcohol and pyridine nucleo- 
tide; the reaction occurring by direct transfer of hydrogen atoms. 
The mechanism probably involves the formation of intermediate 
ternary comp!exes whose intercoiiversions are rate-limiting. Zinc 
and thiol groups are necessary for binding of substrate and coenzyme 
to the enzyme. 

A dehydrogenase with a different mechanism is illustrated by 
hypoxanthine dehydrogenase, a NAD requiring flavoproteins, im- 
portant in purine base metabolism. Here, hydrogen atoms are prob- 
ably transferred from the pyridine nucleotide to substrate via thc 
flavoprotein, instead of directly. 
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Table 1 lists a few of the deliydrogenases which are important in 
the biochemistry of hydroxyl groups. 

TABLE 1, Some cxamples of dchydrogenase reactions. 

Nanie Reaction 
- 

Reference 

Malate dehydrogenasc Malate -/- NA4D oxaloacetatc + NADH, 9 
EC 1.1.1.37 

Glycerol phosphatc ~-Glycerol-3-phosphate -I- NAD 

EC 1.1.1.8 
dehydrogenase dihydroxyacctone phosphate -1- NADH 10 

Lactate dehydrogcnase Lactate + NAD + pyruvate + NADII, 11 
EC 1.1.1.27 

17-,5-Hydrosysteroid Testosterone 1- NAD 

EC 1.l . lk 
dehydrogcnase A5-andsostcne-3,17-dione + NADH, 12 

IV. GROUP TRANSFER REACTIONS 

There are many examples in biochemistry in which a group is trans- 
ferred to an acceptor resulting in formation of a Iiydroxylated com- 
pound. Enzymes which catalyse these reactions include the trans- 
ferases and hydrolases. For a review of transferase reactions see 
Reference 13. 

A. Transferases 
I. Transaldolases and transketolases 

Transaldolase (EC 2.2.1.1) is an enzyme of the nonoxidative 
Slycolytic pathway. Discussions of this enzyme as well as transketo- 
lase are given in Reference 14. This enzyme catalyses the transfer 
of a dihydroxyacetone moiety from a ketose. For example, from 
~-seduheptolose-7-phosphate to an aldose, ~-erythrose-4-phosphate. 
It does not need co-factors for the reaction. The same mechanism 
for both the aldolase (see below) and traiisaldolase reactions has 
been postulated. A structure for the enzyme-bound intermediate cap, 
be depicted as in Figure 1 .  

Transketolase (EC 2.2.1.2) is a second enzyme of tlie nonoxidative 
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H,C -OH 
I ='+' 
11 H 
C - N- (CH2)d-CH- CO 

I 
OH 

H-C R NH 

HZC-OH 

FIGURE 1. Structure of the cnzymc-bound intermcdiate in the transaldolase 
rcaction. 

degradation pathway. An example of the reactions catalysed by this 
enzyme is 

Xylulose-5-phosphate + erythrose-4-phosphate $ 
fructose-6-phosphate + glyceraldehyde-3-phosphate (4) 

As co-factors, transketolase requires thiamine pyrophosphate (TPP) 
and a divaleiit cation, Mg(11)1~9 lG. The enzyme has been isolated 
from cells of various types; mammalian liver, green plants, bacteria. 
The reaction can be regarded as a reversible transfer from a ketose 
donor to an  aldose acceptor. The condition for the reaction is that 
the ketose have the L-configuration. 

2. Glycosyltransferases 
The glycosyltransferases or transglycosidases may be divided into 

two groups, the hexosyl transferases and the pentosyl transferascs. 
An example of' these enzymes which is widely distributed is sucrose 
glucosyltransfcrase (EC 2.4.1.7) which catalyses the reactiox 

a-Glucose-1 -phosphate 4- fructose + sucrose 4- phosphate (5 1 
From studies with 3 T  labellcd p l i o s ~ l i a t c ~ ~  and 14C labelled fruc- 
tose18, it was shown that an intermediate glucose-cnzyme complex 
is formed. In  contrast, the mechanism of the reaction catalysed by 
maltose phosphorylase (EC 2.4.1 .S) 

a-Glucose-glucose + phosphate $ p-glucose-I -phosphate 4 glucose (6) 

does not involve an jntermediatc complex but rather a direct group 
transfer . 

Other important types of enzyme are those requiring an UDP- 
sugar as substrate. These enzymes synthesize polysaccharides by 

c I 1  G-CC 
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transfer of sugar residues to polysaccharide chains. An example 
is UDP-glucose-glycogen glucosyltransferase (EC 2.4.1.1 1) which 
catalyses the following reaction: 

UDP-glucose -C (glycogen),L + UDP f (glycogen),L+l (7) 

A transferase cataljrsing esterification of a hydroxylamine or car- 
boxylic group is UDP-glucuronyltransferasc (EC 2.4.1.17). This 
enzyme is acceptor-unspecific and catalyses the transfer of a glu- 
curonate group to a wide range of phenols, alcohols, amines and fatty 
acids: 

UDP-glucuronate -1- acceptor + U D P  -t acceptor-glucuronide (8) 
The enzyme has been isolated from liver. Its mechanism has been 
investigated and the reaction leads to inversionlg. 

Hydroxyl groups give an ether linkage; carboxyl groups, an ester 
I inkage. 

3. Glycosidases 
The transglycosidases are also active as glycosidases. In  this case 

they catalyse the hydrolysis of glycosidic bonds in simple glycosides, 
oligo- and poly-saccharides. They are all water-soluble, slightly acid 
proteins with the exception of lysozyme which is basic. They do not 
appear to have any usual coenzyme or functional prosthetic group 
with the exception of a-amylase which is a metalloenzyme20. A dis- 
cussion of these enzymes is found in Reference 2 1 .  The overall reac- 
tion can be written as follows: 

GI~cos~I-OR + E H  + ~IYCOSYI-E + ROH (9) 
G1ycosyl-E + HzO + glycosyl-OH + R H  (10) 

For each type of glycosidic bond, there is a more or less specific 
where EH = enzyme. 

glycosidase. A list of some of these enzymes is given in Table 2. 

4. Pkosphotransfei-ases 
These cmymes transfcr phosphate groups Crom a nucleotide, 

usually ATP, to alcohol groups, especially sugar alcohols. They are 
also known as kinases. 

One of the best-known examples is hexokinase (EC 2.7.1.1.). I t  
catalyses the following reaction: 

ATP 4- D-hexose + ADP +- D-hexose-6-phosphate (11) 

These enzymes requirc Mg(rr) for activation. The mechanism has 
been investigated using 38P and l*O labelled ATP (Reference 31). 
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TABLE 2. Enzymes hydrolysing glycosidic bonds. 
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Enzyme Substrate or rcaclion Source Reference 

a-Amylase 
(EC 3.2.1.1) 

$-Amylase 
(EC 3.2.1.2) 

Dextranase 
(EC 3.2.1.1 1) 

u-Glucosidase 
(EC 3.2.1.20) 

P-Glucosidase 
(EC 3.2.1.21) 

a-Galactosidase 
(EC 3.2.1.22) 

p-Calac tosidase 
(EC 3.2.1.23) 

Trehalase 
(EC 3.2.1.28) 

Lysozyme 
(EC 3.2.1.17) 

cr-l,4-Glucan links of starch, 
glycogen and related poly- 
saccharides 

/?-I ,4-Glucan links in poly- 
saccharides removing suc- 
cessive maltose units from the 
nonreducing ends of the chain 

a- 1,6-Glucan links 

a-D-Glucoside 1- H,O+ 
an alcohol. + D-glucose 

Acts on P-glucopyranosides 
and a-D-galactosides in 
animals 

Hydrolyses u-D-galactosides to 
an alcohol + D-galactose 

Hydrolyses /3-galactosidcs to 
an alcohol + D-galactose; 
also catalyses galactotrans- 
ferase reactions 

Hydrolyses trehalose to 
D-glUCOSe 

Ilydrolyses 8- 1,4-links in muco- 
poly-saccharides and -peptides 

Pancreas, saliva, 
plants, moulds, 20-22 
bacteria 

Same as above 
21,23 

Intestinal mucosa, 20, 24 
moulds, bacteria 

Widely distributed 25 

Animals, plants, 25,26 
moulds, bacteria 

Yeast, plants, 27 
bacteria 

Plants, moulds, 28 
bacteria 

Yeast, moulds 29 

Egg white, spleen, 30 
nasal mucus, 
latex 

Mg(11) combines with KTP to form a complex which then combines 
with the enzyme. This complex then binds a hexose alcohol group. 
Thiol groups are involved in the enzyme binding. The hcxokinases 
are important in activation of sugars for entrance into the glycolytic 
pathway. 

A special type of transfer reaction is involved in the biosynthesis 
of serine ii-om ~ysteine3~. Seriiie is produced by a transsulphonation 
of cysteine with amiiioethanol. This is illustrated in Figure 2. 
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OH SH 
I I 

CHZ 
4 - 1  

CH2 
I 

HCNHZ CH2 
I I 
COOH NH, 

SH OH s- CHZ 
I I I I 

I I 
-H,O' HCNH, NH, 

+ I  
CH, 
I 

I 
HCNH, CH, 

I I 
COOH NH, COOH 

CH, CH, CH? +H,O, 

cyst ei n e a m i n o e t ha no I s- (a  m i n oe t h y I )  - serine 2-mercapto- 
cysteine ethylamine 

FIGURE 2. Biosynthesis of scr-ine. 

B. Esterases 
These enzymes are found widely distributed in living cells. 

They are active in the metabolism of zenobiotics. They may be 
called carboxylic ester hydrolascs or carboxylic acid esterases. The 
enzyme group is EC 3.1.1.1. 

1. Carboxylic acid esterases 

Recently, highly purified and well characterized earboxyl esterases 
have been isolated from liver and kidney microsomes. They hydrolyse 
not only numerous carboxylic esters but also several aromatic amides, 
such as acetanilide or a c e t ~ p h c n e t i d i n e ~ ~ - ~ ~ .  The molecular weights 
of these enzymes are 163,000-1 70,000 34--08. Titration experiments 
with organophosphate inhibitors indicate the presence of two active 
sites per rn01ecufe~~~ 30. 

The carboxylic acid esterases can be divided into two groups 
based on their degree of specificity. The first, called 'group specific 
esterases' includes enzymes with a relatively narrow substrate speci- 
ficity, lipases and esterases in a narrower sense. The second group 
includes esterases with very strict substrate specificity. This group 
includes the phosphorylases which catalyse the splitting of carboxylic 
acids from phospholipids. 

The esterases have been divided into three groups: A-esterases, 
hydrolysing aromatic esters; B-esterases, hydrolysing both aliphatic 
and aromatic esters; C-esterases, hydrolysing choline esters. A dis- 
cussion of these enzymes has appeared". 

One of the best-known choline esterases is acetylcholine esterase 
(EC 3.1.1.7), which plays an important role in  fLinctions of the 
~~ZI 'L 'OUS system"-"". I t  hydrolyses acetylcl~oline to clioline and 
acetic acid: 

(CH,),N*CH,CH,OCOCH, -t HZO + (CH,),N +CH,CH,OH $- CHSCOOH (12) 

This enzyme has also lieen found in blood erythrocytes where it has 
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the same function. The catalytic mechanism for acetylcholine ester- 
ase can be described as follows. Only a small portion of the substrate 
reacts with the acrivc centre of the enzymc, which can be divided 
into two sites; an anionic site determining the substrate specificity 
which binds the quaternary nitrogen of thc choline moiety, and an 
esterifying site determining the hydrolytic processa4~ as. The sites 
and enzyme-substrate complex can be pictured as in Figure 3. 

Anionic site Esterifying site 

FIGURE 3. The active site of acetylcholine esterase and its enzyme-substrate 
complcs. 

2. Phosphoesterases 

esterases and the phosphodiesterases. 
Thesc enzymes can be divided into two groups, thc phosphomono- 

They catalyse the following reactions: 

RQ 

HO/ 
(RO),P(O)O- 4- HCO --f ROH 4- (HO),P(O)O- 

‘P(0)O- + H,O+ ROH -I- (HO),P(O)O- (13) 

(14) 

Table 3 lists some of the important phosphomonoesterases. 
I n  the last few years, the phosphodiesterases have become im- 

portant in analytical identification and characterizati3n of natural 
products, especially in degradation mixtures of nucleic acids. Many 
investigations of the properties of phosphodiesterases isolated from 
different bacteria, animals and plants have been madc. For reviews, 
see References 55-57. 
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TADLE 3. Phosphoinonoesterases. 

Enzyme Reaction Co-factor Reference 
- 

Alka!ine phosphatase 
(EC 3.1.3.1) 

Acid phosphatase 
(EG 3.1.3.2) 

Glucose-6-phosphatase 
(EC 3.1.3.9) 

Phosphatidate phosphatase 
(EC 3.1.3.4) 

Phosphoserine phosphatase 
(EC 3.1.3.3) 

D-Fructose- lY6-diphophos- 
phatase 
(EC 3.1.3.11) 

Orthophosphoric monoester Mg(n) 46 
-1- I3,O -+ alcohol 4- N,PO, 

Saine as above M i d 4  46 

~-Glucose-6-phosphate + - 47 
H,O -+ D-glucose + H,PO( 

Hydrolyses L-phosphatidatcs - 48 
to diglycerides 

Hydrolyses phosphoserine Mg(n) 49-51 

Hydrolyses fructose diphos- Mg(n), 52-54 
phate to fructosc mono- Mn(rr) 
phosphate 

3. Sulphuric acid esterases 

These enzyme reactions have been reviewed by Gregory and 
rob bin^^^. They have been classified as 
1, aryl sulphatases; 2, steroid sulphatases; 3, glycosulphatases; 
4, mucopolysaccharide sulphatases including chondrosulphatases; 

and 5, myrosulphatases. 
They catalyse the following reaction: 

ROSO3H + H@+ ROH + HSSOI (15) 
in which the 0-S bond is broken during the hydrolysis60. They are 
widely distributed in nature and those from molluscs and mustard 
seed have been well investigated. 

V. ALDBL O R  KETOL CONDENSATION REACTIONS 

A. Aldolase 

Condensation reactions zre catalysed by enzymes belonging to 
the group, lyases. One of the well-known reactions of this group is 
that catalysed by the enzyme, aldolase (EC 4.1.2.7). It catalyses 
the following reaction: 

Ketose-1 -phosphate + dihydroxyacetone phosphate + aldehyde (16) 
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I t  is an intracellular enzyme found in the soluble fraction of the 
cytoplasm. I t  has been isolated from different  source^^^-^^. A dis- 
cussion is found in Reference 64. Two different types have been 
found which differ in molecular weight and in specificity towards co- 
factors and divalent metals. Class I are found in vertebrates, inverte- 
brates, higher plants, green algae and protozoa; Class 11, in bacteria, 
fungi and blue-grecn algae. HoreckerG5* GG has investigated aldolase- 
catalysed reactions and suggests a mechanism involving formation 
of a Schiff base between dihydroxyacetone phosphate and an &-amino 
group of lysine at  the active ccntre of thc cnzymc. The stereo- 
chemistry of the reaction has been studied by Rose and co- 
w0rkers6~9 G8. The enzyme differentiates between the two hydrogen 
atoms of dihydroxyacetone phosphatc. For a revicw see Rose4. 

B. Other Condensation Reactions 
1. Citrate synthase 

Another example of the synthesis of hydroxyl compounds by con- 
densation reactions is the synthesis of citric acid from oxalacetate 
and acetyl CoA by citrate synthase (EC 4.1.3.7)6D. 

(17) 

This condensation is a key reaction in the Krebs citric acid cycle. 
I t  is found in all cells with aerobic metabolism. 

Acetyl CoA f oxalacetatc f H 2O + citrate + CoASH + H + 

2. Acetyl CoA production 

Hydroxymethylglutaryl CoA lyase (EC 4.1.3.4) catalyses the 
production of acetyl CoA from 3-hydroxy-3-methylglutaryl CoA. 
The enzyme has been isolated from animal tissues70 and plays an  
important role in intermediary metabolism since acetyl CoA is a 
key product for many reactions. The reaction is as follows: 

3-Hydroxy-3-methylglutaryl CoA r’, acetyl CoA + acetoacetase (18) 

A second enzyme, hydroxymethylglutaryl CoA syiitliase (EC 4.1.3.5), 
isolated from both animal tissues and yeast catalyses the formatior- of 
acetyl CoA in a different way71: 

3-Hydroxy-3-methylglutaryl CoA f CoA 
+ acetyl CoA + acetoacetyl CoA + HaO (19) 

3. Sphingosine biosynthesis 
A condensation reaction OC importance in higher animals is in- 

volved in the biosynthesis of sphingosine, a component of gangliosidc 
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in brain72. Thc mechanism has been investigated both in vivo and 
in  The biosynthesis is illustrated as follows: 

Palmityl CoA {- NADPH2+ palmityl aldehyde -I- NADP + CoASH (20) 

serine-Mn-pyridoxal phosphate complex (21) 

sphingosine + Mn(ir) + C02 f pyridoxal phosphate (22) 

Serine + Mn(rl) -k pyridoxal phosphate 

Serine-Mn-pyridoxal phosphate complex + palmityl aldehyde - 
VI. ADDlTIOM O F  WATER AT A DOUBLE BOND 

The addition (or elimination) of water to (at) a double bond is a 
reaction commonly found in biochemical processes : 

I 1  
(23) ,C=C, + H,O .- --C-c- 

I I  
ti OH 

These reactions are catalysed by enzymes called hydratases. They 
are key enzymes in the metabolism of  carbohydrates and fats as 
well as some amino acids. Thc hydratases can be divided into four 
groups according to their co-factor. 

\ / - 

i. those not requiring a co-factor 
ii. those requiring a divalent cation 

iii. those requiring a metal ion and reduced co-factor 
iv. those requiring pyridoxal phosphate. 

Examples of thcse enzyme types are given in Table 4. 

TABLE 4. Addition reactions. 

Enzynic Rcaction Go-factor Rcfercncc 

Aconi tase cis-Aconitaste 4- H,O -> citrate FC(I1) 76 
(EC 4.2.1.3) 

Enolasc f’iiospiiocIiolpy!~uvate + H20+ iLIg(~i) 77-79 
(EC 4.2.1.11) 2-phospho-D-gl yccrate 

Cro tonase 2,3-(or 3,4-) frnns-Enoyl-CoA 
(EC 4.2.1.17) 

5-Dehydroquinase 5-Dehydroshikimate -k FI20 -> 
(EC 4.2.1.10) 5-Dehydroquinate 

-1- II,O -> L-3-hydroxy-acyl CoA 
80-82 

83,84 

Threoniiic sy-nthase 0-Phosphohomoserine -k H 2 0  -> Pyridosal 85 
(EC 4.2.99.2) threonine + phosphate phosphate 



14. Biological Formation and Reactions of thc Hydrosyl Group 769 

A. Fumarase 

In investigations ol' the reaction mcchaiiisins, it was sliowii that 
the addition of watcr is in many cases stereospecific. For example, 
fumarase (EC 4.2.1.2) catalyses the trans-addition of watcr to fuma- 
rate yielding L-malates"-8s (Figure 4). 

H 
1 
C-COOH ~ HOOC- 

HOOC-C" 40 
I 
H 

H 
D f  

.c 1 
I OD 

1 ,C-COOH 

H 

Frcum 4. Mechanism of the fumarasc rcaction. 

5. Others 
1. Biosynthesis of threonine 

A somewhat different mechanism is found in the biosynthesis of 
threonine from hofhoserine. Investigations of this synthesis in 
Neurospora and in yeast showed that pyridoxal phosphate is a re- 
quisite co-factorsD. Two different enzyme fractions are necessary 
for the synthesis; one containing a kinase which phosphorylates the 
hydroxyl group of homoserine with ATP; the other, an enzyme 
which catalyses the elimination of orthophosphate. From investjga- 
tions with ' 8 0  and deuterium labelled compounds, Flavin and 
Slaughterea postulated the scheme illustrated in Figure 5. 

2. Oxidation of nicotine and nicotinic acid 
Water can also be addcd a t  a carbon-nitrogen double bond via a 

similar mechanism. This is found in bacterial oxidations of nicctine 
and nicotinic acid". The hydroxylation occurs at a pyridine ring, 
i.e., in an aromatic system. Hochstein and co-workers929 O3 showed 
by investigations with l 8 0  labelled water that the oxidation of 
nicotine to 6-hydroxynicotine involves the oxygen of water (Figure 
6). Hunt and co-worliers94 found the same reaction mechanism for 
the liydroxylation of nicotinic acid in Pseiinornonns~f7tios-escens. 

V 1 I .  I S 0 M E R I EAT! 8 M S 

This class of reactions involving hydroxyl groups is catalysed in 
biochemistry by the isomerases (EC 5 ) .  The ones of interest in  a 
discussion of reactions of the hydroxyl group are those catalysing 
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00 
I o=p-oQ 

O0 i bQ 
O=P-O-CH,-CH,-C-COOH CH,=CH--C-COO@ 

II 
N i- I 

I ll 
00 N 

I 6 0 CH 
Ho-p--o--H2c-(Jo~ 11 I 

H CH3 
OH 

H 

P- h o moseri n e- p y r i  doxal-P jiD' 
J. 

"OH D 
I 1  I 

DCH,-CH-C-COOQ DCH,-CH-C-COO~ DCH,-CH=C-COO~ 
I I I  I 
N N N 
I1 I II 

&... No H fi N H ~ W" & N o  H 

' 8 0 H  
I 

C H ~ - C -  CD-COO@ 
I b p4 p NH,@ 

FIGURE 5. Biosynthesis of thrconine. 

intramolecular oxidoreductions, for example, triosephosphate iso- 
merase, and those catalysing stereochemical changes, for example, 
lactate racemase. 

A. Triosephosphate Isomerase 

This enzyme (EC 5.3.1.1) catalyses the intramolecular reduction 
of an aldehydic or ketonic group by the adjacent hydroxyl group. 
It is an important enzyme in the Embden-Meyerhof pathway of 
carbohydrate metabolism. I t  catalyses the stereospecific interconver- 
sion of dihydroxyacetone phosphate and glyceraldehyde phosphate. 
The mechanism of the reaction has been studied by Rose and 
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OH- H '  I nicotine 

.. 
6-OH-nicotine 

FIGURE 6. Bacterial oxidation of nicotine. 

P-iedeP5. The reaction involves the formation of an ictermediate 
enzyme-bound cis-enediol. Apparently a direct intramolecular trans- 
fer of hydrogen is involved (sce Figure 7). A similar mechanism has 

ENZ--8: ENZ-B, 

'OH .. 
II 

FIGURE 7. Mechanism of tlic triosephosphatc isomcrase reaction. 
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been suggested for glucosephosphate isomerase (EC 5.3.1.9) which 
catalyses the interconversion of glucosc-6-phosphate and fructose-6- 
phosphategG# 97. 

B. Lactate Racemase 

This enzyme (EC 5.1.2.1) catalyses thc interconvcrsion of D- and 
L-lactate. The mechanism of the reaction has been studied by 
Dennis and co-workers”9 Dg. They suggest that a direct internal 
hydride shift is involved as shown in Figure 8. 

C H 3  
I C H 3  

X I  

P P X I  I c=o 
I 
S 

S H  I 
S 

CH,  

I 
c=o 
I 

OH 

H-C-OH . c=o 

EN Z- ENZL 

$+-OH I yZl 
A 

H-C-OH 

FIGURE 8. Mechanism of the lactate raccmasc reaction. 

Isomerax reactions have been reviewed by Rose4. Some repre- 
sentative examplcs of these reactions arc given in Table 5. 

TABLE 5. Isomerasc reactions. 

Enzyme Rcaction Sourcc Rcfcrence 
~ ~- ~~~ 

Ribulose-phosphate- D-Ribulose-5-phosphatc Widely distributed 100, 10 1 
3-cpimerasc $ ~-sylulose-5-phosphate 
(EC 5.1.3.1) 

iuannose isomerase ~-Maiiiiosc + D-fructose Bacteria 
(EC 5.3.1.7) 

102 

Glucosephosphatc ~-Glucose-6-phosphatc Widely distributcd 103;104 
isomerase + ~-fructose-6-phosphate 
(EC 5.3.1.9) 

VOI. MONOOXYGENATION O R  M l X E Q  FUNCTION 
OXYGENA+!ON 

Since the dehydrogenation of aromatic amino acids and aliphatic 
compounds such as alicyclic steroids is energetically unfavourable, 
an enzymatic liydroxylation occurs utilizing molecular oxygen. 

These reactions are catalysed by the monooxygcnases or inixcd 
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function oxygenases. Mason and co-workerslo5 in investigations 
with l*O labelled oxygen gas showed that molecular cxygen IS in- 
corporated into organic. substrates in the cell. Since two electrons 
were required for the activation of oxygen, Masonlo6 suggested the 
following stoichiometry : 

RH -t DH, + Oz+ ROH + D + HnO (24,) 
where RH = substrate to be oxidized; DH, = electron donor. 

From this equation it is apparent that two types of reaction occur: 
liydroxylation of the substrate and oxidation of the electron donor. 
The monooxygenases also often catalyse epoxidations, dealkylations 
and oxidations of nitrogen and sulphur. Because of these multi- 
functions, the enzymatic properties and the mechanisms of reaction 
of monooxygenases are of special interest. A review by Mason 
appeared in 1965 lo7. 

A. Monooxygenases in Mammals 
1. Steroids 

Monooxygenase enzyme systems have a predominant position in 
the synthesis and metabolism of steroids, since in biological systems 
only mixed function oxygen is available for introduction of a 
hydrosyl group into the aliphatic steroid ring. I n  addition to 
specifically introduced hydroxyl groups which are important for 
hormone activity, liydroxylated compounds also serve as intermedi- 
ates for other reactions such as elimination of a side chain or 
aromatization of the ring. 

Many such hydroxylating enzyme systems are known and some 
haw been isolated and investigated. Steroid monooxygenase rc- 
actions have been reviewcd by Hayanolos. 

Table 6 lists some of the sterol monooxygenases which are in- 
volved in the early steps leading to steroid synthesis. The enzyme 
systems outlined in the table have been shown by in vitro investiga- 
tions to be monooxygenases requiring the physiological electron 
donor, NADPH,, and molecular cxygen. 

Table 7 lists the hydroxylations of testosterone and androstene- 
dione found in mammalian tissues. Steroid positions 2, 6a, Sg, 7a, 
7p, 1 5 ~ ,  16x, IS@ are hydroxylated in the liver. 

During the past five years, considerable progress has been made 
in the elucidation of the mechanism of microsomal monooxygena- 
tion. I n  1958, the occurrence of a second microsomal cytochrome 
in addition to cytochromc 6 ,  was reported by IClingenberg'". Its 
spectral properties were similar to a 6-rype cytochrome, but it 

. .  



TABLE 6. Sterol monooxygenases. 

Enzyme Source Remarks Reference 

Squalene-2,3-epoxy- Liver microsomes 
monooxygenase 
(EC 1.14.1.3) 

Lanos terol Liver microsomes 
deme thylasc 

Cholcstcrol-7-mono- Rat and rabbit livci 
osygenase microsomes 

Snakc liver 

ChoIes terol-20- Mitochondria from 
monooxyogenase adrenals, testis, 

ovary, placenta 

Oxidation at  C(2) and 
C(3) leads to epoxidc 
intermediate allowing 
ring closure giving 
steroid skeleton in a 
further enzymatic stcp 

109, 110 

Dcmetliylation occurs 111 
via hydroxylated inter- 
mediates which are then 
oxidized and decarb- 
oxylated anaerobically 
using NAD as co-factor 

In  vivo investigations 112 
indicated similar 
hydrorjdation steps a t  
Ga, G/? and 12a. 
Thc elimination of the 
side chain at prob- 
ably also occurs via an 
oxygenation mechanism 

Ilydroxylates a t  16a 113 

Side chain elimination 114 
via a 20,22-dehydroxy 
intermediate. Contains 
cytochrome P 450. 
Vitamin A apparently a 
necessary co-factor 

showed a characteristic and unusual absorbance of its reduced 
carbon monoxide complex at  450 nm, and was therefore tentatively 
called cytochrome P 450. Since most microsomal hydroxylations are 
inhibited by carbon monoside, i t  was suggested that this new cyto- 
chrome might be the oxygen-reducing and activating species of the 
microsomal monooxygenation system. 

The most thoroughly investigated systems to date are the l lp-  
and 2 1 -steroid hydroxylating systems isolated from adrenal glands. 
Estabrook and co-workersl"9 126 were able to show that cytochrome 
P 450 is the terminal oxidase for the 21-monooxygenase system. The 
carbon monoxide inhibited hydroxylation could be reactivated in 
the preseiicc of oxygen and light. The photochemical action spec- 
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TADLE 7. Hydroxylations of testostcrone or androstendione by 
mammalian tissues. 

Position hydroxylated Source of enzyme Reference 

2P 

6P 
118 
16cr 
19 

15a, 18z 
7a 

Ga 

78 

Microsomes 
Microsomes 
Microsomes 
Adrenal mitochondria 
Microsomcs 
Liver and placental microsomes 
Liver microcomes 
Liver microsomes 
Liver microsomes 

115-1 18 
119 

115-1 18  
I20 

Ii6-118 
119, I21 

122 
111, 118 
119, 123 

trum (removal of CO inhibition by illumination with monochro- 
matic light) proved to be identical with the absorption spectrum of 
the carbon monoxide complex of cytochrome P 450. A cytochrome 
P 450-substrate complex was observed in this system as indicated 
by a spectral shift of the Soret peak for the oxidized cytochrome froni 
420 nm to 390 nrn on the addition of Steroids hydroxyl- 
ated in the 21-position did not show this effect. This monooxygenase 
is relatively substrate specific; C(ls) and C(ls) steroids react more 
slowly than C(zl). Steroids esterified at @(21) react only after hydroly- 
sis; substrates with a double bond at C+& are not hydrosylated 
although traces of a 9,1 I-epoxy derivative are found. 

CHPOH 
I CH, alT'-; I = 0 

o+c =o 

CI2tl- 
monooxygenase 

z 

0 
cortexone 

CH,OH 
I 

progesterone 

corticosterone aldosterone 

FIGURE 9. Synthesis of aldosteronc. 
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A iioiiliaeiii iron protein, adrcnodoxin, has been found in  adrenal 
Sland microsomes13*. Recent cxperiments in which attempts to 
recombine isolated fractions of the electron transport chain by 
Omura and co-workerslZ9 showed that a NADPH,-dependent flavo- 
protein and adrenodoxin were necessary for electron transfer. 

Studies of 1 Ip-hydroxylation were first done with perfused 
adreiials and later with a mitochondria1 fraction isolated from tissue 
homogenates 25. 

In  contrast to the system described above, Mattijssen and 
Mandell30 found a 2 1-hydroxylating system in adrenals which did 
not involve P 450. 

Figure 9 shows the 21- and 11P-steroid hydroxylations. 

2. Aromatic amino acids 
Monooxygenations play an important role in the degradation of 

aromatic amino acids. These reactions are important in secondary 
metabolism as illustrated by reactions involving phenylalanine as 
the starting substrate. Figure 10 shows some of the products formed 
from this amino acid via hydroxylation reactions. 

Phenylalaninc monooxygenase (EC I.  14.3.1), which hydroxylates 
phenylalanine in the para position to tyrosine, is dependent on mole- 
cular oxygen and tetrahydropteridine. The tetrahydropteridine + 
dihydropteridine system is NADP dependentlsl. If p-tritiophenyl- 
alanine is used as substrate, a m-tritiotyrosine is found as product. 
This migration of s:ibstituent (the so-called NIH shift'32) is char- 
acteristic for monooxygeiiation of aromatic compounds. 

The tyrosine produced in the above reaction can react fLxther in 
secondary metabolic pathways as follows. 

In liver, the product resulting from transamination of tyrosine, 
p-hydroxyphenyl pyruvate, is hydroxylated at C(l) by a mono- 
oxygenase (EC 1.14,.2.2). The side chain is then oxidatively de- 
carboxylated and migrates to the ortho position, giving homogentisic 
acid as a final product. The electrons necessary for the mono- 
oxidation are provided by the decarboxylation of the side chain. 
Ascorbate is a ~ o - f a c t o r l ~ ~ .  

In insects, in melanin synthesis in the skin and in melanoma, 
tyrosine is hydroxylated in the meta position to give DOPA. This 
product acts as electron donor for the tyrosine hydroxylation since 
it  can be oxidized to DOPA quinone. This quinone is the starting 
substrate for melanin synthesis. I n  insects, this enzyme is activated 
by the metamorphosis hormone e c d y ~ o n l ~ ~ .  
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> rnelanine 

Q H C N H ,  C H ,  I I 
@ O H  Go 

> CH,  ___ 
1 

C O O H  C H ,  
I 

phenylalanine H ~ N H ,  H C N H ,  
I 1 

C O O H  C O O H  
DOPA DOPA-quinone 

tyrosine 

C H 2  ---+ 
I c=o 
I 

C O O H  

p -  h yd roxy- 
phenylpyruvic acid 

O H  C\H* 
C O O H  

h o mog e n t i si c- 
acid 

FIGURE 10. Hydroxylation of aromatic amino acids. 

I n  adrenal glands, tyrosine can be hydroxylated in the mefa posi- 
tion by a tetrahydropteridine-dependent enzyme135. The DOPA 
produced in this reaction is hydroxylated to noradrenalin after a 
decarboxylation at the /?-carbon. This enzyme (EC 1.14.2.1) con- 
tains copper. I t  was shown by electron spin resonance studies that 
two atoms of copper can be reduced by ascorbate and are oxidized 
during the monooxygenation step’36. 

Table 8 lists some other aromatic aminooxygenases. For a review 
of these reactions, sec KaufmanldO. 
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Table 8. Ammatic amino acid monooxygcnases. 
~- 

Enzyme Source Co-factors Remarks Reference 

Tryptophan-5- Liver, brain, Ascorbate, 5-Hydroxy- 137 
moncoxygenase small intestine, C:u(rr) tryptophan is 

poison glands decarboxylated 
of toad to serotonin 

Kynurenine-3- Liver rnito- NADPH, - 138 
monooxygenase chondria, 
(EC 1.14.1.2) insects 

Butyrobetaine Rat liver NADPH,, Product is 139 
monooxygenase Fe(rr) carni tine 

Another interesting enzyme of this series is proline monooxygen- 
asel4I. The enzyme requires ascorbate, Fe(n) and u.-ketoglutarate 
for activity. I t  hydroxylates proline and possibly lysine residues in the 
protocollagen peptide chain but not free proline or lysine. 

3. Others 
Another monooxygenase reaction has been reported recently, 

catalysed by a haem monooxygenase from liver m i c r o ~ o m e s ~ ~ ~ ? .  This 
enzyme, which is NADPH, and oxygen dependent and is inhibited 
by carbon monoxide, catalyses the physiologically important con- 
version of haem to bilirubin. 

4. Xenobiotic monooxygenases 
The term xenobiotic includes all nonphysiological compounds 

normally not found in living organisms. They include a variety of 
drugs, solvents, etc. Most or them are highly lipid soluble and there- 
fore dissolve and accumulate in the hydrophobic regions of tissue 
and cells, especially in adipose tissue; for example, DDT. 

There is a well-known detoxification system for these compounds 
in higher vertebrates which converts them to more hydrophilic 
derivatives which can be readily excreted through the kidney as 
the glucuronate or sulphate. 

144, although minor 
activities have also been found in the kidney, lung and small intes- 
tine. I t  is a monooxygenase system requiring NADPH, and mole- 
cular oxygen. 

By techniques used in studying adrenal steroid liydroxylations, it 

This system is located primarily in the 
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was established that cytochrome P 450 also functions in the oxygen 
activation process in liver microsomal xenobiotic liydrcjxylations145. 
An NADPH, Ravoprotein reductase has been isolated from liver 
microsomes and studied in v i t ~ o ' ~ ~ .  Nonhaem iror: protein has not 
been iound in the mammalian liver microsomal system and it is not 
known whether electrons in this system are transferred directly to 
cytochrome P 450 from the reductase or whether an unknown inter- 
mediate factor is involved. 

The interaction of substrate with cytochrome P 450 has been 
studied recently in liver n i i c r o s ~ m e s ~ ~ ~ ~  148. 

The system has an  unusually broad substrate specificity; only a 
certain lipid solubility seems to be necessaryfor the monooxygenation 
of an orgailic compound. Table 9 shows a number of organic sub- 
strates and their oxidation products formed by the mcnooxygenation 
system from rat liver microsomes. Similar results have been obtained 
with liver microsomes from other species. Ilydroxylation a t  an 
aliphatic carbon atom is the most favoured enzyme reaction as illus- 
trated by experiments with alkyl-substituted aromatic rings in which 
the aliphatic side chain is preferentially hydroxylated. With alkyl- 
ated heteroatoms, hydroxylation occurs at the cc-carbon atom, lead- 
ing to formation of an unstable semiacetal which decoinposes as 
shown in Figure 11. 

H H 
I t 

I 
H 

R-X-C-R' --+ R - X - H +  C-R' [ LI d 
R- X- C I R' 

X = heteroatom 
FIGURE 11. Monooxygenation of alkylatcd heteroatoms. 

Much information on rhe mechanism of hydroxylation has been 
obtained by studying the monooxygenation of aromatic substrates. 
Studies on the monooxygenation of naphthalene suggested that an 
epoxide is an intermcdiate in these systems. The main product of 
the reaction was identified as the 1,Z-dihydronaphthalene-1 ,Z-diol 
with only minor quantities of the 1- and Z-ilaphthol being formed. 
Although naphthalene- 1 ,Z-oxide is extremely unstable, its isolation 
in small quantities from a microsomal incubation mixture has been 
reported'66. The 'NIH shift' also occurs in this system as illustrated 
by the hydroxylation of tetrachlormthylene to chIoral hydrate16'. 

The two-electron activation of the oxygen molecule is mediated 
by cytochrome P 450. Although many attempts to elucidate the 
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nature of the active oxygen species have been made, its nature is 
still unknown. 

Thc pattern of phenolic products formed, the occurrence of the 
'NIH shift' and the production of epoxide compounds in xenobiotic 
inicrosomal monooxygenase reactions suggest that an oxygen atom 
species may be involved. Studies with nonenzymatic model systems 
indicated that as interinediatela8 an 'oxenoicl' complex may be 
involved w!:ich is defined by its ability to transfer an oxygen atom 
with six electrons. 

Figure 12 summarizes the scheme of electron transport in liver 
microsomes as postulated to datel". 

0 2  

+ C Y T  Pdso - ROH 4- OH- 

RH 
). 

X? 
NADPH --> FAD-E, -.. 

..* 
. ' I  . .  . .  . .  

1 
I i; 

?i i?  
C Y T  C 

. .  . .  * .  . .  

NADH ----+ FMN-E 

NADH FAD-EZ- > CYTb,  

FIGURE 12. Proposed scheme of elcctron transport in liver microsomes*2g. 

The subject OF xenobiotic hydroxylation has been reviewed by 
Conncy1G9 and by Staudinger and co-workcrs170. 

B. Monooxygenases of Higher PIants 

Although liydroxylation processes in higher plants are widely dis- 
tributcd, the enzymes catalysing these reactions and the mechanisms 
are for the most part unknown. 

An examplc of thc importance of hydroxylations in secondary 
metabolism is given in Figure 13 171-174. 

Hydroxylation of the phenyl group in diffcrent positions is the 
first step in many important synthetic pathways. These lead to the 
synthesis of ligninl7jp 176, flavonoids'77- 178, abiquinoi1e~7~, alka- 
loidslsO, ls1, coumarins and other compounds. In later steps of bio- 
synthesis, the compounds can undergo still further hydroxylations 
which, for example as with the alkaloid colchicine, play an import- 
ant roIe as intermediates in ring expansion. The type ofring forrna- 
lion in alkaloid synthcsis is dcpendcnt on thc position of frec plicnolic 
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HORDENINE 
AND OTHER MESCALINE 
ALKALOIDS MELANINE 

COOH COOH 
I I 

H,CNH? 

I T  
COOH C 3 0 H  
I I 

1 I I 1 1 
HCNH-OX HCNH, HCNH, HCNH, 

CH, CH, CH2 HCOH 

OH 

tyrosine DOPA noradrenaline 

6 i- 6 ------, Q -, Ooi> -? Q 
N-hydroxy- phenylalanine OH OH OH 

phenylalanine 

COUMARINE 4 J ALKALOIDS 

LlGNlN . T J FLAVONOIDS i 4 
COOH COOH 
I I 

CH CH 
I1 I I  &.. 6 - 

o-coumaric cinnamic 
acid acid 

Y i 
p-coumaric caffeic acid sinapic acid 

acid 

'CH, 

COOH COOH COOH coon COOH 

salicylic &"- be Q n z o i c - Q OH -' OH H.3C -&l OH 0, CH3 

acid acid 
p-hydroxybenroic protocatechuic syringic acid 

acid acid 

COOH 

UBIQUINONE 
> TROPOLONE 

HO Q O H  -- 
OH 

FIGURE 13. Some examples of hydroxylation in secondary metabolism in 
lu'ghcr plants. 
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groups. Mcthylations can protect liydi-oxy groups thereby inactivat- 
ing their influence on ring formation. Occasionally, hydroxylation 
(for example in the alkaloid series) takes place at  a nonactivated 
position on the aromatic ring. This szldom occurs in vitro, and can 
only be explained by a specific enzyme effect. Only two of the above 
hydroxylations have been investigated; the para-hydroxylation of 
cinnamic acid, and the introduction of an hydroxyl group at C(2) and 
Cfa) in the aromatic ring by the phenolase system. 

1.  Cinnamic acid-4hydroxylase 
Cinnamic acid, which is formed by ammonia elimination from 

phenylalanine, has an important position in secmdary metabolism. 
I t  is hydroxylated to p-coumaric acid by ciniiamic acid hydroxylase. 
The evidence that this enzyme is probably a monooxygenase was 
presented by Zenklsn, who was also the first to observe the ‘NIH 
shift’ in liydroxylations by an enzyme from higher plants (Catalpa 
fgibrida) . 

p-Tritiocinnamic acid was transformed to m-tritiocoumaric acid, 
and by a simultaneous /3-oxidation to m-tritio-p-hydroxybenzoic 
acid. 

NADPH, and tetrahydrofolic acid were found to be the electron 
donors in a microsome fraction from pea seedlings183. A similar 
system from spinach leaves uses NADH, as co-factor; it also can 
hydroxylate phenylalanine to tyr~sine**~. 

2. The phenolase system 
The introduction of a second and third hydroxyl group, e.g., 

tyrosine ->caffeic acid, probably occurs in many cases via the 
phenolase systemi which is widely distributed in plants and animals. 
I t  is active in many different biosynthetic pathways. The animal 
phenolase system is generally specific for tyrosine and DOPA; that 
from plants utilizes a wide variety of mono- and di-phenolic sub- 
strates. The new hydroxyl group is introduced in a position ortho 
to the hydroxyl groups already present (phenol-ortho-hydroxylase, 
cresolase). The reaction seldom stops at the o-diphenols (or poly- 
phenols) but usually the product is further oxidized by the phenolase 
complex to o-quinone (o-diphenol dehydrogenase, catecholase). 

The electrons necessary for o-hydroxylation are in most cases 
provided by a coupled oxidation to the diphenoi-quinone system. 
Phenolase contains copper (two neighbouring copper atoms forming 
an enzymatic functional unit) which forms a complex with molecular 
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oxygen with accoiiipanying valence changc. From this, one can 
formulate the reaction as f0llows~7~: 

Enz-(Cu+)2 + 02+ Enz-(Cu*)?-02  (25) 

(26) 
Enz- (Cu 4 )  -t- 2e -+ Enz- (Cu +) (27) 

(28) 
The active hydroxylating agent is probably the reduced (Cu +) .,-O, 
compIcs (CuO-I-) lS6. See Figure 14. 

Enz-(Cu +) z - G 2  -1- monophenol + 2 H + -+ 
Enz-(Cu2+),  + o-diphenol -+ H20 

o-Diphenol -+ o-quinone 1- 2 H + -b 2e 

CuO+ -t-9 @ --+Q + Hf 
HO HO HO 

ocu H OCu H 
FIGURE 14. Electrophilic attack on an aromatic system by cuprylion ion. 

The phenoIase complex can be characterized as a single enzyme 
with two active centres”l or as a system containing two very similar 
proteins, one, an o-hydroxylase, and the other, an o-diphenyl de- 
hydrogenasel85. The latter concept is hvoured by the fact that the 
phenolase complex can be split into two protein fractions; one 
possessing a high catecholase activity, and the other, cresolase and 
catecholase activities. However, these results may also be inter- 
preted differently. I t  appears possible that hydroxylation and de- 
hydrogenation occur at two different sites since cresolase does not 
exchange Cu2+ ions during the reaction in contrast to catecholase. 
The  former enzyme is also less stable. I n  addition, cresolase and 
catecholase can be differentially inhibited: ferulic acid inhibits the 
dehydrogenation of chlorogentic acid by a plant phenolasc more 
strongly than the hydroxylation of p-coumaric acid1 86. 

Although a large number of publications on the phenolase system 
have appeared, one still does not have a detailed knowledge of the 
reaction, partially because, in most cases, unpurified enzyme pre- 
parations were used. Of the many further hydroxylation reactions 
in higher plants, only a few other types have been studied. 

3. Qthers 
Investigations on the incorporation of I 8 0  during carotenoid 

hydroxylation showed that molecular oxygen is found in the 
hydroxyl groups of the leaf xanthophylls, lutein, violaxanthin and 
neoxanthin in the alga ChZoreZZa ~ziZgaris~8~~ as well as in the 
eposide group of anthraxanthin in the legume PhnescoZus Zetmatus189. 
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This is a strong indication that a monooxygenase system is involvcd. 
However, other groups found incorporation of oxygen from H,180 
in the epoxide or hydroxyl groups. 

Other monooxidations occurring in higher plants are Iiydroxyla- 
tion of phcnylalaniiie184 and anthranilic acid190, squalcne epoxida- 
tions19 I, N-hydroxylation of tryptophan192 and hydroxylations in- 
volvicg steroidsl03. 

C. Monooxygenases of Microorganisms 
I n  contrast to higher plants, microorganisms arc especially suit- 

able for enzyme investigations because the de nouo synthesis of a fixed 
enzyme can be induced by growing on a fixed substrate (adaptive 
induction). 

I n  addition to those monooxygenases induccd by substrate, those 
found in thc metabolic pathways of plants and animals are also 
found in bacteria. Although the functions of induced monooxy- 
genases are essentially catabolic, they often take part in anabolic 
pathways, for example, tyrosine synthesized via an induced phenyle 
alanine hydroxylase can be used in protein synthesis1”. Som- 
bacterial monooxygenases arc listed in Table 10. 

1. Phenylalanine kydroxylase 
The phenylalanine hydroxylase isolated fiom P s e u d o r n o n a ~ ~ ~ ~ ~  2 0 2  

which transforms phenylalaninc :o tyrosine in the presence of 0,, 
NADH,, tetrahydropteridine arid metal ions, was investigated with 
regard to the ‘NIH shift’. The group which migrates froin the para 
to meta position can be hydrogen or its isotopes, chlorine, bromine or 
a methyl group303. The hydroxylation of +-methylphcnylalanine is 
of special interest since not only is m-methyltyrosine found, but also 
a large amount of p-hydroxymethylphenylalanine204. This illustrates 
a monooxygenase which can hydroxylate both an aromatic rir,g 
and an aliphatic side chain. This indicates that there are RO basic 
differences in the enzymes for these two types of reactions. 

The transformation of +-hydroxyphenylpyruvic acid to homo- 
gentisic acid whicli occurs in phenylalanine degradation in bacteria 
and higher plants, can also be explained by a ‘NIH shift’ if one 
assumes that in the hydroxylation, other organic groups in addition 
to the methyl group can migrate to a neighbouring ring position, in 
this case with accompanying decarboxylation. 

2. Salicylate hydroxylation 
Salicylic acid is hydroxylated a t  C(l) by salicylate monooxygenase 
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from Psezidomom with simultaneous decarboxylation to catechol. 
The oxygen of the hydroxyl group comes from molecular 0,205, 2O0. 

Spectrophotomctric invest igat ion~~~~9 308 indicated the following 
sequencc: 

(29) 
Enz-FAD-salicylate + NADH + Enz-FADH,-salicylate + NAD (30) 

Enz-FADH,-salicylate -I- 02+ Enz-FAD -I- catechol -1- CO, + HzO (31) 
One mole of the holoenzyme (formed from an equimolar amount 
of the isolated apoenzymc and FAD) reacts with one mole of salicy- 
late in the absence of 0, with thc formation of a ternary complex of 
salicylate hydroxylase-apoenzyme-FAD-salicylate. This complex is 
stoichiometrically reduced by NADH, and then reacts with mole- 
cular oxygen to give the end products, catechol, CO,, H,O and un- 
changed holoenzyme. 

3. o-Hydroxylaas 
The enzymatic oxidative attack of the methyl carbon atom of 

aliphatic c o r n p o ~ n d ~ ~ ~ ~  or fatty acids2l0y 211 is widely distributed in 
nature. I t  is probably catalysed by monooxygenases. An oxidation 
by dehydrogenation is energetically unfavourable. The o-hydroxyl- 
ase from Pseudomonm oleouorans catalyses the formation of n-octanol 
from octane (hexane and decane are also oxidized, but less) and the 
w-hydroxylation of fatty acids (C,,, to C(181 with optimal chain 
length Cfle)). Molecular oxygen and NADH, are necessary. The 
enzyme consists of three components which have been separated 
and partially purifiedzll: ( 1) rubredoxin, (2) NADH, rubredoxin 
reductase, (3) w-hydroxylase. Rubredoxin is a nonhaem iron protein 
containing two atoms of iron per molecule and, in contrast to ferre- 
doxin, does not contain labile sulphide. Its molecular weight is 
about 12,800 and its reduction potential is -0-037 volts211. The 
amino acid sequence of rubredoxin from Peptostreptococcus elsdenii has 
been determined; the iron is bound at four cysteine sulphurs"'". 
Rubredoxin is an electron carrier which receives electrons from 
NADH, and NADPH, (catalysed by NADH, rubredoxin reductase 
from Psezidomotzar; and NADPH, ferredoxin reductase from spinach) 
and transfers them to the o-hydroxylase or addcd cytochrome c. 
The electron transport chain consists of three components as shown 
in Figure 15. The introduction of the hydroxyl group occurs in the 
yeast, Torulopsis gropengiesseri, in the w and o - 1 positions and is 
stereospecific through direct exchange of a hydrogen atom by an 
oxygen species which is easily transformed to a hydroxyl 

Enz- FAD -1- salicylate -+ Enz- FAD-salicylate 
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T RUBREDOXIN --, 
J NADH E?UCTASE 1 (, Fe(ii) 1 w-HYDROXYLASE 

N A D  REDUCTASE RUBREDOXIN kHzo 
HOCHZR 

RED Fe(iii) 

R = alkyl or w-carboxyl residue 

FIGU- 15. The o-hydroxylasc system of‘ I’seudomonas. 

It is probable that hydroxylation of p-xy!ene and toluene to 
9-methylbenzyl- and benzyl alcohols in Pseudomonas aeruginosa occurs 
by a similar mechanism using a similar clectroii transport chain2I4. 

4. Methysene hydi-oxyiase 
A mechanism comparable to the a-hydroxylasc is assumcd for 

the camphor-induced methylene hydroxylase systcm from Pseudo- 
nzonas putida, which contains a nonhaem iron protein, putidaredoxin, 
as electron carrier. This system hydroxylates the methylene C(5) of 
( +)-camphor stereospecifically to 5-~xo-hydroxycamphor~~~~ 21G. 

The electron transport goes from NADH, via a putidaredoxin reduc- 
tase to putidaredoxin which involves one electron reduction and 
differs significantly from rubredoxin in possessing two moles of 
labile sulphide2179 218 

The  hydroxylase itself has been more thoroughly investigated. I t  
contains cytochrome P 450, and therefore givcs typical absolute and 
difference spectra with substrate in the oxidized state and with 
carbon monoxide in the reduced state. The hydroxylation process 
has been postulated as shown in Figure 16 21G, 219. 

NADl NAD PUTIDAREDOXIN 
RED 

OX SUBSTRATE + H20 

SUBSTRATE 

FIGURE 16. The methylene hydroxylase system of Psezrdoonzottas iiutido. 

The hydroxylation mechanisms of bacterial methylene- and (0- 
Iiydrosylases are similar to steroid hydrosylations in mammals which 
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contain a nonhaem iron protein, adrenodoxin, as electron carrier. 
I t  is possible that the countless microbial stcroid monooxygenascs 
which stereospecifically replace a hydrogen atom with a hydroxyl 
group'?O, 2 2 1 ,  2 2 2  have a similar reaction mechanism. Microorgan- 
isms can hydroxylate steroids in all positions with the exception of 
C,,,, C(6) and C(ls! 223, and C(3) and C(20! which usually already con- 
tain a Iiydrosyl or ketone group. 

The  steroid monooxygenases are very important in industry since 
intermediates necessary in the production of medicinal analogues 
to the steroid hormones can be easily synthesized using micro- 
org anisms. Often these intermediates cannot be synthesized chemi- 
cally, or only uneconomically. Microbial and chemical steps are 
often combined as, for example, in the synthesis of cortisonc from 
progesterone. This involves three microbial hydroxylations and a 
chemical oxidation with 

5. Others 
a.  Antliranill'c acid Iydroxjvlase. In  contrast to the hydroxylases dis- 

cussed above, anthranilic acid hydroxylase hydroxylates two neigh- 
bouring carbon atoms forming catechol. From experiments with l8O 
in Pseridomonas, both oxygen atoms were shown to originate from one 
molecule of oxygen224. A cyclic intermediate 1,2-peroxidc has been 
suggested which then is reduced by NADH, followed by C O ,  and 
NH, elimination to catechol. Taniuchi and co-workers"2j believe, 
howeiw, that this enzyme is a monooxygenase catalysing the forma- 
tion of a 1,Z-epoxide which is nonenzymatically hydrolyscd with 
accompanying NH3 elimination followed by decarboxylation. How- 
ever, a cis-benzene glycol is involved. as intermediate in the oxidation 
of benzene to catechol by P. putida226. 

The enzyme isolated from Psettdomonasfluorescells required NADH, 
or NADPH, as co-factor, and after purification, Fe(11) ions for 
activation. 

The hydroxylation of anthranilic acid in the mould Aspergillus 
and in chloroplasts of Tecoma stans190 apparently does not 

involve any of the above reaction types. Anthranilic acid is hydroxyl- 
ated at C8) (some C(2J. I n  A. niger 2,3-dihydroxybenzoic acid is 
produced which can be decarboxylated by a carboxylase to catechol. 
NADPH, is the sole electron donor. I n  T. stans, 3-hydroxyanthranilic 
acid is synthesized which can be transformed to catechof. This 
enzyme is extremely substrate specific and has an absolute require- 
ment for tetrahydrofolic acid; NADEI, (N-ADPH,) iccreases tlic 
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activity. The pH optimum a t  pH 5.0 is similar to that of cinnamic 
acid hydroxylase and phenylalanine hydroxylase isolated from 
spinach leaves. 

b. Kjnul-enate Izydrox_dase. This enzyme (EC 1.14.1.3) isolated from 
Pseudomotzas2,s transforms kynurenate to kynurenate-7,8-dihydro- 
diol. I t  also introduces two hydroxyl groups in the ortko position and 
possibly forms a 7,8-epoxide as intermediate. The enzyme requires 
NADH, (NADPH,) Plavins (especially FAD) and Fe(1r) ions as 
co-factors. The dihydrodiol formed can be further dehydrogenated 
to 7,8-diliydroxykynurenate by a deliydrogenase. 

The dihydroxylation of naphthalene in Pseudomonas dependent on 
Oz and NADH, apparently also involves a 1,2-epoxide intermediate 
which is hydrolysed by water to the dihydrodi01,C'~~ z29. 
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1. INTRODUCTION 

Oxygen occurs in nature as an isotopic mixture of 1 6 0  (99.759%), 
I7O (0.037%), and l80 (0-204~0).  When a compound contains 
more than 0.2 atom yo of l80 it is called an 180-labclled compound. 
The amount of 180-label is usually expressed as the excess atom yo 
of l80 which is obtained by subtracting 0.2 atom yo from the actual 
amount of I 8 0  present. 

The main use of 180-labelIed compounds, and especially of 
hydroxylic compounds described in this article, is for tracer studies 
for the elucidation of reaction mechanisms. 
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Heavy oxygen-labelled compounds differ in physical behaviour 
from the light ones although their chemical behaviour is identical. 
Careful fractional distillation is one of the methods to obtain l8O- 
enriched hydroxyliccompounds. H,180 l, methanol-180 or ethanol- 
I 3 O  can be obtained in this way from ordinary water or alcohols. 
However, in compounds of large molecular weights, the difference 
of the molecular weight due to the isotopes becomes relatively small. 
At present I80-water and gaseous ISU are commercially available. 
The usual sO-labelled organic compounds are readily derived from 

The oxygen exchange of alcohols in the presence of concentrated 
sulphuric acid is a drastic method for preparation of 180-labelled 
alcohols, applicable only for a limited number of alcohols. 

8Q-enriched water. 

R"OH -C H,"O ++ R"0H 4- HS"0 + 

*O-Labe!led phenols, however, can be produced readily by the 

Higher alkanols are readily synthesized by the nucleopliilic sub- 
acid-catalysed exchange reaction. 

stitution of the corresponding alkyl halides with hydroxyl group: 
RX + "OH - + R-180H + X- 

The hydration of alkenes is a useful method. Usually the alkenes 
are absorbed in 180-labelled sulphuric acid and then treated with 
boiling '80-water. The branched alcohols are produced preferenti- 
ally. 

HJC, 
,C=CH, + H,S''O,+ c__f CH,-CH-CH, 

I 
"oSO,H H 

H,"O > CH,-CH-CH, 
I 

"OH 

Catalytic hydrogenation of aldehydcs and ketones is a convenient 
method of the synthesis of 180-labelled alcohols, since the enriched 
carbonyl compounds are easily prepared by both acid- and base- 
catalysed exchange reactions: 

The reduction of 180-labelled carbonyl compounds by 1 ithium 
aluminium hydride for the preparation of the corresponding l*O- 
labelled alcohols is usually quantitative. 

Base-catalysed aldol condensation of aldehydes in the presence of 
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180-enriched water may also be useful for the preparaticn of 1 8 0 -  

labelled unsaturated alcohols. For instance, n-butenol-180 may be 
produced by treatment of acetaldehyde with K18011 in €i!,l80. 

Among various methods for the determination of oxygen-18 con- 
tent in organic compounds a modified Rittenberg-Ponticorvo pro- 
cedure has been most convenient4. l80-containing organic com- 
pounds are mixed with mercuric chloride and then pyrolysed in a 
sealed tube at 450-530" to yield carbon dioxide which is collected 
and its l8O-content measured mass-spectrometrically. 

II. O X Y 6 E N  EXCHANGE 

A. Alcohols 

The exchange reactions of hydroxyl groups of alcohols are catalysed 
by acids such as hydrochloric and sulphuric. Concentrated sulphuric 
acid is known to exchange its oxygen atoms with water5, and there- 
fore, I*O-labelled sulphuric acid can be readily prepared by the 
reaction with l8O-enriched water6. 

Tertiary alcohols undergo oxygen exchange most readily and 
hence are the easiest to prepare: 

PhMe&OH -I- H 2 1 s 0  + PhMe2CZ80H 
PhzCHOH + Hz180 + Ph2CH1'0H 

In the case of the acid-catalysed exchange reactions of primary and 
secondary alcohols, rearrangement to more stable secondary or 
tertiary alcohols takes place very often and dehydration also takes 
place simultaneously in most cases. 

For instance, in a strong acidic media n-butyl alcohol gives 
s-butanol, di-n-butyl ether and butene, while neopentyl alcohol 
affords t-pentyl alcohol and pentenes. The rate of the oxygen ex- 
change reaction of n-butanol is higher than that of the dehydration 
to butene, as indicated in Table 1. 

TABLE 1. Rate constants for cxchange and dccomposition. 

Alcohol 

tz-Butyl alcohol 0.9 17 56 16.4 
n-Butyl alcohol 0.092 7 
neo-Pentyl aleoh01 0.960 1-4 51 

- 

Teinpcrature: 125", Solvcnt : aqueous acid 
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This observation suggests that the reaction takes place through 
SN2 type transition state?. 

It has been assumed that the oxygen exchange of s-alcohols 
proceeds through the initial formation of carbonium ions and the 
subsequent hydration, since the rate is known to be correlated with 
the Hammett acidity function. However, when the reaction was 
carried out with an optically active secondary alcohol, the rate of 
oxygen exchange was roughly a half of that of racemization, similar 
to the SN2 process*. 

Bunton accounted for this result as follows; when an  alcohol (1) 
produces a relatively unstable and short-lived carbonium ion, the 
incipiently formed cation would be shielded rather tightly in the 
f rmt  by the leaving water molecule and hencc approach of other 
water molecules from the same sidc would be hindered. I n  othcr 
words, thc carbonium ion formed is not stable enough to be free 
from the leaving water molecule. 

Accordingly, the rate of racemization becomes twice that of the 
exchange reaction, as in the S K Z  reaction of a typical Finkelstein 
reactiong. This theory was supported by testing other alcohols 
producing relatively more stable carbonium ionslov ll. 

CXOH 
Et , 

Me’ Meon CHOH 

Ph 

..’ ‘CHOH- 
M e’ 

P h’ 

kexlkroc 0.5 
Reference: 8 

0.8 
10 

1 
11 

In compound 3 which can form a stable carbonium ion stabilized 
by the strong electron-donating p-methoxyphenyl group, the ratio 
k,,/k,,, is near unity, since the carbonium ion has a sufficiently long 
lifetime to equilibrate completely before it recombines with a water 
molecule. 

Optically active a-methyl cyclopropyl carbinol also produces a 
stable carbonium ion, and the value of kex/krac becomes unity. 
Richey12 suggested in this case that the carbonium cation has a 
symmetric structure ( 5 )  l3  rather than an unsymmetrical one (4). 

Bunton14 reported that kcx/krac of exchange reactions depends not 
only upon the structure of alcohols, but also on the nature of solvent 
and attempted tc elucidate the role of the water molecule in the 
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cxchangc reaction. Based on the observation that in solvents of low 
water content and high acidity kriLC/kcs is largcr than unity, it was 
concluded that an internal return is involved in this reaction. The 

(4) (5) 

stereochemistry of the oxygen exchange depends on both the lifetime 
of the incipiently formed carbonium ion intermediate and on the 
time required for the expelled water molecule to migrate from the 
solvation shell, losing its identity in the solvent. I n  aqueous media the 
carbonium ion is captured by a water molecule attacking from either 
the fiont or rear side of the leaving group. Howevcr, as the water 
content of the solvent is decreased, the water molecule expelled will 
be pd l td  ar;ay t>r che solvent, and the carbonium ion will lose its 
stereochemical identity. Thc presence of nucleophilic solvents such 
as dioxane also leads to interesting results. For example, when the 
activity of water is decreased by the addition of acid, the carbonium 
ion will be solvated by dioxane molecules and the recapture of the 
ion will be stereochemically non-specific and kraC/ke, will become 
larger than unity. 

Goering15 investigated the acid-catalysed oxygen exchange re- 
action of cis- (6) and trans- (7)-5-methyl-2-cyclohexenol in solvent 
water and observed that with the &compound, the major path of the 
racemization is through an intramolecular process (kcx/krac = 0.03), 
while with the trans-isomer the interconversion of the enantiomers 
results in almost complete exchange of l8O (kex.krac = 0.4). 

I n  these reactions the quasi-axial conformation 6 and 7 may be 
more favoured in the transition state because of the maximum over- 
lap between a developing $-orbital and a double bond. On the other 
hand, the quasi-equatorial conformers 6a and 7a can attain this 
orientation only with considerable distortion of the ring. Thus the 
5-methyl-2-cyclohexyl-carbonium ion conformers (6b and 7b) are 
believed to react with a water molecule preferentially so as to form 
the quasi-axial bond according to the microscopic reversibility 
principle. Once the carbonium ion 7b is formed, not only the leaving 
water molecule but also the water molecules originating from the 
medium will participate in the formation of solvation shell. Therefore, 
concurrent occurrence of both exchange and racemization gives a 
large value of kcJkrac. On thc other hand, i c  the carbonium ion 6b 
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the reaction ccntre is solvated only by the leaving water molecule, 
and hence the product is found to have exchanged oxygen very little, 
yet undergone complete racemization. 

(6) c;s 

(7) trans 

____, - H3ckcH2 +::. 

T? 
H p = & H *  

C H 3  
( 7 4  

The exchange reaction of cr-phenylallyl alcohol (8) was studied 
also by Goering and co-workers who found that in the acid-catalysed 
exchange, racemization and rearrangement of the optically active 
alcohol in 60 : 40 (v/v) aqueous dioxane take place without oxygen 
exchange1;'. 

Bunton16" reportcd that the rate of the HC10,-catalysed re- 
arr2mgcment of 1 -phenylnllyl alcohol into 3-phenylallyl alcohol in 
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CH=CHCH,OH 0 
(9) 

60 : 4.0 dioxane-water is proportional to the Hammett acidity Function 
rather than to [H,O+]. The compound 8 recovered after intercepting 
the rearrangement in H,180 is found to have partially exchanged 
its oxygen with l80 of H,180 and the alcohol 9 isolated had the 
same l*O-content as that of the solvent water. The mechanism is 
depicted as shown below: 

Pn-CH=CH, + H+ Pr.-CH-CH=CH, 
I I 
OH OH,+ 

H2O 
PI~-CH&H-CH~ P~CH=CH,CHOH 

H 

Dostrovsky and Kleinl carried out the dehydration of t-butyl 
alcohol in sulpliuric acid and Taft and co-workers17 also studied 
the same reaction. T k  similarity of enthalpy and entropy values for 
the dehydration and exchange seems to show that both reactions 
proceed through the same or quite similar transition states. On  the 
basis of these considerations, Taftl* proposed two possible mechan- 
isms (A) and (B). The intermediate called ‘encumbered carbonium 
cation’ (10) is proposed in tlie mechanism (A). This is different from 
the n-complex in nature. 

The exchange reactions of other miscellaneous alcohols such 
as t~aans-l,2-dimethylcyclohexane- 1 ,Z-di01~~, bicyclic alcoholzo and 
pinaco121 have also been reported. 

Among these an interesting finding is the 180-exchange reactioiiz2 
of the alcoholic oxygen with carbon dioxide. This is based upon the 
observation that an isotopic equilibrium between the oxygen atom 
of an alcohol and carbon dioxide is attained when the two are heated 
in a sealcd tube with a small amount of sulpliuric acid. Incidentally, 
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(A)  ROH + H,O" ROH2+ -I- H,O 

+ 
H,O -!- (>c+c<) Olefin + H;O+ 

H 

(B) ROH + H,Of C ROH2+ + H20 

ROHZC a R+ + H20 

R +  + H20 w- Olefin + H,Of 

as shown in Tablc 2, thc equilibrium rcaction between watcr and 
carbon dioxide has long been used for the determination of the 
180-content in the watcr derived from 180-containing organic 
c o r n p o ~ n d s ~ ~ .  

TABLE 2. Percentage of equilibrium attained by CO, and oxygcn- 
exchange in hydroxyi compounds. 

Equilibrium yo 
of hydroxyl 

oxygen 

Hydroxyl 'Temp. Tinic Equilibrium yo 
compound "C hr of co, 

Ethyl 200 3 99 90 

Benzyl 200 1 99 90 
Neopentyl 230 3 97 97 
Isopropyl 120 3 100 100 
Phenol 200 3 0 0 

n-Butyl 200 3 95 65 
n-Octyl 200 3 94 GO 

B. Exchange Reactions on Solid Surfaces 

Lewis acids such as aluminium oxide or zinc chloride are good 
catalysts for the dehydration of alcohols. Aluminium oxide also 
catalyses the oxygen exchange of alcohols. The reactions are usuaily 
carried out at around 200-300°C and the catalytic abilityis believed 
to be associated with the nature of the surface and hence markedly 
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dependent upon the mctliod used for the preparation of the sample. 
In a certain temperature range, aldehyde, ether, or rearranged pro- 
ducts may predominate. Howevs-, at  about 300°C the dehydration 
reaction becomes the main pathway: 

RCHZCHZOH A1,0,- RCH=CH, 

The reaction is accompanied by oxygen exchange between thc 
solid and ethanol vapour. The first step of the reaction is probably 
the formation of a complex between ethanol and ahminium oxide. 
Exchange of 1 8 0  between ethanol and the catalyst is also observed 
at 300" on kaolin, Al,O, + Cr203, and zinc oxide. Carbonium ions 
have been Dostdated as intermediates in the reaction; however, 
these could not be free carbonium ions, because the dehydration on 
the solid surface does not always lead to the orientation according 
to the Saytzeff rule24. 

- -+++- +++ +++- ++ 
(lattice) - O - AI - OL AI - -0- AI-O:AI-- (lattice) 

I I ___, H 0 

\ / H 

f 
i I I i j  I 

/c=c, h-C-C' \H 
i I  

Isomerization and dehydration usually accompany the 180-exchange 
reaction under such drastic conditions. However, an  excellent 
method to give 180-labelIed alcohoIs under mild conditions is the 
rapid 180-exchange between alcohols and 180-labelled alumina in a 
nonpolar solvent such as benzene at room temperaturez5. I n  this case 
neither rearrangement nor dehydration takes place. For instance, 
iieopentyl alcohol which, in other methods, easily isomerizes and 
dehydrates to pentenes, in this method exchanges its oxygen without 
any accompanying rearrangement. 

TABLE 3. 180-Exchange on unlabelled alumina a t  room 
temperature, after 72 hours. 

Starting Product 

atom yo Labelled Solvent material 
compound atom yo 

Benzoic acid benzene 10.8 6-20 
Choles tenone benzene 44.0 0.74 
Triphenylmethanol benzene 4465 22.0 
Neopentyl alcohol hexane 1.90 0-37 
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This may indicate that tlie molecule is held very tightly on the 
surface of the alumina and the isotopic exchange takes place without 
inversion at  the cr-carbon atom and without thc formation of frec 
carbonium ions which would allow rearrangement. 

C. Exchange Reaction of Phenols 
When phenols, resorcinol, u- and /I-naphthols were heated 6-24 

hours at 180" in 1 0 ~  HCl in 180-enriched water, complete exchange 
took pIace2G. The easc of exchange falls in the following order: 
p-nitrophenol, p-cresol, nz-aminophenol, p-bromophenol, 2,4,6- 
trimethylphenol, 2,4,6-tribrornophenol. The presence of 0- and 
6-substituents apparently hinders either prior protonation or 
nucleophilic attack of water molecule at the reaction centre or both. 
Thc hydroxyl group of these phenols can be replaced by other 
nucleophiles such as ethanol and 72-butanethiol under the same 
conditions. 

The exchange reaction of substituted phenols and a$-naphthols 
with 180-water was carried out under various conditions, and the 
rate of the reaction (exccpt in the casc of p-bromo- and p-amino- 
phenols) was shown to be correlated with the Hammett equation 
with the value of p = 0.47. 

A pre-equilibrium protonation followed by an aromatic nuclco- 
philic substitution reaction is suggested, although with p-nitrophenol 
only the latter stage is important. The mechanism presented by us is 
formulated as shown below; 

H"H H"H 

However, in neutralz7 and basic solutionsz8, no exchange takes place 
between water and phcnol, naphthol or even a- and fl-nitropheno1sz9. 

Hydroquinonc is known to undcrgo oxygcn cxchangc in  neutral, 
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alkaline and acidic aqueous media with rate constants of 0.22, 0.24, 
and 1.0 x sec-l, respectively, a t  140°C. 

111. NUCLEOBWlLlC SUBST1TUTlON 

A. AIkyl Halides 
I n  nuclcophilic substitution reactions of alkyl halides, when 

'*O-labelled hydroxide or water is used, the *O-labelled alcohol 
is the product of the hydrolysis as shown by the following equation30: 

I-BUCI + H2"0 + t-Bul*OH -1- HCI 
CH,CH,CH,Br + K"OH -+ CH,CHpCH2*sOH i- KBr 

Alkyl sulphate and sulphonate are also often used as the substrate. 
The reactivity of the leaving group is in the order; bromide 

> chloride > fluoride in most protic solvents such as water and 
alcohols. 

The reactivity of various alkyl halides varies in the order: tertiary 
> secondary > primary alkyl halides in S,l type solvolysis. Under 
SN2 solvolytic conditions, however, steric hindrance due to bulky 
alkyl groups may retard the reaction rate. For instance, neopentyl 
halide reacts very slowly due to steric hindrance by the bulky tertiary 
group present around the carbon centre. The Sx2 type solvolytic 
reaction is quite effective in the preparation of optically sctive 
lSO-labelled alcohols from the corresponding optically active alkyl 
halides, since the reaction involves stereochemical inversion at  the 
saturated carbon centre. The rate of the reaction is small in the 
neutral media, but large in alkaline media. For example, 1 8 0 -  

labelled ethyl alcohol is readily prepared in the reaction of an ethyl 
halide with an aqueous solution of 180-labelled KOH: 

The reactivities of alkyl halides fall in the order: primary > secondary 
> tertiary. Usually, the solvolysis is accompanied by elimination, 
caused by the attack of hydroxide ion at the j3-hydrogen of alkyl 
halides, especially in branched tertiary halides. 
ROH + TsCl -----+ ROTs i HCI 

CHaCHZCI + K"0H + CH3CH2''OH + KCI 
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A better preparative method of '80-1abelled alcohols is the reac- 
tion shown on p. 807 which involves initial tosylation of a l c ~ l ~ o l s ~ ~ .  

B. Carboxylk Esters 

The hydroIysis of esters has been thoroughly ilivestigated by 
Bender and co-workers39. Thc alkaline hydrolysis involves a tetra- 
hedral addition complex. 180-tracer experiments revealed that 
ester recovered before the completion of the reaction shows con- 
siderable incorporation of l80 durins the reaction. Hence, the 
intermediate is partitioned between reversal to the initial ester and 
the product3'. 

1 8 0  
I1 

RCOCH, + OH- 

l80 
I I  

RCOCH, -I- OH- c 

lao- 

I 

I 
OH 
N 

"OH 
I 

R-COCH, 
I 
OH 
N 

''OH 
I 

RCOCH, 

l 8 0  
II 

__f RCOH + OCH, 

'80 
II 

This mcchanism is applicable for the hydrolysis of cthyl, isopropyl 
and t-butyl benzoates. Sirnilai tetrahedral intermediates have been 
proposed in thc acid-catalysed hydrolysis of the same esters and also 
in the hydrolyses of benzamides and acid chlorides. I n  the hydrolysis 
off-substituted methyl benzoates the ratio, khyd/kexch, was found to be 
11 for the unsubstituted compound while the Hammett p-value for 
the hydrolysis was + 1.93. The khYd/krsc,, value varies widely with 
substituents, and it was suggested that the proton transfer in the 
tetrahedral intermediate is kinetically important. 

In an early study Roberts and U r e ~ ~ ~  examined the esterifica- 
tion of benzoic acid with 180-labclled methanol and found that the 
methyl benzoate obtained was labelled with an excess l 8 0 ,  but the 
water formed was not. 'They proved that esterification proceeds 
through the following scheme: 
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This means that tlie hydrolysis oC the ester undcr similar coii- 
ditions also takes place by acyl-oxygen fission, according to the 
microscopic reversibility principlc. Accordingly, hydrolysis by H,180 
of ordinarye'esters is not a suitable procediire for the prcparation of 
180-labelled Acetals of 180-labelled benzaldehyde and 
propionaldehyde also hydrolyse by way of aldehyde C-0 bond 
cleavage, aithough the l*O-content of ally1 alcohol obtained upon 
hydrolysis of diallyl acetal indicates a slight enrichment in thc 
alcohol moicty35. Alkyl-oxygen fission takes place in the A-2 type 
hydrolysis of esters. These reactions involve the formation of stable 
carbonium ions. t-Butyl acetate is onc of these examples which 
undergo alkyl-oxygen bond cleavage3G. 

803 

0 
I I  

(CHJ,COCCH, + H,180 - '++ (CH3)3C'80H + CH,COOH 

Isotopic tracer experiments using 180-enriched water confirmed 
that alkyl-oxygen fission occurs also in the hydrolysis of methyl 
2,4,6-tri--t-butylbenzoate and 2,6-di-t-butylbenzoate in aqueous 
sodium hydroxide. Alkyl-oxygen cleavage predominates only with 
hindered esters3'. 

TABLE 4. Isotopic analysis in the fission of mcthyl esters. 

Atom O/, of 
RCcthyl cster Solvcnt water C100°'80 

from acid 

2,4,6-Trimethylbenzoate 65% dioxanr 0-75 0.7 
2,5,Di-l-butylbeiizoate 65% dioxane 0,75 0.8 
2,6-Di-l-butylbcnzoate 90yo dioxane 0.5 0.0 
2,4,6-Tri-t-butylbenzoatc 65% diosane 0.9 0.0 

Sometimes, hydrolysis occurs through both acyl-oxygen and 
alkyl-oxygen fission concurrently. In thc acid-catalyscd hydrolysis of 
t-butyl acetate, two modes of hydrolysis contribute: namcly, A,, in 
which protonation of the ester leads to rate-determining expulsion 
of the t-butyl cation, and A,, in which the protonated ester under- 
goes a slow rate-determining attack by water molecule at  the car- 
bony1 group. The l80-content of t-butyl alcohol obtained in the 
hydrolysis of t-butyl acetate in 180-labelled water at 25-85" was 
measured and the reaction was found to involw 85% and 99% 



810 S .  Oac and S. Tamagaki 

alkyl-oxygen fission at 25 O and 85" respcctively. The activation 
parameters for these fissions are3R; 

E, = 27.5 kcal/molc log A = 16.1 for A,, 
E, = 17.3 kcal/molc log A = 7.9 for A,, 

The steric courses9 of the hydrolysis of optically active p-methosy- 
diphenylmethyl acetate was determined in both acid and neutral 
conditions. Under both conditions studied the alkyl-oxygen bond is 
broken with complete loss of optical activity. The addition of azide 
or acetate ion reduces the hydrolytic rate by capturing the generated 
carbonium cation, but does not change the rate of loss of optical 
activity during the hydrolysis. 

ROAc -- > R f  -I- OAc- 

'Y 

R"0H + H' 
I n  a similar manner, the hydrolysis of triphenylmethyl acetate40 

has been examined in aqueous dioxane containing l*O-enriched 
water, and it was shown that in initially neutral, weak alkaline and 
acid media, the reaction follows the following mechanistic course: 

H*"O 
CH3COOCPh3 + CHSCOO- i- +CPh3 __f CHSCOOH -t H"OCPh3 

Diphenylmethyl formate*l, however, undcrgoes acyl-oxygen bond 
fission under both acidic and basic conditions, although in initially 
neutral solution, alkyl-oxygen fission occurs: 

C. Sulphonate and Sulphate Esters 

The  hydrolysis of sulphonate esters, unlike that of carboxylic 
esters, has been shown to occur without the formation of an addition 
intermediate. For example, when the acid hydrolysis was carried 
out by heating p-nitrophenyl benzenesulphonate with hydrochloric 
acid in 180-enriched water in a sealcd tube at 180", the overall 
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reaction was found to be irreversible and there was no cicl~angc of 
oxygcn in the recovcrcd ester. ‘l’he beiizenesulplionic acid isolated 
incorporated one atom equivalent of 1 8 0  .*z: 

The hydrolysis of methyl p-tohenesulphinate in acidic dioxane- 
water- *O was also sliowii to proceed through acyl-oxygcn 
cleavage”. 

CH, + H2180 __+ CH,160H i- H“0-S 
4- 

’*O 

CH3--.160S 
4, 

l6O 

I t  was shown that pnitrophenol formed by the hydrolysis of 
p-nitrophenylp-toluenesulphonate inH,180 always contains an excess 
l 8 0 .  The hydrolysis undoubtedly proceeds via an  SX2 process 
involving nucleophilic attack by water on the sulphur atom. Under 
the same condition p-nitrophenol itself also undergoes facile oxygen 
exchange. 

The alkaline hydrolysis of p-nitrophenyl toluenesulphonate in 
I80-enriched water containing potassium hydroxide is also an  
irreversible reaction. However, the 180-incorporation is somewhat 
lower than that in the case of sulphuric acid. Apparently, a portion 
of the reaction proceeds via an aromatic nucleophilic substitution 
process involving C-0 bond cleavage, though the process involving 
nucleophilic attack on the sulphur atom is the major path. 

ArS03Ar’ -1- 1 8 0 H -  3 ArS03H + A’rl*OH 
(minor process) 

The C-S bond cleavage is also observed in the alkaline fusion of 
aromatic sulphonic acids and diary1 sulphones. With these com- 
pounds, the ‘benzyne’ route is ruled out by 14C tracer experiments, 
and a direct aromatic substitution mechanism is favoured for the 
fusion of the sulphonic acid44, while with the sulphoiies the attack 
appears to occur at  both benzene carbon and sulphur atoms45. 

Bender and Dewey4G examined the mechanism of the hydrolysis 
of sulphonate esters and found that phenyl methanesulphonate, 
when hydrolysed in aqueous 80% dioxane containing isotopically 
enriched water, gives phenol with a normal isotopic abundance of 
‘ 8 0  : 

McS0,OPh -!- W H  - -+ MeSlnOO,,H -:- PhI6OH 
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0 <0>5a 0 - 

J 
On the other hand, methanol with 0.82 atom yo of lsO is obtained 

when heating dimethyl sulphate with sodium hydroxide in water 
containing 1.2% of lSO. The use of a large excess of aqueous solu- 
t i ~ n ~ ~  leads to the formation of methanol labelled with 1.10 atom yo 
of 1 8 0  47: 

( C H , 0 ) , S 0 2  f H,IsO -+ CH,180H + C H 3 0 S 0 3 H  

Heating dimethyl sulphate with HALSO containing a trace of 
sulphuric acid results in the formation of methanol with 1.08% of 
l80. Accordingly, the hydrolysis of dimethyl sulphate does not 
involve S - 0  bond cleavage, but proceeds via the cleavage of the 
C-0 linkage in both acidic and alkaline media. Other sulphate esters, 
such as diethyl and diisopropyl sulphatc, undergo nearly 100% 
alkyl-oxygen fission". Thus, the hydrolysis of dialkyl sulphate may 
be a useful method to prepare the corresponding l*O-lubelled 
alcohol. 

The hydrolysis of cyclic sulphates has been investigated in some 
detail. In the hydrolysis of the esters of cyclohexane-cis- and -trans- 
diols in H2180, the cyclic cis-diol sulphate is hydrolysed either with 
net inversion to give irons-diol or C-0 and S-0 bond cleavages to 
afford cis-diol, while trans-diol sulphate aEords the diol via C-0 bond 
fission mainly with retention accompanying partial racemization, 
or gives the trans-diol via both S-0 and C-0 bond cleavages forming 
the incipient epoxide intermediate49. 

Westheimer50 found that ethylene sulphate, trimethylene sulphate, 
and dimethylene sulphate undergo first-order solvolysis. I n  aqueous 
solvents of pH range of 2 to 9 the relative rate ratio is 12 : 1 : 6.  I n  a 
more alkaline solution the predominant reaction is the saponifica- 
tion following the second-order rate equation with relative rate 
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ratio of 103 : 1 : 5.5. Thc l80-analysis indicatcs that thc first step in 
the solvolysis of all those sulphates in either neutral or alkaline 
solution is the C-0 bond cleavage; however, in the case of ethylene 
sulphate (72 = 2) a partial S-0 bond fission (about 14%) is also 
detected. 

D. Phosphorus Esters 
The hydrolysis of mono esters of phosphoric acid, for instance, 

1-methoxy-2-propyl phosphate, proceeds under various conditions 
in water enriched with 180. At p H  4, or at pH 8.5 in the presencc of 
lanthanum hydroxide, the cleavage of phosphate esters takes place 
at  the P-0 (and not at the C-0) bond and leads to thc formation of 
normal alcohols: 

R1GOP03H- + H21sO+ R160H + H3P1BOO- 

The stereochemical result, namely, the complete retention of 
configuration, also confirms the 180-results 51, while the alcohol and 
monomeric metaphosphate ion, PO, -, are postulated as primary 
products. 

ROPOaH- + H,O A RO-P-0  ___f ROH + H20 + POj- ( \ . .“ j 
0 .  

U 

The hydrolysis of methyl phosphate in acid solution containing 
H,l*O gives l*O-labelled methyl alcoho152; however, the alcohol 
acquires only a small fraction of l80 enrichment. 

A pla.usible mechanism for the hydrolysis of‘ 1 -methoxy-2-ethyl 
phosphate is considered to involve the transition state, as shown on 
the following page. 

The rate of the hydrolysis of ~-glucose-6-dihydrogen phosphate 63 
was measured in aqueous solution a t  72-100”. By the use of 1 8 0 -  

enriched water, the hydrolysis of the neutral molecule and the 
monoanion were found to involve complete P-0 bond fission. 
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ROPO,-- + La(Ott)'+ + H,O 

O\ lo [2F-o//''i] P ____f [?-;. j- 
H,C, ..La.. H2C, ..La., + POJ- 

H J  
/O' 'O/ 0. 'OH 

CH, 

The diaiiion is found to generate orthophosphatc mainly through 
cleavage of the C-0 bond. In solutions of 1 - 5 ~  of NaOH, the rate 
of release of orthophosphate is proportional to the concentration of 
sodium hydroxide. I n  a strongly acidic solution, ~-glucose-6- 
phosphate undergoes rapid reversible ring closure to afford a cyclic 
sugar phosphate via 3.'-0 bond fission. I n  this case the hydrolysis 
proceeds via C-0 bond fission with Is0-exchange, with the solvent. 

Glucose-&phosphate exists in the pyranose form and cyclization 
may occur between the phosphate group and the equatrial hydrosyl 
fbnction on C-4- leading to a six-membered cyclic phcsphate. The 
isotopic exchange in 11 is considered to procced through the forma- 
tion of such 2. cyclic intermediate 12, which undergoes exclusively 
rapid P-0 bond fission. 

HO 0 
\ 4  
pPo-7 

HO 

" &A '-OH 

0 

I 
OH HO 

HO-P-0-CH, 

OH) 

The esters of vicinal d i01s~~  exhibit a different beha-diour in the 
hydrolysis. The hydrolysis of cyclohexyl erythro-3-hydroxy-2-butyl 
hydrogen phosphate in aqueous NaOH at 100" gives stereochemic- 
zlly pure nzesa-butane-2,3-dio1. When the hydrolysis is conducted in 
1-120 cnrichcd with I 8 0 ,  the product formed is isotopically natural. 
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A mechanism involving the formation of an epoxide is suggested, as 
shown below. 

The phosphate ions5 acts as a nucleophile, for example, when the 
hydrolysis of tetraethyl pyrophosphate in the presence of 1 8 0 -  

labelled phosphate ion is performed, tetraethyl pyrophosphate 
produces two mo:ecules of diethyl phosphate, one of which is l 8 0  

enriched. The percentage enrichment agrces with that expected on 
the basis of a catalysed path involving the formation of a diethyl 
pyrophosphate ionl3 as an intermediate; 

I V 

Haake and WestheimeP investigated the hydrolysis of ethylene 
phosphate at  room temperature and found that the rate ratio 
khyd/kexch in acid media is 5. They stated that both the hydrolysis and 
the oxygen exchange take place simultaneoiisly through a complex 
which has either a trigonal bipyramidal or a square pyramidal 
structure. 

The hydrolysis of triphenyl phosphite5’ was studied and the rate 
was found to be of first-order in phosphite and second-order in H,O. 
The experiment in 180-enriched water-acetonitrile shows that the 
P-0 bond is broken and the kinetic isotope effect kHzo/knto is as 
large as 8. These results suggest that 0-H bond weakening occurs 
in the rate-determining step. 

A five-membered cyclic ester of a phosphonic acid, lithium 
propylphostofiate (14), and a 6-membered analogue, lithium butyl 
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fast Ro\ /H 
P 

/ \  P2bH - Ro\ 

RO/ RC !80 

phostonate (15) have been synthesized and the hydrolysis rates of 
these compounds relative to that of sodiurc ethyl ethylphosphonate 
in acid solution were found to be 5 x lo4 : 3 : 1”. 

The l@O tracer study shows that the ethyl phostonates are cleaved 
a t  the P-0 bond, whereas the hydrolysis of the open chain phos- 
phonate occurs with about equal cleavage of both P-0 and C-0 
bonds. 

P0,Li 
c P o 2 L i  c 

(14) (1 5) 

The hydrolysis of the triesters of phosphoric-carbonic anhydridesg 
gives dialkyl phosphate, carbon dioxide and alcohol. The dialky’ 
phosphate was isolated and allowed to react with dicyclohesyl 
carbodiimide. 

0 0 
I t  II 

(RO)BP-O-P-(OR)~ + C,Hj1NH-C-NHC,H,1  
It 
0 

The m/e ratio of 226/224 in the mass spectrum of dicylcohexyl- 
urea was determined with the results reported in Table 5. 

I t  is evident that the reaction proceeds predominantly through 
carbon-oxygen bond cleavage with a minor contribution of P-0 
bond cleavage. 
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7 .  
R'O-C fFI, 0 H J'- B - f R'O-C-OH HB 

I I  
O H  
I 

(C&5CH20)2 -P=O ( C ~ H S C H ~ O ) ~ -  P= 0 

- R'OH + COP + (C6HSCH2OI2PO2- 

Consequently, though the hydrolysis of the phosphate ester is 
convenient for the preparation of '80-labelled alcohols it is not a 
satisfactory procedure due to the contamination by C-0 (alkyl) bond 
cleavage. 

TABLE 5. Trzcer study 

lsO-content of dicyclohexylurca 

Urea R (226 /224) 

Natural abundancea 0.0141 
l*O-enrichedb 0.0358 
Sample lc 0-0143 
Sample 2c 0.0142 

Prepared by hydrolysis of dicyclo- 
hcxylcarbodiimidc with ordinary distilled 
wa tcr. 

* Prepared by hydrolysis of dicyclo- 
hcsylcarbodiimidc with 1-56 atom yk 
l 8 0  water. 

c Samples derived from dibcnzyl hydro- 
gen phosphate produced by the hydro- 
lysis of anhydride in 1-56 atom ?& I8O 
water. 

E. Qther Esters 
180-labelled alcohols can also be prepared by hydrolysis of in- 

organic esters of alcoholsGO. 
The acid-catalysed hydrolyses of n-propyl, t-butyl and diphenyl- 

methyl nitrites were studied at 0" in 72.5% (w/w) dioxane-water. 
tracer experiments showed that the reactions proceed exclusively 

by acyl-oxygen cleavage. Even in the hydrolysis of' f-butyl nitrite 
in H2**0 the i-butanol obtained did not contain any '*O. 
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The alksliiie hj-drolysis proceeds through nucleophilic attack by 
the hydroxide ion on the nitrogen atom of the esters, and is again 
not suitable to prepare 180-labelled alcohols. Other esters of in- 
organic oxyacids have been studied to determine the site of cleavage 
in the hydrolysis with 180-enriched waterel. Triphenylmethyl 
perchlorate, sulphate and nitrate, and t-butyl nitrate are among the 
few which undergo hydrolysis via alkyl-oxygen fission, while 
n-butyl and n-octyl sulphates are hydrolysed only partly through 
this pathway. 

IV. ADDIT116NS 

A reliable method of preparation of 180-labelled alcohols is the 
acid-catalysed addition of l80-enriched water to alkenese?. 

H2S1*0, 4 CH,CH,CH=CH, CH,CH,CH-CH, -> CH,CH,CHCH, 
I I 

''0s 0, H '*OH 

A commonly accepted mechanism of alkene hydration is shown 
below (a). Levy and Taft studied the acid-catalysed hydration of' 
isobuteneG3 and found that the rate is proportional to the H, func- 
tion. This seems to indicate that water is not involved in the activated 
complex (route b): 

/ \ 0 

c-c, __j Nf-7, > '  (a)  ,c=c( + H,O+ ___ \ 

HO H 
'1 I 

H,Of H 

c-c: + product \ 
0 

A +AH, 
In  mechanism (b) the formation of carbonium ion is considered 

to be rate-determining, but a mechanism assuming the second step 
to be rate-controlling is also compatible with the experimental results. 
Considering also other observations, such as the lack of deuterium 
exchange during the addition6*, the folIowing mechanism, involving 
the formation of a n-complex, was suggested. 
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\ +/ \ / c - C \  - > ,c-c, - > \c-c; 
1 I +  'I I 
H OH2 OH H 

'I 
H 

Other addition reactions arc also useful for the preparation of 
lsQ-labelled alcohols. Catalytic hydration of acetylene by H,l *O 
provides 180-labelled acetaldehyde, which upon reduction gives 
ethanol. Glycols can be prepared, when two hydroxyl groups are 
introduced into an alkene, or by the rcnction of dihalides with silver 
acetate-'80. 

The  oxidation of an olefin by l*O-labelled potassium pcrmangan- 
ate affords a cyclic intermediate 16, which decomposes to an 
180-labelled glycol upon hydrolysisGG, with cleavage of the Mn-0 
bond: 

CH2-180, "0- H,O CH2-"OH 

CH2 CH2- 0 C H 2- 180H 
I 

CH2 
II + Mn''0; ___3 I ,8 ,Mnzlag 

(9 6) 

For example, the oxidation of oleic acid is effected at  about pH 12 
with an excess of permanganate, which is permissible since the 
oxidation of the diol by permanganate is very slow (Table 6). 

The  addition of a Grignard or other metalorganic reagent can 
also be used for the synthesis of 180-labelled alcohols from I 8 0 -  

labelled aldehydes or ketones. 



820 S. Oae and S. Tamagaki 

l80 R ' M ~ B ~  R' "OMgBr 
RC/= ---+ 'c' 

OEt R' ' OEt 

TABLE 6.  Oxidation of oleic acid". 

0.910 1 -4.5 0.1 17 1.03 
0.910 2.00 6.1 76 1 a55 

v. OXIDATIONS 

A number of oxidations by various reagents can be used for the 
preparation of lS0-labelled alcohols. Careful oxidation of alkanes 
by lSO-labelled potassium permanganate affords partially l*O- 
labelled alcohol65, while alkenes yield glycols66. 

R F H  t Mn180S- + R3C180Mn1s03 + R3CWH 

Peroxides such as acetyl peroxide oxidize alkenes to the corre- 
sponding acetate ester which is easily convertcd to the labelled 
alcohol upon hydrolysis67. 

hydrolysis J 

Hydroperoxides, which are formed by auto-oxidation, might also be 
used in some cases@*. 

The rearrangement or the hydroperoxide is catalysed by acid to 
afford phenol. 
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3,$-Dimethylphenol is enzymatically oxidized to 4,5-dimethyl 
catechol by action of 'phenolase enzyme'; all the oxygen atoms 
introduced as hydroxyl groups into benzene ring are derived from 
molecular oxygenG 9. 

TABLE 7. 180-Experiments of the reaction of 'pheno- 
lase enzyme' with 3,4-dimethylphenol in and 

H,O; and in 0, and H,180*. 

Found Theoretical value for 
System excess uptakc of onc excess 

atom yo atom o/& 

lSO, + H,O 0.52 0.59 
0.5 1 0.59 

0, 4- H,'SO 0.00 0.59 
0.00 0-59 

Preparcd electrolytically; b containing 1-4 atom ?{, 
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Hydrogen pcroxide can convcrt olefins to the corresponding 
hydroperoxides which can bc reduced to alcohols, while aromatic 
compounds are directly oxidized to phenols. 

I n  the presence of acetic acid, phenol is hydroxylated by means of 
a mixture containing H,lsO, and Fez + ion to laO-labelled pyrocate- 
chol. With K,S,O, and H,180, in alcohol solution phenol is oxi- 
dized also to hydroquinonc, containing the persulphate oxygcn in 
the new Iiydroxyl group70. 

"OH 160H 

OH 160H 

CH3 CH3 CH, 

Q (cat. H2'so oxidn.) , Q 2*!?.L> IQ Ref. 71 

c H3 CH,'~O'~OH C H ~ ~ ~ O H  

A convenient method for the preparation of aliphatic alcohols is 
the treatment of alkyl Grignard reagents with l8O-enriched oxygensl. 

MeMgBr + 1 8 0 3  Me**OH 

Oxygen enriched with l8O can be readily obtained by electrolysis 
of H,lBO containing 20% sulphuric acid. 

H O  

VI. WEDUCYiONS 

180-labelled alcohols can be obtained by the reduction of carbonyl 
compounds, such as aldehydes, ketoncs, esters, acid chlorides and 
anhydrides'z. For examplc, cyclohexyl carbinol enriched with 1 8 0  

is prepared by the rcduction of cyclohexanoic acid with lithium 
aluminium hydride. 
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Similarly, esters which arc tagged with l80 are easily reduced to 
the corresponding alcohol~73. 

n-hexyl tosylate J /*I.. 

n - c6 H, 3 ' 8 ~  H 
The use of sodium borohydride is also effective for the reduction 

of 180-tagged carbonyl groups of aldehydes and ketones to give 
corresponding 180-labelled alcohols. 

NaBH, -1- 4 CH2lBO + 3 H,O - 4  CH2l80H -I- NaH2B0, 

The platinum- or nickel-catalysed hydrogenation is a convenient 
and important procedure suitable for large-scale reductions of alde- 
hydes and ketones. An aldehyde can be labelled by lSO by equi- 
librating it with 180-labelled water, and subsequently reduced to 
180-labelled ethanol74. 

CH,C<' + H,(Ni) > CW3CH2'80H 
H 

Ketones or aldehydes can be reduced to the corresponding primary 
or secondary alcohols, e.g., by using aluminium isopropoxide: 

A~IOCH(CH,)ZIJ 
ReC=''O [R?CH'*O],AI + R~CH"0H 

Pinacols (17) are made available by reduction of various ketoncs 
with magnesium amalgam in benzene75. 

H,C, (CH,) pC -' 'O... 
H3C (CH3),C - "0'- 

2 ,C=l80 4- Mg(Hg) - I Ms 

(CHJ 2- c - ' 8 ~ ~  
I 

(c H - c - l a  o H 
( 9  7) 

Since in these reductions 180-labclled carbonyl compounds are the 
starting materials it is appropriate briefly to mention their prepara- 
tion. 

The aldehydes and ketones enriched with l80 are readily made 
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available by simple treatments of the carbonyl compounds with 
180-enriched water70, in the presence of a strong acid or base. 

Bryn and Calvin77 investigated the oxygen-exchange reaction of 
aldehydes and ketones witk H,'*0 by means of infrared spectroscopy 
and measured the times required for the establishment of equi- 
librium. They found that in acidic tetrahydrofuran the times rc- 
quired for the oxygen exchange of aldehydes incrcasc in the following 
order: acetaldehyde < benzaldehyde < 2-naphthaldehyde < 1- 
naphthaldehyde < 9-antbraldehydc < 9-phenanthraldehyde < in- 
dolealdehyde. The relative rates oC 180-exchange of benzophenone, 
acetophenone and acetone were found to be 1 : 60 : 1200. At Z O O ,  the 
equilibrium constsnts for these ketones are 7-8, 8.3 and 12.3 
respectively. 

Vll. REARRANGEMENTS 

I t  is easier to introduce an excess I S 0  into carbonyl oxygen than into 
alcoholic oxygen in esters. The carbonyl portion of an ester is usually 
derived from the corresponding carboxylic acid, while the doubly 
180-labelled carboxylate is available by acid-catalysed hydrolysis of 
the nitrile. 

18 
40 

R C r N  + Na"0H f RC, 
"0Na 

I n  some rearrangements occurring through cyclic intermediates 
(e.g., 18) the labelled oxygen atom of the original carbonyl group 
turns into the alcoholic oxygen. When 2-acetoxy- (carbonyl-180)- 
cyclohexyl tosylate is solvolysed in acetic acid, two isotopically 
isomeric alcohols are produced via the formation of two acetatesi8. 

Similarly, the carbonyl oxygen of 1-phcnylallyl p-nitrobenzoate 
(19) upon rearrangement turns exclusively to the ether oxygen of 
3-phenylallyl p-nitrobenzoate (20). This result is in full accord with 
a synchronous cyclic 

The reaction of an  acid chloride with 180-labelled alcohol is known 
to give the ester exclusively labelled at the ether oxygen. When 
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0 Ts160 

l80 

// 
160C-CH3 

-> 

l 8 0  
4 

'60-C-CH3 

hydrolysis 

L 

(3 1- c") 

(1 8) 
H H PhCH=CH--CH, 

I 
l80 

-> I 

I 

/c, /c\ 
Ph-HC ;-t-. CH, Ph-HC CH, 

16 0 ',.--18 0 '6o=c 
f 16 ' lao - 

\ /  C 
0, 4 C 

I I C,H,NO, 
C6H4N02 C6H4NO2 

(1 9) (20) 

2-phenyl-1-propyl p-bromobenzenesulphonate (21) thus prepared is 
allowed to xarrange in acetic acid, it gives 1-phenyl-2-propyl 
p-bromobenzenesulphonate which can be reduced with sodium in 
ammonia to afford benzylmethylcarbinol. The l 8 0  content of this 
carbinol indicates that during the rearrangement a partial equi- 
libration of the labelled oxygen takes placc (21a). In  the solvolytic 
rearrangement of 2-p-methoxyphenyl-1-propyl p-toluenesulphonate 
(22), all three oxygen atoms of the sulphonate group become 
completely equilibratedso. 

The thermal rearrangement of methyl benzoate (23) zit high 
temperatures leads to migration of the methyl group from one oxygen 
to the other. The rearrangement can already be observed a t  250", 

C N G - E E  
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' 8 0  

/ RC.M,SO,CI 

CH-CH,-- '~O-SO~ 

CH, 
(21) R = Br 
(22) R=OMe 

01 

. .  .+'., 
c H, - c H+c . .  H, 

(21 a) 

and it proceeds smoothly and at a moderate rate at  400-405", 
giving a yield of 66% after 3 hours": 

l80 
''OCH3 II 

PhCG > Ph-C--'6CCH3 
6O 

(23) 

The nitrosoamide 24 irl which the carbonyl group is labelled with 
l80 is suggested to decompose in the following manneP1: 

NO 
II ) + (Ph,CH+-OC--Ph I I  

0 0 

I 
Ph2CH-N-C-Ph 3 PhtCHN,' -O-C-Ph 

I 1  
lBO 

40% 
Ph2CH-O-CPh + PhZCHOEt 

I! 
0 
60% 



15. Synthcses and Uses of ~~O-label led Hydroxylic Compounds 827 

The 1 8 0  experiment shown in Table 8 indicates that when the 
reaction is performed in refluxing ethanol 60% of l80 is retained in 
the carbonyl oxygen of the benzoates2. The decomposition of car- 
bonyL180-labelled acetyl peroxide gives 180-scrambled methyl 
acetate. The cage recoinbination of acetoxy and methyl radicals is 
believed to be the mechanistic paths3. 

TABLE 8. 180-Analytical data for the decomposition of 
diacetyl peroxide. 

Compound 18O-content 

Deacetyl peroxide 0.630% label in carbonyl oxygen 
Methyl acetate 0.627 excess atom yo in one oxygen 
Me thanoP 0.314 excess atom yo 
Ethanol" 0.312 excess atom yo 

a Obtaincd by LiW reduction of methyl acctatc. 

The other diacyl peroxides also decompose to form the correspond- 
ing esters with partial scrambling of 180-labelling84-86: 

Rearrangements of tertiary amine N-oxides have been inves ti- 
gated by means of IsO-tracer in some detail. Azoxybenzenes in 
concentrated sulphuric acid are converted to $-hydroxyazobenzenes 
in good yieldss'. 

-0 

The phenolic oxygen introduced into the $ a m  position originated 
always from the IaO-enriched water applied. Tertiary amine N- 
oxides bearing alkyl groups have been found to react with l 8 0 -  

labelled acetic anhydride giving either 180-labelled phenolic or 
alcoholic compounds. Thus, N,  N-dimethylaniline N-oxide (25) yields 
18C)-labelled 2- (H, N-dimethylamino) phenol (26) and N-methylaceta- 
nilide on reaction with 180-labelled acetic anhydridess. 

Table 9 together with the earlier findings suggests that a radical 
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(26) 

pair mechanism is reasonable for the initial formation of both 
compounds: 

TABLE 9. 180-Analytical results for the reaction of 
R,N-dimethylaniline N-oxide with Ac, l80. 

Compound Atom yo 

CH,COOCOCH, 0.9 1 
O(CH,) ,NCoH40COCH, 0.53 
O(CH,) ,NC,H,OH 0.49 
C,H,N( CH,) COCH , 0.85 

A similar treatment of 2-picoline N-oxide (27) gives 180-labelled 
acetates of 3- and 5-hydroxy-2-picoline (28 and 29) and Z-pyridyne- 
methanol (30) SD. 4-Picoline-N-oxide (31) reacts similarly". The 
mechanisms of these reactions are shown below. The modes of the 
reactions of alkylpyridine and quinoline N-oxides with various 

H3 i CH, 

QlN;cH3 C-CH, 

d 
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(P% 
CH,-O-C--CH, CH, (po) 

I1 + &-!-CH3 6 (ago, 
N ($'80) N 

180-labelled acylating agents have been investigated extensively in 
our laboratories". 

I n  the reactions of isoquinoline (32) and pyridine N-oxides with 
180-labelled toluenesulphonyl chloride, the 4-hydroxyisoquinoline 
(33) and 2-pyridone formed are f'ound to contain only little l8O. 
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The rezction is kilo 
bridged-ion pair 34 

a+ ' 0 -  

132) 

wii to proceed via the formation of aii oxygen 
as shown belowo2. 

"0  

- H-CI 
(341 

(33) 

Instead of acetic anhydride, benzoyl chloride can be used to 
prepare similar productsD3. Thus, when quiiialidine N-oxide (35) is 
treated with l*O-labelled benzoyl chloride and the ester obtained is 
hydrolysed, l80-labelled 2-quinolylmethanol (36)  is formed in a fair 
yield. 

m C  H, - ''0 - COPh 
mcH3 + PhC''0CI + 

4 
0- 

J hydrolysis 
(3) 
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1. INTRODUCTION 
This chaptci dcals with photochemical reactions iiivolviiig alcohols, 
enols and phenols. The discussion includcs both chemical deactiva- 
tion processes of photoexcited hydroxyl compounds, and reactions 
in which the hydroxyl compounds either participate as reactants or 
contribute to the course of a photoinduced conversion. 

Not discussed her-e are obsolete photochemical results on hydroxyl 
compounds, often of dubious reproducibility, which have been sum- 
marized elsewherel, and photochemical reactions which involve 
photoexcitation of metalorganic and inorganic compounds. A dis- 
cussion of the photochemistry of carbohydrates in this chapter was 
precluded by a comprehensive review on this subject published 
previously2. Also, in view of the numerous recent tex tb~okss-~  and 
review artic1es7-l1 on organic photochemistry, it was deemed un- 
necessary to reprint the Jablonski diagram or to esplain the principal 
terins ol‘ photochemistry in an introductory section. 
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The great interest in organic photochemistry is probably best 
reflected by the significant contributions to the understanding of 
photochemical processes of alcohols and phenols, made when the 
manuscript for this chapter was in preparation. 

I I .  PHOTOCHEMlCAL REACTlONS INVOLVING ALCOHOLS 

A. Pbotoiysis of AIcohois 
1. The absorption spectrum 

Within the limits of the ultraviolet spectrum generally considered 
by the organic chemist, i.e., between 4000A and 2000& simple 
hydroxyl compounds do not display any absorption maxima, but 
show structureless end absorption131 13. Water vapour, for example, 
has its longest wavelength absorption maximum at 1667w, with an 
E value of 1440 (Figure 1). Replacement of one hydrogen in the 
water molecule by an alkyl group docs not alter the shape of the 

56 

5 

I / x , ~ ~ - ’  ?d3 
FIGURE I. Vapour-phase absorption spectra of methanol (I) ,  ethanol (Z), pro- 
panol (3), isopropanol (4) and water (5). [Reproduccd, by pcrmission, finm 

reference 14.1 
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absorption maximum but results in a decrease of its intensity and a 
shift of its position towards longer wavelengths. Thus, methanol in 
the gas phase exhibits a continuum with a longest wavelength ab- 
sorption maximum at 1835A and a molar extinction coeficient of 
1501"* l5. Ethanol, propano1 and isopropancl havc been found to 
have similar spectral properties. At shorter wavelengths around 
1600.& 1470A and 1 250A, methanol exhibits structured absorption 
maxima of greater intensitylc". For the three primary alcohoIs in- 
vestigated, their ionization potential does not paralIel the position 
of their longest wavelength absorption maximum. However, their 
ionization potential has been found to correlate with the position of 
the first absorption minimum, which may correspond to the 0-0 
transition of the next shorter-wavelength maximum (Table 1). 

TABLE 1. Longest wavelength absorption masima and minima of hydroxy! 
cornpo~mds~~.  

Ionization 
Hydrosyl compound i.,,, (A) E Aniu (A) & potential 

(C.V.) 

Water 1667 1480 (1449) 120 12.59 
Methanol 1835 i 50 1647 52 10.85 
Ethanol 1815 320 1681 190 10.50 

Propanol 1832 240 I706 130 10.15 
Isopropanol 1808 620 1678 260 (10.09) 

According io hIullikcnl ', the longest wavelength absorption maxi- 
mum of alcohols is to be attributed to a n-a* transition, i.e., absorp- 
tion of a photon results in the excitation of a nonbonding electron 
of the hydroxyl oxygen to an antibonding a* orbital of thc alcohol. 
I n  the liquid state, the longest wavelength absorption maximum 
undergoes a blue shift, thus indicating the involvement of thc non- 
bonding electrons in the excitation process. 

2. Primary and secondary processes in the gas phase 
Upon irradiation in the gas phase with light of the wawlength of 

184.9A, methanol decomposes to give mainly hydrogen and ethylenc 
glycol, as well as formaldehydels-zl. Minor products are methane, 
water and carbon monoxide (Figures 2 and 3 ) .  The quantum yield 
has been found to increase with increasing pressure; however, its 
numeric value is always smaller than 1. The pressure dependence 
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FIGURE 2. The  formation of hydrogen, ethylene glycoI and formaIdehyde during 
the photolysis of methanol vapour a t  1850A. [Reproduced, by permission, from 

reference 19.1 

Min 
FIGURE 3. The  formation of water, methane and carbon monoxide during the 
photolysis of methanol vapour a t  1850A. [Reproduced, by permission, from 

reference 19. J 
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of the quantum yield suggests the involvemcnt of a collision-induced 
predissociation1G.L. 16b. 

Based on scavciiging experiments and on results obtained in the 
photolysis of deuterium labelled methanol described below, the 
formation of all observed products can be explained by a sequence 
of primary and secondary processes (reactions 1-10). 

Prim my p~ocesse s : 

CH@' + H' (-75%) 

? CH,O + H, (-20%) -+E 'CH, i 'OH (-5%) 

CH,OH f hi* -L I CH,OH* 

Secondmy reactions: 
H' 4- H'+Hz 

H' -1- CHSOH + HO + 'CH20H 
CH,O' -t CH,OH + CH,OH -l- -CHsOH 

CH,' -t CH,OH ---f CHI  -1- 'CHOOH 
'OH + CH,OH -+ H?O -t 'CH20H 

2'CH ,OH -> (CH ?OH) 2 

CHOO -I- h v +  CO 4- H ?  

Reaction (1) is supported by the formation of HD as the major 
product in the photolysis of CH30DIS. Likewise, irradiation of 
CD30H gives hydrogen which was found to consist of 71% HD, 
25% €3, and 4% D, 19. When the photolysis of methanol is carried 
out in the presence of ethylme as a hydrogen atoin scavenger, 
the amount of liberated hydrogen decreases by about 8O%, thus 
indicating that about 20% of the total amount of hydrogen is liber- 
ated as molecular hydrogen (reaction 2). It should be pointed out, 
however, that no hydrogen atoms were detectable by the para- 
hydrogen method211. Reaction (3) accounts for the observed for- 
mation of equal amounts of water and methane (via reactions 7 
and 8).  However, contrary to an earlier suggestion3 based on the. 
spectroscopic detection of hydroxyl radicals2%, there is no evidence 
that reaction (3) proceeds preferably when methanol is excited 
with light of shorter wavelength. According to recent investiga- 
tions, vapour-phase photolysis of methanol at  both 18498L and 
1236A results in an identical product distribution, rather than in 
an increased formation of methane and waterlg. This is remark- 
able, since irradiation at 1849A leads to methanol in the first excited 
singlet state (S,) while irradiation at 123GA gives rise to the second 
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excited singlet (S,). I t  appears improbable that deconipositioii of 
methanol in thc second excited singlet state does proceed by the 
same bond breaking reactions as decomposition of methanol in the 
first excited singlet litate. I t  has been suggested, therefore, that 
internal conversion from the S, state to the S, state is an efficient 
process, and that decomposition of photoexcited methanol proceeds 
primarily fiom the lowest excited singlet stateI9. As for the formation 
of ethylene glycol in the photolysis of methanol, secondary hydrogen 
azom abstraction reactions (5-8) give rise to the 'CH,OH radical 
which then dimerizes (reaction 9). Carbon monoxide undoubtedly 
originates from the photochemical decomposition of formaldehyde. 

The gas-phase photolysis of the next higher homologues of 
methanol has been reported209 however, those investigations 
were carried out before modern analytical methods were available20. 
Thus, ethar,ol has been reported to decompose upon irradiation 
bztween 1800A and 2000& giving hydrogen with a quantum yield 
of 0.65 19, as well as acetaldehyde and ethane". Photolysis of ethanol 
with light of wavelength > 1520A gives ethylene, acetaldehyde and 
-Formaldehyde2o. Propanol reportedly gives ethylene, propionalde- 
hyde and formaldehyde2O. t-Butanol has been found to give ace- 
tone20. Presumably, secondary photochemical decomposition re- 
actions are responsible for the formation of most of these products. 
Recent results obtained in liquid-phase photolysis of alcohols 
strongly suggest the predominant fission of the 0-H bond to give 
alkoxy 1-adicals and hydrogen atoms, both of which could abstract 
the cc-hydrogen atom from primary or secondary alcohols thus 
giving rise to the precursors of pinzcols. 

fl4 1 

3. Liquid-phase photolyses 
a. Photolysis of pure alcohols. The photolysis of alcohols in the liquid 

phase and in solution has been the subject of early investigations; how- 
ever, proper product identification was not possible until modern 
analytical methods such as gas chromatography became available. 
Though it had been known that liquid ethanol upon irradiation 
between 2000 and 1800w eliminates hydrogen with a quantum 
yield of about 0.6, it was generally assumed that acetaldehyde was 
-i'ormed as the second major product. However, in 1958 i t  was shownz3 
that photolysis of liquid alcohols mainly results in a dehydrodimer- 
ization to give hydrogen and diols according to reaction ( I  2) .  

RCHZOH -+ hv+ HB + RCH(OH)CH(OH)R (11) 
R = a :  H; b :  CH,; c :  C,H,; d: n-C:$H?; e :  ko-C,H7: f :  C,H, 
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I n  a more recent coinm~inication~~, describing the photolysis of 
alcohols at  reflux temperaturc, the formation of hydrogen mid diols 
as the major products has been confirmed, but substantial amounts 
of other products, presumably deriving from secondary photo- 
chemical reactions, were detected as well (Table 2). The photo- 

TABLE 2. Liquid-phase photolysis of alcohols at rcftus temperature”. 

Alcohof Products (rnmole/hr) 

Methanol Hydrogen (2.97); Ethylene glycol (1.92) ; Formaldehyde (0.32); 
Glycerol 

Ethanol Hydrogen (2.54); 2,3-Dihydroxybutane (1.63); Methane (0.81); 
Carbon monoxide (0.75) ; Acetaldehyde (0.1) 

Isopropanol Hydrogen (1.72) ; Pinacol (1.52) ; Methane (1.27) ; Carbon 
monoxidc (0.68); Acetone (0.23); Ethane (0-05) 

t-Bu tanol Methane (5. lo); 2,5-Dihydroxy-2,5-dimethylhcsane (1.74); 
Pinacol (1.25); Carbon monoxide (0.42); Acetone (0.35) 
3 -Hydrox y-3 -methyl-2-butanone (0-3 3) 

(0.26) ; Carbon monoxide (0.098) ; Methzne (0.012) 

lysis of t-butanol (cf Table 2) has also been reported23 to give 
2,5,8-trihydroxy-2,5,8-trim~thylnonane. The predominant forma- 
tion of methane in the photolysis of t-butanol strongly suggests that, 
reactions (12-15) are the important primary and secondary pro- 
cesses. 

(12) 

(13) 

2’CH ,.(CH J &OH + 2,5-Dihydroxy-2,5-dimethylhexane (15) 

Interestingly, the photolysis of alcohols in the presence of about 
5% cyclohexene does not lead to any gaseous products, presumably 
because the olefin acts as a radical scavengerz4. Thus, photolysis of 
isopropanol in the presence of cyclohexene leads to acetone as the 
major product (2 mmole/hr). Other identified products formed (in 
mmole/hr) are cyclohexane (0-6), cyclohexyldimethylcarbinol(O~5 l), 
cyclohexenyldimethyl carbinol (0.40), bicyclohexyl (0-1 2) , pinacol 
(0.09) and cyclohexenylcyclohexane (0.05). 

It was first24 suggested that photoexcitation of primary and 
secondary alcohols in the liquid phase results in homolytic fission 

(CH3)3COH + hv+’CH, + (CH3)ndOH 

‘CH, + (CH3)3COH -+ CHa + ‘CHa(CH3)nCOH 

2(CH,) ndOH -+ Pinacol (14) 
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(reaction 16) of tile a-C-H bond which has a lower bond energy 
than the OH bond and which is known to be most casily attacked in 

(16) 
free radical oxidation reactions. Howcver, it was demonstrated in a 
recentz5 study of five different deuterium labelled isopropanols that 
only about 2% of the total amount of hydrogen liberated during the 
Fhotolysis originated from primary fission of the (r.-C-H bond 
(Table 3). About 88% of the total hydrogen derived from cleavage 
of the 0-€3 bond, while about 10% orig:’nated from the CH, group, 
as indicated by the isotope composition of the eliminated hydrogen 
listed in Table 3. The photochemical elimination of hydrogen from 

R ~ C H O H  + hv-+ R ~ ~ O H  -1- H’ 

TABLE 3. Isotope composition of hydrogen formed in the liquid-phasc photolysis 
of deutcrated isopropanols (2537/184.9A) 

Alcohol % H, yo HD % Dz 

11.0 88.0 1.0 

22.4 77.0 1.6 

2-3 - 02.5 75.2 

91.0 90 0 
I 

c D3 

CD3 
I 

I 
CD3 

6.5 90.5 3.0 D-C-OH 

isopropanol (at 2537/1849A) which proceeds with a quantum yield 
of about 0.75, can thus be rat iodized by a sequence of primary and 
secondary reactions (reactions 17-24). 
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Primary Irocesses: 

(C HJ c ti o ti + t -+ (CH,),CHOH* 
I 

CH3-C-OH + H' (-10%) 

'CH2 1 (18) 

I (CH3),e-OH + H' ( -2%) 

(19) 

(20) 

Secoizdar_y reactions: 
H' + H' ~ ' H2 

H' + (CH3)zCHOH + H, + (CH3j,60H (21) 

H 
I 

H 
I 

I 

z (CH3),CHOH + (CH3)&OH (22) (CH3)ZC-0. + (CHJ2CHOH -- 

z (C,H3),CHOH + (CH3)2C0H (23) CH,-C-OH + (CHJ,CHOH - 

'CH2 

2(CH3)2COH -----' (CH3),C-C(CH3)2 
I I  
OH OH 

I t  had also been assumed' that dimethylhydroxymethyl radicals 
can disproportionate into acetone and isopropanol (reaction 25); 
however, evidence for such a reaction has not yet bcen presented. 

2(CH3)zCOH (CH3):CO + (CH3)zCHOH (25) 

The photolysis of 0-deuterated normal alcohols at  253 7/1845A 
leads to hydrogen which consists mainly of HD (Table 4) althcugh 
the ratio of CH/OD increases from three, in the case of methanol, 
to eleven, in the case of pentanolZ6. This finding strongly suggests 
that the liquid-phase photolysis as well as the gas-phase photolysis 
of alcohols results in preferential homolytic fission of the 0-H bond, 
apparently because the energy introduced by photochemical n-o* 
excitation will be located mainly at the 0-H bond. 

Recently the photolysis at 1849A (25°C) of secondary and ter- 
tiary alcohols has been reinvestigated and fburid to giw cpoxidcs in 
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, 7  1 ABLE 4.. Isotope composition of hydrogcn liberated ill the 

liquid-phasc pliotolysis of alcohols at 25°C. 

Alcohol. % H, % HD Yo D, 
- 

CH,OD 14.3 84.7 1.0 
C,€I,OD 10.5 88.8 0.7 

n-C,H,OD 11-4 87.2 1.4 
n-C,H,OD 16.3 82.9 0.8 

fi-C,H,,OD 18-7 80.6 0-7 

a low-quantum yield proce~s?~. Thus, s-butanol gives a mixture of 
butylciie oxides with a quantum yield of 0.043 (reaction 26). 

I-Butanol upon irradiation at 25°C has been found to give hydrogen 
with a quantum yield of 0.11, isobutylene oxide with a quantum 
yield of 0.08, and t-butoxy-2-liydroxy-2-methylpropane with a quan- 
tum yield of0.027 (reaction 27). I t  is worth noting that, in this case, 

CH3 
I 

\ /  I 
0 OH 

(CH,),COH + hv - (CH,)2C-CH, 3 (CH,),COCH,CCH, + H, 

(27) 

the sum of the quantum yields of the othcr two products is equal 
to the quantum yicld of hydrogen formation. Irradiation of O-deuter- 
ated t-butanol gives hydrogen which consists mainly (95%) of HD. 
Apparently, the hydrogen is eliminated as molecular hydrogen 
rather than atomic hydrogen since reaction (27) is not affected by 
the presence of radical scavengers. 

The formation of propylene oxide (reaction 28) in the photolysis 
of isopropanol proceeds with a quantum yield of 0-016, thus con- 
tributing only about 2% to the total quantum yield for the elimina- 
tion of hydrogen (0.75). 

(CH,),CHOH + hi, CH3HC-CH, + H, (28) 
\ /  
0 

It has 
hydroxyl 

been suggested that a favourable sreric position of the 
group with respect to the Ijl-C-H group in secondary and 
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tertiary alcohols is responsible for the foymation of epoxides. How- 
ever, a detailed mechaihm has not yet been presented. 

b. 2hotoZysi.s of alcohols in aqueous solutio1i. The photolysis of water 
at  184981 results in the liomolytic cleavage or the 0-H bond to give 
hydrogen atoms and hydroxyl radical~"--3~ according to reaction 

H 2 0  f h v 4  H' + 'OH (29) 
Interestingly, irradiation of water containing small amounts of ali- 
phatic alcohols seemingly leaves the water u n a t t a ~ k e d ~ ~ r  33. For 
example, when a 5 x 1 0 - 3 ~  solution of methanol in water is 
irradiated at  1849A, the alcohol smoothly decomposes to give 
ethylene glycol and hydrogen witk a quantum yield of about 0.6, 
although 99% of the incident light is absorbed by watcr28. I n  view 
of the photoinduced homolysis of water, the photochemical de- 
composition of alcohols in aqueous solution appears wcll explained 
by the sequence of reactions (30-33). 

(29). 

H:O + h ~ +  H' + 'OH 
H' 4- CH,OH -+ H ,  + 'CH,OH 

'OH -i- CHSOH + HnO -I- 'CHZOH 
2'CHzOH + (CHZOH), 

At methanol concentrations greater than 5 x l O - 3 ~ ~  the quantum 
yield for the liberation of hydrogen increases slowly, presumably 
because the absorption of light by methanol becomes important. 
This result may indicate that the liberation of hydrogen ftom photo- 
excited methanol proceeds with a quantum yield of larger than 
0.6 28. 

4. bow-temperature studies 

The photolysis of methanol a t  low temperature (75°K) was first 
carried out in order to determine the ortho-jars ratio of the hydrogen 
liberated during the i r r a d i a t i ~ n ~ ~ .  I t  was anticipated that an in- 
creased amount of para-hydrogen would be indicative of a bimole- 
cular process in the formation of' molecular hydrogen. Since the 
photolysis of methanol at 75°K and 85°K gave (contrary to a 
recent3 statement) only normal hydrogen (ix., 25% p a m  H, and 
75% ortho Elz), it was concluded that the twc hydrogen atoms form- 
ing a hydrogen molecule originated from the same alcohol molecule. 
However, recent hydrogcn atom scavenging experiments and proper 
product analysis show that this conclusion, at least for the photolysis 
in the gas phase and the liquid phase, is incorrect*% *If, 24.  
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More rccently, low-tcmperature photolyses of alcohols  ha:^ been 
studied in ccnjuiiction with electron spin resonance spectro- 
s c o p ~ ~ ~ - ~ ~ .  Thus, irradiation of methanol a t  77"K, using a Vycor 
filter in order to prevent excitation by the 1849A mercury emission, 
reportedly leads to CH,O', 'CH,OH, 'CH,, and 'CHO r a d i ~ a l s 3 ~ ~  36. 

Likewise, irradiation of ethanol under similar conditions results in 
the formation of C,H,O', C,H, and CH3CHOH radicals37. In 
view of the results obtained in the gas-phase and liquid-phase 
photolysis of alcohols, secondary photochemical reactions most likely 
are responsible for the formation of all radicals other than the 
alkoxy radicals. It is known38, for instance, that photolysis of the 
hydroxymethyl radical ('CH,OH) gives rise to hydrogen and the 
formyl radical (reaction 34). 

'CHCOH 4- h~ --f HZ -1- 'CHO (34) 
Irradiation of methanol adsorbed on alumina has been f0und3~ 

to give rise to an e.s.r. spectrum which was ascribed to the radical 
Al-0-CH,. Irradiation of ethanol adsorbed on alumina gave the 
analogous a-carbon radical Al-0-kHCH,. P t is assumed that these 
radicals are formed by photochemical decomposition of the corres- 
ponding aluminium alkoxides. 

B. Photochemical Dehydrogenation of Alcohols 
In this section, attention will be focused mainly on the role of the 

alcohols as hydrogen donors for photoexcited molecules, particuIarly 
carbonyl compounds, rather than on the light-absorbing species. 
This limitation appears justified in  view of the previously published 
chapter on the photochemistry of ketones and aldehydes40. Also, 
the photochemical dehydrogenation of alcohols by nitrogen hetero- 
cycles will be considered in a separate section (1I.C. I .b) where only 
the addition reactions of alcohols will be discussed. The photo- 
induced addition reactions of alcohols to quinoxes will be discussed 
from a mechanistic point of view in the section on photoenolization 
(III.A.1). 

1. Reactions of alcohols with photoexcited carbonyi compounds 
The photochemical dehydrogenation of primary and secondary 

alcohols by photoexcited ketones and aldehydes generally proceeds 
according to reaction (35)417 4z. 

Large differences in the rate of dehydrogenation of various 
alcohols have been observed. Tertiary alcohols are not readily 
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attacked by pliotoescited carbonyl compounds. Secondary alcohols 
gcnerally react faster than primary alcohols (cf section I1.D for 
similar results on the dehydrogenation by photoexcitcd quinones). 

(35) 

However, large difrerences in the reactivity have been observed 
within the series of secondary alcohols. Thus, the photochemical 
dehydrogenation of cis-4-t-butylcyclohexanol by photoexcited benzo- 
phenone proceeds faster than that of the trans-i~omer~~. It has been 
concluded from a series of competitive hydrogen abstraction experi- 
ments (Table 5) that steric hindrance in secondary alcohols reduces 
the rate of photochemical dehydrogenation4*. 

R'R'CO + R3R4CHOH f h~ R1R2C-CR1R2 + R 3 R 4 C 0  
I I  

OH OH 

TABLE 5. Relative reactivities of secondary alcohols towards 
photoexcited b e n ~ o p h e n o n e ~ ~ .  

Alcohol Matcrial 
balance (%) Reactivitya. b 

C yclohexanolb 1.6 & 0.06 95 
Cyclopen tanoP 1.3 3: 0.04 94 
I sopropa no1 1.0 
2-Octanol" 1.05 & 0-03 95 
2-HeptanoP 1.0 92 
Methyl-t-bu tylcarbino13 0.9 & 0.02 

Methylneopenty lcarbinolb 0.18 & 0.01 95 
3 -Hep tanolu 0-67 0.02 96 

a Compared to isopropanol. 
0 Compared to 2-octanol. 

The mechanism of the photochemical reduction of benzophenone 
by alcohols has been studied for many years. On  the basis of the 
results obtained in numerous investigationsq"-"", the photochemical 
dehydrogenation of alcohols by carbonyl compounds is now under- 
stood to proceed in several consecutive steps as exemplified for the 
oxidaticjn of isopropanol by photoexcited benzophenone (reactions 
36-40). (For an important recent result on the photochemical reduc- 
tion of benzophenone see Reference 54a.) I t  is important to note 
that the earlier proposed mode of acetone formation by dispropor- 
tionation of dimethylhydroxymethyl radicals (reaction 25) has not 
been verified. Optically active secondary alcohols when recoverer!. 
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after irradiation in the presence of benzophenones do not show any 
change in optical activitysls 55. 

(C&)&O*(') (singlet state) (36) 
excitation (CCH5)2CO + h v  

(C6H5)2C0*(0 intersystem (c,H,),co"~' (triplet state) (37; 
crossing 

(C6H,)2C0"'3' + (CHJPCHOH ~ b (C6HS),kOH -+ (CH,),kOH (38) 

(cH~)~COH + (C~H,),CO ~ > (C,H5)2COH f (CH3)pCO (39 I 

The proposed transfer of a hydrogen atom from the dimethyl- 
hydroxymethyl radical (CH,) &OH to ground-state benzophenone 
accounts for the theoretical limiting quantum yield of 2, as actually 
observeds1* 5 2 3  64  at high benzophenone concentrations (Table 6), 
but may be more complicated than depicted in reaction (39). 

TAULE 6.  Quantum yields of disappearance of bcnzophc- 
none in degassed isopropanol'* 54. 

l3cnzophcnone concentration 
(mole/li tre) 

Quantum yield 

8 x 10-6 
7 x 10-6 
5 x 10-4 
1 x 10-3 
1 x 10-1 

0.84 & 0.06 
1.02 f 0.03 
1.35 & 0.05 
1.70 + 0.08 
1.90 f 0.08 

a Excitation at 2537A. 

The quantum yield of the photoreduction not only varies with 
the benzophenone concentration but also depends on the isopro- 
panol concentration (Table 7) .  Surprisingly, the quantum yield of 
reduction in neat isopropanol (13 mole/iitre) was found to be smaller 
than that of the reduction in dilute isopropanol (1 mole/litre) in 
benzene or isooctane50~ 5 7 .  This unexpected effect has been attri- 
butedbs to the presence of a long-lived transient involved in photo- 
chemical dehydrogenation of isopropanof by benzophenone. Struc- 
ture 1 has been assigned to this intermediate whose molar extinction 
coefficient at its longest wavelength absorption maximum (322 mp) 
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TABLE 7. Photoreduction or benzophcnonc by isopropanol 
.h_beilzciieav b, 56 .  

Isopropanol coriccntration 
(molc/litrc) Quantum yield 

13 1-16 
5.0 1-32 
3.0 1-71 
1.0 1-57 
0.7 1.60 
0.5 1-41 
0.27 1.16 
0.1 0-7 1 
045  0.45 

Ucnzophenoric concentration 1 0-1 molc/litrc. 
b ExciQtion at 3 I 30A. 

is at least ten times as large as that of benzophenone in that region 
of the spectrum (Figure 4) 58. Thus, the intermediate 1, which seems 
to be more stable in isopropanol solution than in nonhydroxylic 
solvents, may reduce the rate of the dehydrogenation of isopropanol 
by impairing the absorption of light by benzophenone. 

I 
H 

(1) 

Spectroscopic evidence for a strongly absorbing interrnediatc in 
the photochemical dehydrogenation of isopropanol by benzophenone 
was first published in 1958 58 and, independently, in 1959 51. Subse- 
quently, the nature of the intermediate has been the subject of 
several  investigation^^^-^^. However, only the recently proposed"% 6.1 

structure 1 seems to be in agreement with all chemical and spectro- 
scopic properties of the intermediate. Its formation can be explained 
in terms of a coupling reaction of the dimethylhydroxymetliyl radical 
with the resonance contributor of structure 2 to the diphenyl- 
hydroxy me t hyl radical. Interestingly, spectroscopic s tit dies suggest 
that the intermediate 1 transfers a hydrogen atom to groucd-state 
benzophenone to give acetone and the diphenylhydroxymethyl 
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radical in  a nonphotochemical process5* (reaction 41). The inter- 
mediate f thus plays an important role in the photochemical de- 
hydrogenation of isopropanol by benzophenone since it appears to 
be responsible for the observed quantum yield of larger than unity. 
Evidence has been presented for the formation of structurally similar 
intermediates in the photochemical dehydrogenation of isopropanol 
by substituted benzophenonesG4* us. Likewise, strongly absorbing 
intermediates have been observed spectroscopically in the analogous 
photochemical dehydrogenation of other aliphatic  alcohol^^^^ G 5 .  

Attempts to isolate the intermediate I have not been successful yet, 
mainly because it reacts with molecular oxygen (to give hydroger: 
peroxide, acetone and benzophenone), and because of its capability 
cf transferring a hydrogen atom to benzophenone (which was not 
known until recentlyss). Thus, incomplete photochemical conversion 
of benzophenone will result in subsequent destruction of the inter- 
mediate in a spontaneous dark reaction. However, the intermediate 
may also have a photochemistry of its own. 

The intermolecular coupling reaction of the diphenylhydroxy- 
methyl radical with the dimethylhydroxymethyl radical to give an 
asymmetric glycol has not been observed. I t  has been found, how- 
ever, that the photochemical dehydrogenation of methanol with 
aromatic ketones does lead to asymmetric glycols if the irradiation 
is carried out at low ketone conceiltrationsg6’ 67. For instance, 
irradiation of a 0.01 7~ solution of benzophenone in methanol gives 
benzpinacol in only 10% yield, while I ,  l-diphenylethane-1,2-diol 
(3, R = C,H5) is formed in 60% yield (reactior: 42). Similar results 
have been obtained with 4,4’-disubstituted benzophenones and with 
acetophenone. -Also, the irradiation of a-tetralone (4) at low con- 
centration in methanol was found to give fairly high yields of the 
asymmetric glycol 5 (reaction 43). 

OH 
hv I 

I 
CH,OH 

(3) 

(42) C,H,COR cH,oH7 CGHS-C-R 

R = CH, or C6H, 
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The photochemical rcactioii of bcnzophenone in alkaline iso- 
propaiiol solution does result in thc dehydrogenation of tlic alcohol, 
but gives excellent yiclds of benzhydrol instead of Ixnzpinaco16*. 
It had been suggested originally that the role of the base is that of a 
catalyst for the disproportionation of benzpinacol. Although this 
disproportionation reaction is knownogt 7 0  to occur, it has not been 
shown yet that benzpinacol actually is the primary product when 
the photolysis of benzophenone is carried out in isopropanol solution 
containing isopropoxide. According to a recent sugge~tior i~~,  the 
fmmation of benzhydrol can be explained by a reaction sequence 
which involves hydrogen atom abstraction from isopropoxide ion by 
photoexcited benzophenone as well as subsequentproton and electron 
transfer steps (reactions 44-47). (See, however, Reference 7 1 a.) 

(44) 

(45) 

(46) 

(CoH6)2EOH -!- (CHJaCHOH 3 (C,H,),CHOH 4- (CH,),CHO- (47) 
The photochemical dehydrogenation of alcohols in solution by 

1,4-benzoquinone and 9,lO-anthraquinone has been found to pro- 
ceed with optimal quantum yields of about 0.8 to l - 0 7 2 - 7 8 .  The 
proposed mechanism for the dehydrogenation (reactions 48-53) is 
similar to that proposed for the dehydrogenation by benzophenone. 
Again, evidence for reaction (53) remains to be presented. The 

(48) 
(491 

(50) 

(51) 
(52) 

(53) 

involvement of a hemiketal (7) has been ~uggested7~ for the photo- 
chemical dehydrogenation of isopropanol by chloranil (6) which 
leads to tetrachlorohydroquinone (8) and acetone (reaction 54). 
The formation of 7 can be rationalized in tcrms of a coupling reaction 
of 'QH with R 2 e 0 H ;  however, evidcnce for the intermediary 
formation of hemiketals in the photochemical dehydrogenation of 
alcohols by quinones has not been published. (For a recent compre- 
hensive review of light-induced reactions of quinones see Refer- 
ence 80.) 

(CH3)?CHOH -k RO-S(CH,),CHO- $- ROH 

(c,H,),co* -t- (cH,),cHo-+ (c,H,),~oH -I- (cH,),~o- 

(C,H,),kOH i (CH,)260-+ (C,H,)&OH -k (CH,)&O 
- 

Q -j- hv-+ 13*(') (singlet state) 

Q*(*) + 0*(3) (triplet state) 

C I * ( ~ )  -1- R ~ C H O H  --+ 'QH 1- R ~ ~ O H  

R$OH +- a+ R,CO -I- 'QH 
2'0.H + OH2 + 0 

2 RZCOH + RCCO + RZCHOH 
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CH3 

I 
CH, 

I hv 
0 + H-C-OH ---+ HO 

Ct CI CI CI 

HO 

2. Photochemical reduction of nitro- and nitroso compounds by 
alcohols 

Irradiation of nitrobenzene at 3660A in degassed isopropanol 
sdution leads to phenylhydruxylamine and acetone as the primary 
products according to the following proposed mechanism (reactions 
55-59) 81. 

1. n-no excitation 

CeH ,NO a 2. intersystem crossing P CeHbNCz*(3) (55) 

CaHsNOo*(’) + CHZCHOHCHj + C,H,NO?H -t CH3dOHCH, (56) 

CSH,6O,H 4- CH3dOHCH3 + C,H,s(OH), f CH,COCH3 (57) 

c,H,~~(oH), +- CH,CHOHCH,-+ C,H,~OH -t CH,~OHCH, + iino (58) 

C,H$JOH f CH,dOHCH, -+ CGHbNHOH f CH,COCH3 (59) 
The quantum yield for the photochemical redwtion of nitro- 

benzene by isopropanol has been found to be only 0.01. Apparently 
rapid deactivation of n-z* triplet state nitrobenzene is responsible 
for the low efficiency of the oxidation of isopropanolS2. I n  isopro- 
panol-water mixtures containing hydrochloric acid the quantum 
yield for the disappearance of nitrobenzene increases to 0.3 83. The 
main products formed in this reaction are aniline and 4-chloro- 
aniline. It has been suggested that protonation of nitrobenzene in 
the excited state may account for the difference in products and 
quantum yields; however, the mechanism of the photoreaction 
remains to be elucidated. Recent results indicate that aniline can 
also be formed, though in very low yield, by irradiation of nitro- 
benzene in neutra1 isopropanols3. It was also suggested that nitroso- 
benzene is the precursor of phenylhydroxylamine and that the 
z-z* triplet state nitmbenzene is the hydrogen abstracting speciesE5. 
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The photolysis of nitrosobenzene in both neutral, alkaline and 
acidified methanol solution has been found to give azoxybenzene 
and 2-hydroxyazobenzene as the major productss0. Although a 
complete product analysis has not been carried out, it appears 
reasonable to assume that the primary rcaction of photoexcited 
(triplet) nitrosobenzene in neutral and acidified solution is hydrogen 
abstraction from the alcohol. However, secondary dark reactions 
will depend on the reaction medium and the pH of the solution. 
Also, most likely, a secondary photoreaction is responsible for the 
formation of 2-hydroxyazobenzenea7* s8. 

3. Photosensitized reductions by alcohols 
The photosensitized reduction of unsaturated compounds gener- 

ally involves the abstraction of a hydrogen atom from an alcohol 
by a photoexcited carbonyl compound. The ketyl radicals thus 
formed may then transfer a hydrogen atom to the unsaturated 
acceptor A to+ give a new radical 'AH. As to whether 'AH will be 
reduced further by another ketyl radical to give AH,, or will dis- 
proportionate, or will dimerize to give HAAH largely depends on 
the nature of the acceptor A. Schematically, the sensitized reduction 
by hydrogen atom transfer from isopropanol via ketyl radicals can 
be described by reactions (60-65). Several examples of this type of 

RzCO + h v - 3  RnCO* (60) 

(61) 

(62) 
RzCOH + 'AH 3 R2CO + AH2 (63) 

'AH + 'AH + A  + AH:: (64) 
'AH + 'AH 3 HAAH (65) 

sensitized reduction have been reported. The quantum yields for 
the truly sensitized reactions are always smaller than unitysg* 
Thus, azomethines upon irradiation in alcohol solution containing 
aromatic carbonyl compounds (or in benzenc solution containing 
benzhydrol and benzophenone) are smoothly reduced to the corres- 

RzCO* 4- (CH,) &NOH + R ?COH + (CH3) ,6OH 

(CHJ ,<OH I- A -+ (CHJ *CO + 'AH 

hv 

bcnzophenono 
+RCH,NHR1 -t (CH3)$0  (66) 

ponding amines (reaction 66) a 9 3  O 0 .  Similarly, the benzophenone- 
sensitized reduction of 3,5-di-t-butylfuchsone (9) in isopropanol 
solution smoothly leads to 3,5-di-t-butyl-4-hydroxytriphenylrnethane 
(10) (reaction 679 l) . Likewise, bispirocyclohexadienone 11 is reduced 
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in isopi-opanol containing benzophenone to give the tctraplienyl- 
methane 12 in high yield (reaction 68) 02*  301. 

0 OH 

OH 

Interestingly, some photosensitized reductions in isopropanol have 
been found to proceed according to a radical chain-mechanismg3~ Oa1. 

Thus, the photochemical reduction of' benzoylazide in isopropanol 
solutivn containing benzophenone as a sensitizer results in the 
elimination of nitrogen and the quantitative formation of benzamide 
and acetone (reactions 69 and 70). The quantum yield of this 

(69) (CH,)$OH -1- CsH,CON,--t Nz + CGH,CONH f CH,COCH, 

C6H,CONH - I -  (CH,),CHOH -+ C,H,CONHz $- (Ci-l,)260H (70) 

reaction has been found to be as high as 500 03. It seems likely that 
the ketyl radicals, formed according to reactions (61) and (70),  
induce the decomposition of azides, thus initiating the chain-reaction. 
A similar mechanism may be operative in the photochemical reduc- 
tion of sulphonyl azides and diazoketoces in isopropanol solu- 
tion"> g 5 .  

Not all benzophenone-sensitized reductions of unsaturated com- 
pounds necessarily involve hydrogen atom transfer via ketyl radicals. 
For instance, it has been suggested9 that the benzophenone-sensi- 
tized reduction of dibenzoylethylene to dibenzoylethane in isopro- 
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panol solution proceeds by an energy transfer mechanism (reactions 
7 1-73). However, in retrospect, the participation of ketyl radicals 

(CoH5)zCO -k h V +  ( C O H ~ ) ~ C O * ( ~ )  (71) 
(c,H,) 2c0*(3) 4- C,H,COCH=CHCOC,H, -3 

(COH6)DCO + [C,H,COCH=CHCOC,H,] *(3) (72) 
[C,H,COCH=CHCOC,H,j*(3) + (CH3) 2CHOH + 

CGH,COCH,CH,COC,H, + (CH3)gCO (73) 

in this reduction cannot be excluded with certainty. 
Sensitized reductive dimerizations according to reactions (60), 

(61), (62) and (65) arc known for azo compounds and for azo- 
methines. Thus, irradiation of diethyl azodicarboxylate in isopro- 
panol containing benzophenone has been reported to give tetraethyl 
tetra~otetracarboxylate~7 (reaction 74). The photochemical rcduc- 

CzH500C-N=N-COOC2H5 + (CH3)zCHOH + hv 

(74) benzophenone 

C2H,COOC-NH-N-N-NH-COOC,H, + (CH3)zCO 
I I  

C2H5OOC COOC2Hs 

C6H,CH=N-R + RzCHOH + h v  ---+ C~HSCH-NHR + R,CO 
-/ I (75) 

tive dimerization of benzaldehyde 121’-alkylimines (reaction 75) in 
alcohol solution has been found to be sensitized by benzaldehyde 
which is formed by inadvertent partial hydrolysis of the azo- 
methine”. 

C,H,CH--NHR 

C. PhotocfPernical Addition Reactions of Alcohols 
I. Free-radical addition of alcohols 

a. Additions to alkenes and alkynes. Priniary and secondary alcohols 
can undergo light-induced additions to olefins according to reaction 
(76) For example, ultraviolet irradiation of hexene-1 in ethanol 

(76) 

solution leads to octanol-2. Likewise, isopropanol has been found to 
add to octene- I to give 2-methyldecanol-2. The additions most likely 
proceed by a chain-mechanism. However, little is known about the 
nature of‘the initially formed radicals. As expected, this type of 

R,CHOH + CH,=CHR‘, 4- hv ___ > RzC-CH2-CHzR’ 
I 

OH 

c 11 a--Pp 
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addition reaction can also be initiated by thermal decomposition of 
peroxides9 9. 

More interesting photochemical additions of alcohols to alkenes 
and alkynes are those which involve aromatic ketones as sensitizers. 
The role of the sensitizer is best described as that of a hydrogen 
abstracting reagent and a hydrogen atom carrier, as exemplified by 
reactions (77-80) describing the photochemical synthesis of terebic 
acid (15h) 1OO. 

(.77) 

(78! 

(CGH~),CO 4- hv -) -- > (C6H5),C0"(3' 

(C,H,),CO+"' + (CH,),CHOH - (C6H5),tOH + (CH3)&OH 

(CH3),COH'+ HOOC-CH=CH-COOH -- HOOC-CH-t~-COOH 
I 

H 0 C ((2 H3)z (7% 
HOOC-CH-e~-COOH + (c~H,),~oH 

I 

1 (80) 
H°C(CH3)2 

HOOC-CH-CH,-COOH + (C6H,),CO 
I 

HOC(CH3)2 

HOOC-CH-CH~-COOH ___f H20 + (15b) ( 8 0 4  

The correspondicg substituted paraconic acids 15a and 15c were 
obtained by irradiation of a mixture of maleic acid (14) and benzo- 
phenone in ethanol (13a) and 2-octanol (13c) solutiofi, respectively 
(reaction 8 1) 101. Likewise, the benzophenone-sensitized addition of 
isopropanol to crotonic acid (16) gives P,y-dimethyl-y-valerolactone 

I 
(CH3)zCOH 

CH-( 
y - .  

R-C-CH, + I I  
I CH--C--. 
OH 

(1 4) 
(1 3a-c) '- 

R = a: H, b :  CH,, c :  n-C6H,, 
(15a-c) 

H 
I 

I 
OH 

h u  H,C-C-CH3 + CH,CH=CHCOOH (C,H,),CO f 

i 

0 
(4 6) 
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(17) (rcaction 82) lo1. I t  should be pointed out that the lactonization 
is a secondary reaction due to the presence of the carboxyl group. 
Thus, irradiation of cyclopentenone (18) in isopropanol containing 
benzophenone leads to the tertiary alcohol 19 (reaction 83) lo2. The 
major product in the benzophenone-sensitized addition of isopro- 
panol to methacrylic acid (20), however, is not the corresponding 
lactone 21, but the lactone 22 (reaction 84), which conceivably 
derives from attack of 21 by photoexcited benzophenonelOs. 

CH3 
H I 

I 
OH 

0 

(83) 

vzioH I hv  

(CeH,),CO 

0 

(1 9) 

H3C-c-cH3 + 7 
(1 8) 

(22) 

Acetylenes have been found to undergo ketone-sensitized additions 
of alcohols as well. Thus, the unsaturated lactone 24 is formed by 
the benzophenone-sensitized addition of isopropanol to propiolic 
acid (23) (reaction 85) 104. Irradiation of ace1:ylene dicarboxylic 
acid (25) in isopropanol containing benzophenone gives a mixture 
of the addition products 26 and 27 (reaction 86)1°5. Photolysis of 
acetone in ethanol solution saturated with acetylene has been found 
to lead to I-butene-3-01 (28) (reaction 87) lo6. This addition report- 
edly proceeds with a quantum yield greater than unity, indicating 
that the ketone-sensitized addition of alcohols to alkenes and alkynes 
may also proceed according to a chain-mechanism in which the 
photoexcited ketone serves predominantly as a radical initiator. 

The photochemical reactions competing with thc addition of the 
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H 

H 
I 

H,C-C-CH3 + 
I 
OH 

COOH 
I 

I 
COOH 

(25) (26) 
+ 

H3cb-:(::;* I 

OH 

(27) 

H 

I 
OH 

(28) 

h I 
(87) C2H50H + CHECH CH,CCH=CH, 

(C  H,) zc 0 

alcohol to the double bond may be those resulting in reduction of the 
olefinic double bond. I n  such a process, the alcohol merely serves 
as a hydrogen donor. 

The stability of the radicals involved probably influences the yields 
of addition and reduction products. Thus, irradiation of the 38- 
acetoxy pregna-5,1G-diene-20-one (29) in ethanol solution results 
both .in reduction of the C-16 double bond to give pregnenolone 
acetate (31) and in the free-radical addition of the alcohol to give 
30 (reaction 88)lo7. Both products are formed in about equal yields. 
Analogous results are obtained when the photolysis is carried out in 
isopropanol. However, the reduction product was the only identi- 
fiable compound when the irradiation was performed in t-hutanol 
solution. I t  appears that the photoexcited carbonyl group in 29 
induces the addition and reduction reactions by abstracting a 
hydrogen atom from the solvent. 

b.  Additions t o  azonzethims and nitrogen hetei-ogcles. Azoniethines and 
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nitrogen heterocycles undergo photochemical reactions with alcohols 
in essentially the same inaniier as has been described for carbonvl 
compounds -(section B. 1). Thus, irradiation in alcohol solution may 

result in the reduction of the C=N bond, in reductivc dimerization, 
and in the addition of the alkylhydroxymethyl radical to the hydro- 
gen atom abstracting azomethines and nitrogen heterocycles. For 
example, the photolysis of acridine (32) in methanol gives the re- 
ductive dimerimtion product hiacridan (46%) , the reduction pro- 
duct acridaii (3%) and the methanol addition product 9-hydroxy- 
methylacridan (32aj in about 9yo yield (reaction 89)663 l o * s  log. 

Many other nitrogen heterocycles have been found to undergo 

similar addition reactions of alcohols in far better yield, though the 
reduction of the C-N bond generally occurs as a competing process. 
The addition yeactions of alcohols can be brought about either by 
direct photoexcitation of the azomethine and nitrogen heterocycle, 
or by sensitization by ketones In z similar fashion to that described 
for the sensitized addition of alcohols to olefins (section C. 1 .a). For 
instance, the acetone-sensitized addition of methanol to the sub- 
stituted tetrahydrocarbazolenium iodide 33 leads to the hydroxy- 
methyl substituted hexahydrocarbazole 34 in about 40% yield, but 

(90) 
h v  

I CH,OH 

atb CH,OH/CH,COCH,' 

I 
CH, I -  CH, 

(33) (34) 
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only a small amount of reduction product is I'ormed (reaction 90) 'lo. 

(For a recent example of a photochemical addition of alcohols to 
an amidine C=N bond, see Reference 1lOa.) 

Numerous examples of benzophenone-sensitized additions of 
alcohols to nitrogen heterocycles have been reported as welllll. Thus, 
irradiation of iminium salt 35 in methanol containing benzophenone 
leads to the addition product 36 in good yield (reaction 91)- 

CH,OH 
1 

hv 
CH,OH 

(35) (36) 

In many cases, photochemical addition of alcohols proceeds 
smoothly in the absence of sensitizers. Irradiation of the tetra- 
hydrocarbazolenine 37 in methanol gives the addition prcjduct 39 
in 5 1 yo yield via the intermediate 38 (reaction 92) l l O .  The formation 
of 39-from 38 is apparently analogous to the photochemical forma- 

H,C 

tion of N,N'-diphenyl-tetrahydroimidazole (41) from 1 ,a-dianilino- 
ethane (40) (reaction 93) lo. The mechanism of this reaction is not 
understood. 

(40) (41 ) 

Alcohols other than methanol have been found to undergo photo- 
chemical additions to nitrogen heterocycles as well. Thus, irradiation 
of purine (42) in isopropanol solution in the absence of oxygen leads 
to the tertiary carbinol 43 with a quantum yield of 0.2 (reaction 
94)1129 l13. The addition of methanol and ethanol to purine pro- 
ceeds with the same Spectroscopic observations suggest that 
simiIar photochemical additions of ethanol to other heterocycles, 
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including pyridine, pyrazine, benzimidazole, benzoxazole, may be 
possible112. 

(42) (43) 

Photochemical additions of alcohols to nitrogen heterocycles may 
be preparatively useful, since the primary addition products may 
eliminate water under the conditions of irradiation. The overall 
reaction thus is a photoinduced alkylation, as has been observed, 
albeit in low yield, for quinoline and i s ~ q u i n o l i n e ~ ~ ~ .  Excellent 
yields of alkylation products from other heterocycles have been 
obtained when the irradhtions were carried out in acidified alcohol 
solution. Thus, irradiation of the pyrazolopyrimidinc 44 in methanol 
containing 2% hydrochloric acid gave the C(,,-methylated product 
45 in 67% yield (reaction 95)115s l I G .  Photolysis of 2-methyl-4- 
amino-5-cyanopyrimidine (45) under these conditions afforded 
2,6-dimethyl-4-amino-5-cyanopyridine (47) in 80% yield (reaction 

OH OH 
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96). Likewise, irradiation of phenanthridine (48) in acidified ethanol 
has been foundll’ to give 6-ethylphenanthridine (49) (reaction 97). 

I t  has been suggested116 that the photoexcited heterocycle (A*) 
induces the homolysis of methanol according to reaction (98), and 

A* + CHSOH + A + ‘CH20H + H‘ (98) 
that the hydroxymethyl radical will attack the ground-state hetero- 
cycle. I t  appears more reasonzble to assume, however, that the 
mechanism of thc photoalkylation involves a radical combination 
reaction as outlined in reaction (99). A similar mechanistic approach 
has been used117 in order to expIain the incorporation of alcohols 
in the photochemical formation of phenanthridines 51 and 52 from 
benzal-/3-naphthylamine11* (50) (reaction 100). Ultraviolet irradia- 
tion of azomethine 53 in ethanol solution leads to 54 in a similar 
fashion119 (reaction 101). 

2. ionic addition of alcohols 

a. Additions to olefins. Certain olefins have been found to undergo a 
photoinduced addition of alcohols to give ethers in a reaction which 
competes with isomerization or dimerization of thc olefin. The addi- 
tion proceeds in Markovnikov direction and can be sensitized by 
aromatic hydrocarbons such as benzene, toluene or xylcne. For 
exarnplelz0~ lZ1, irradiation of 1-mcnthene (55) in methanol con- 
taining 1% of bcnzene gives tlic isomer 56 (which does not undergo 
the addition reaction), and the methanol addition products 57 and 
58 (reaction 102). Ethanol, isopropanol and water were added to 55 
in a xylene-sensitized reaction to give the corresponding alcohoI 
adducts. No ethers were formed when the irradiation was carried 
out in t-butanol. Methanol, however, has been found to add to 
( +)-3-carene, 1-methylcycloliexene, 1 -metlioxycyclohesene and 



R 
I 

!several 
steps .1 

CHPR 

(53) (54) 
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1-mctliylcyclolieptcne~~"~ 123. Irradiation of !-methylcyclopcntene 
or 1-methylcyclooctene uiidcr similar conditions docs not afFord any 
ethers but leads to reduction products instead1"B lZ3. This seems to 
indicate that ring strain may be an essential prerequisite for the 
addition reaction. Evidence has been presented that protonation of 
the excited state olefin leads to a cationic intermediate which then 
reacts with the hydroxyl compound to give the observed addition 
products whose stereochemistry is determined by the steric environ- 
ment of the ionic prec~rsor'?~. I n  the case of the more rigid nor- 
bornene, the photochemical addition of alcohols proceeds by a free 
radical mechanism123. However, 5-norbornene-2-methanol (59j, 
where ionic addition is sterically favoured, does undergo photo- 
induced intramolecular addition reaction to give 60 (reaction 103) 125. 
(For a more recent discussion, see Reference 125a.) 

(59) (60) 

Photoinduced ionic additions to conjugated dienes have been 
observed in steroids12a-132. Thus, irradiation of 3,5-cholestadiene 
(61) in a benzene-methanol mixture (1 : 4) gives the addition pro- 
ducts 65, 66 and 67 (reaction 105)129.. The nature of the products 
indicates that the benzene-sensitized reaction does not proceed via 

CH,OH 
benzene I 
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the bicyclobutane intermediate 62 whose involvement has been 
e s t a b l i ~ h e d ~ ~ ~ - ' ~ ~  in the addition of ethanol to 3,5-cholestadiene to 
give the ethoxy compounds 63 and 64. Ionic addition of alcohols to 
3-alkoxy-substituted steroids 68 proceeds in the absencc of a sensi- 
tizer to give ketals of structure 69 1"---128 (reaction 106). 

(68) (69) 

Ionic addition of alcohols, proceeding in the absence of any 
aromatic hydrocarbon sensi tizer, has been observed in the photolysis 
of certain unsaturated cyclic ketones133-137. Methanol generally 
adds more easily than less acidic alcohols. For examplel33, methanol 
and isopropanol add to Pummerer's ketone (70) to give the alkoxy 
compounds 71a-b (reaction 107). Likewise, irradiation of 2-cyclo- 

(W (71 f 
R = a: CH,, b :  (CH,),CH 

lieptenone (72) in methanol, ethanol or isopropanol leads to the 
corresponding 3-alkoxycycloheptanones (73a-c) (reaction 108) 134. 

0 0 

(72) (73) 

R = a :  CH,; b: C,H,; c :  (CH,)-CH; d :  (CH,)& 

However, irradiation of 72 in t-butanol gives the t-butoxy compound 
73d in low yield only, apparently because the cyclodimerization of 
2-cycloheptenone competes favourably with the ionic addition re- 
action. Photolysis of 2,6-cycloheptadienone (74) ultimately leads to 
the dimethoxy compound 76 via the monoaddition product 75 
(reaction 109) 135. Interestingly, irradiation of 2,6-cycloheptadienone 
in t-butanol containing a small amount of sulphuric acid leads to a 
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bicyclic addition product13 5. An analogous addition reaction result- 
ing in the formation of the bicyclic compounds 78 and 79 (ratio 8 : 1) 

8 d;OH ’ boCH3 CH,OH hv z CH,O ?JOCH3 

(76) (109) (74) (75) 

was recently observed when 2,7-cyclooctadienone (77) was irradi- 
ated in methanol solution (reaction 110) 130. I t  has been suggested 

OCH, 
I 

OCH, 

(n) (78) (79) 

h a t  photoexcitation of dienone 77 leads to a polar species. Protona- 
tion, followed by ring contraction, would then give rise to a bicyclic 
ca.tionic intermediate which can undergo attack by the solvent. 

Photoinduced ionic additions of alcohols to simple acyclic olefins 
apparently have not yet been reported. However, methanol has been 

139 to add to trans-/3-benzoylacrylic acid (80) to give ,9- 
benzoyl-x-methoxypropionic acid (81) (reaction 1 1 1). Similar addi- 
tion reactions of methanol were accomplished by irradiating the 

h v  
C,HsCOCH=CHCOOH CH,OH > CBHsCOCH,CHCOOH (1 1 I )  

I 

(81 1 
(80) OCH, 

analogous $-methyl-, J-methoxy- and j-homo-benzoylacrylic 
a c i d ~ l ~ ~ .  I n  the latter two cases, not only methanol addition to the 
carbon-carbon double bond but also simultaneous esterification of 
the carboxylic acid was observed (see also section 1I.G). According 
to a recent14a reinvestigation, the eaTlierl4l reported photochemical 
addition of methanol to crotonic acid has not been verified. 

An example of an ionic addition of an alcohol to an acetylenic 
bond is the photoinduced intramolecular cyclization of dec-2-ene- 

HC-CH 

0 

HC=CH. 
I I  h v  I I 

CH,(CrC)*C=C CH,OH CH,(CSC),CH=C, ,CH,, (1  12) 

(W (83 



16. Photochemistry of Alcohols and Phcnols 896 

4,6,8-triyn- 1-01 (82) which leads to the dihydrofuran 83 (reaction 

The photochemical methoxylation of styrene by irradiation in 
methanol solution containing cupric ions has been reported to give 
a mixture of the dimethyl ethers 84 and 85 (reaction 113) 143. The 

1 1 2 ) Y  

mechanism of the methoxylation is not readily understood. Appar- 
ently, both ionic and radical intermediates are involved in this 
reaction. 

Ionic additions of hydroxyl compounds also have been observed 
in the photochemistry of' riboflavin model c o m p o ~ n d s ~ ~ ~ ~  1*5 and 
in the photochemistry of nucleic a ~ i d l ~ 6 - l ~ ~ .  A detailed discussion 
of those reactions and of the photoinduced hydrations are con- 
sidered to be beyond the scope of this chapter. (For a recent review, 
see Reference 150.) 

6. Additions to ~ ~ o t # c ~ e ~ 2 i c ~ Z ~  generated strained rings, curbetzes, nitretzes, 
kelenes, isorpuzates and osonides. It  is virtually impossible to describe or 
mention in this section all those photochemical reactions which have 
been carried out in alcohol solution and in which the alcohol has 
served as a trapping agent for a photochemically gcnerated reactive 
intermediate in its ground state. Therefore, only a few representa- 
tive examples have been selected here. 

The photolysis of benzene in t r i f l~~oroet l ia i iol l~~~ 1 5 2  or in meth- 
an01153 containing a trace of hydrochloric acid gives the bicyclic 
ethers 87 and 88, by addition of the alcohols to ground-state benz- 
valene (86) (reaction 114). Similarly, irradiation of diene 89 in 
methanol gives (besides other products) the methyi ether 91 by 

H 

h v  z a LRoQ + RO (114) 
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addition of the solvent to the bicyclobutane intermediate 90 (re- 
action 115) 1557 155 .  

(89) (90) (91 j 
Photolysis of tetraphenyloxirane (92) in methanol gives benzo- 

phenone and benzhydryl methyl ether (94) via the intermediate 
carbene 33 156, 167 (reaction 116). Irradiation of silyl ketones (95) 

( C B H ~ ) ~ C ~ , C ( C ~ H , ) ~  + hv A (CCH5)cCO 4 (CBHs),C: 

0 (93) 

CH,OH (116) I (92) 

I (CGH5)2CHOCH, 

(94) 
in alcohol solution has been found to give the mixed acetals 97 
presumably by addition of the solvent to the siloxycarbene 96 158 
(reaction 117). Other recent examples of addition of alcohols to 

R3SiCOR1 + h v  ___f R,SiOsR' -- R,SiOCR' 

(95) (96) OR2 

H 

I 

(97) 

R'OH 
(117) 

intermediate carbenes have been observed in the photolysis of 
bicyclic ketones1 5 9  --lcl, such as cyclocaniphenone (98) which leads 
to 100 via the oxacarbene 99 (reaction 118). 

0 h3 hr, :&' ROH , J$ 
RO 

(98) (99) (1 00) 
( I  18) 

The photolysis of' benzoylazidc (101) in methanol has been found 
to give a mixture of the urethane 105, formed by additiori of the 
alcohol to phenylisocyanate (104), and O-methyl-N-benzoyIhydroxyl- 
amine (103), formed by addition of the alcohol to the intermediate 
benzoylnitrene (602) (reaction 119) 163. 

/ 
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C,H,CON3 + hi* --f N, + CBH5CON ---- f C,H,CONHOCH, 
CH,OH 

(901) (1 02) (103) 

(119) 

CIi OH 
CtHSNHCOOCH, 

1 
C6H5NC0 -LL 

(104) (1 05) 

The formation of ethyl-a-methyl-cc-benzoylacetate (108) by 
irradiation of diazobenzoylacetone (106) in ethanol involves the 
addition of solvent to the intermediate kctene 107 (reaction 120) lG3. 

CH3 
I 

CGHSCOCN2COCH3 + h v  - N, + CGHSCOC=C=O 
(106) (1 07) 

, / & , O H  (1 20) 

CH3 
I 

CBHSCOCHCOOC2H, 

(1 08) 
The photochemical autoxidation of 2,5-dimethylfuran (109) , sensi- 

tized by Rose Bengal, in methanol solution gives 2,5-dimethyl-2- 
methoxy-5-hydroperoxydihydrofuran (1 11) by addition of the sol- 
vent to the intermediate ozonide 1 PQ (reaction 12 1) 16*. Numerous 
similar additions of alcohols have been obscrved in the dye-sensitized 
autoxidation of other furanslS4. 

H3C+T+CH3 
hv CH,OH 

H,&LLJ-CH, sen% 0; H3C+T#CH3 

0-0 HOO OCH, (109) 

D. Photosensitized Autoxidation of Alcohols 
Aliphatic alcohols undergo rapid autoxidation upon irradiation 

only in the presence of compounds which absorb the incident light 
and which initiate a free radical reaction. Both quinones and aro- 
matic carbGnyl compounds have been found to be effective sensi- 
tizers for the photochemical reaction of alcohols with molecular 
oxygen. 

Bolland and Cooperl*z have carried out a detailed kinetic investi- 
gation of the photochemical autoxidation of aqueous ethanol in the 
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presence of sodiuin aiitl~raquinoi~c-2,6-disulphonatc which lcads to 
acetaldehyde, acetic acid and hydrogen peroxide. Evidence has been 
presented for three significant fcatures of this reaction: (1) the 
autoxidatioii does not proceed by a chain-mechanism; (2) acetic 
acid does not derive from the simultaneously formed acetaldehyde, 
but is a primary reaction product; and (3) the photoexcited sensi- 
tizer (a*) reacts by abstracting the a-hydrogen atom from the 
alcohol to give a semiquinone radical (*QH) which reacts with 
oxygen, whereby the sensitizer is regenerated. The formation of the 
observed oxidation products of ethanol has been described in terms 
of the following mechanism (reactions 122-1 29) which should be 

Q+hv - Q' (122) 

00 - 
I 

CHSCHOH + 0 2  - CHSCHOH 

'QH + 0 2  > Q + HOP' (125) 

CH,kHOH + Q - 'QH + CH,CHO (126) 

2 CHSCHOH - 2 CH3COOH + HZOZ (127) 

00 ' 
I 

2HOp' - H202 + 0 2  (128) 

CH3CHOH + HO,' - '+ CHjCHO + H2O2 + 0 2  (129) 

00 * 
I 

applicable to primary alcohols in general. The conceivable regencra- 
tion of the sensitizer according to reactions (130) and (131) was 
dismissed because the reaction of 'QH with molecular oxygen was 
considered to be the more efficient one. 

00' OOH * 
I I 

CH3CHOH + 'QH - CH,CHOH + Q (1 30) 

Hoe' + 'QH ___f H202 + Q (131) 

167 has compared the reactivity of numerous alcohols 
with that of ethanol by measuring the rate of oxysen uptake upon 
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irradiation in the presencc of sodium antliraquinone-2-sulphonate. 
For primary and secondary alcohols it has been concludedlG7 from 
the results shown in Table 8 that increasing alkylation on the 

TABLE 8. Photochemical oxidation cf alcohols sensitized by sodium 
anthraq~inone-2-sulphonate~~~. 

Alcohol Reactivity 
per OH group 

Reactivi tya 

Methanol 0.12 0.12 
Ethanol 1.00 1 .oo 
n-Propanol 1 -53 1 *53 
n-Butanol 2-07 2.07 
Isopropanol 2-14 3-14 
s-Butanol 2-85 2.85 
&But anol 0.01 0.0 I 
Ethylene glycol 0.58 0.29 
1,P-Propylene glycol 1.26 0.63 
Trimethylene glycol 2.38 1-19 
2,3-Butylene glycol 2-98 1.49 
Glycerol 0.84 0.28 
Erythritol 0.82 0.2 1 
Cyclohexanol 5.18 5.18 
cis-l,2-Cyclohexanediol 10.90 5.45 
trans- I ,!?-Cyclohexanediol 3-78 1 -89 
cis- 1,4-Cyclohexanediol 8-13 4-25 
hflya-inosi to1 0.90 0.15 

Reactivity relative to that of ethanol. 

or-carbon atom increases their activity, and that the reactivity per 
CHOH-group decreases with increasing number of hydroxyl groups. 
It should be kept in mind, however, that in the oxidation of many 
hydroxyl compounds, most likely, one specific hydroxyl group will 
be oxidized. For instance, the photochemical autoxidation (though 
in the absence of a sensitizer) of myo-inositol gives predominantly 
myo-inos-2-ose and aldaric acids16*. 

The benzophenone-sensitized autoxidation of alcohols has re- 
ceived attention repeatedly. It had been suggested originally that 
the photochemical autoxidation of alcohols in the presence of benzo- 
phenone yields water (and the carbonyl compound derived from 
the alcohol) 109* lio. However, Backstrorn, in 1944, reinvestigated 
the benzophenone-sensitized autoxidation of isopropanol and found 
that acetone and hydrogen peroxide (rather than water) were 
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formed quantitativeiyl$'. The reactions (1 32-134) wcrc propcsed 

( 132) 
(133) 

(CdHG)okOH + (CHs),kOH -I- 02-+ (C,H:!zCO -I- (CH3)&0 + H , 0 2  (134) 
to explain these results. According to a later suggestion51, reaction 
(134) can be described by reactions (135-138). 

(135) 

( 136) 

(137) 

( 138) 

The mechanism presented above is based on the assumption that 
hydrogen peroxide is the primary product in the oxidation of iso- 
propznol. Results obtained in a later reinvestigation indicate, how- 
ever, that the benzophenone-sensitized autoxidation of isopropanol 
gives the hydroxyhydroperoxide 112 as the primary reaction pro- 
duct, which readily decomposes in the presence of small amounts of 

(c,,H ,J ace -I- hv + ( C ~ H  6 )  

(CaH6)ad-6 + (CH3)ZCHOH --j* (CsHs)zCOH + (CH3)atOH 

(CBHD)$OH + 0,- (CeH.d&O + HO,' 

(CH3)okOH + Oa+ (Cff3)zCO + HOB' 

HO,' i- (CH3)$OH 3 H , 0 2  + (CHJnCO 

HO; + ( c ~ H ~ ) ~ ~ o H  4 H?O? + ( C ~ H J , C O  

C", 
I 

I 
OOH 

(112) 

HaC-C-OH (CH3)BCO + H 2 0 2  (1 38a) 

water to give acetone and hydrogen peroxide172r l73. One conceiv- 
able mode of formation for 112 would involve the reaction of oxygen 
with the dimethylhydroxymethyl radical (reaction 139) and sub- 
sequent transfer of a hydrogen atom from the diphenylhydroxy- 
methyl radical to the peroxy radical 112a, whereby benzophenone 
will be regenerated (reaction 140). I t  is worth pointing out that the 

00 * 
I 

(CH,),kOH + O2 _~_f (CHJ26-0H 

(1124 
(139) 

benzophenone-sensitized autoxidation of isopropanol does not pro- 
ceed in a chain-reaction as its quantum yield has been found to be 
about 0-5 lil. The rate of oxidation was found to decrease with 
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increasing oxygen pressure. This surprising result has been attributed 
to quenching of photoexcited benzophenone by oxygen. 

Fluorescent dyes, such as Rose Bengal, do not sensitize the photo- 
chemical autoxidation of saturated aliphatic alcoholsl74. However, 
an interesting example of a Type I1 photoo~ygenation~7~ of an 
allylic alcohol has been observed in the steroid series. Thus, irradia- 
tion of cholest-4-en-3fl-01 (113) in the presence of oxygen and hema- 
toporphyrin gives the epoxyketone 115 and the unsaturated ketone 
116, presumably via the hydroxyperoxide 114 (reaction 141) 11'3. 

Benzylic alcohols have been reported to undergo a photochemical 
autoxidation in dimethyl sulphoxide solution177. However, the 
unique role of the solvent apparently is not understood. 

E.  Photoinduced Akohoiysis 
Most photoinduced solvolyses known today have been carried out 

with aromatic compounds in which absorption of light causes the 
excitation of the n-electrons of the aromatic system. Thus, irradia- 
tion of 3-nitrophenyl phosphate (117) in methanol results in a 
smooth transesterification to give 3-nitrophenol (118) and mono- 
methyl phosphate (119) (reaction 142)17*> 170. I t  has been suggested 
that the reaction proceeds from a low vibrational level of the first 

ope,-- OH 
I 
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excited z-n* singlet state in which electrondistribution is favourable 
for heterolytic dissociation of the ester linkage. A detailed discussion 
of the mechanism of this type of photosolvolysis is beyond the scope 
of this section and has been presented elsewhere179~ 180. 

Solvolysis of phenolate esters derived from carboxylic acids gener- 
ally occurs as a minor side-reaction in the photoindaced Fries re- 
arrangementlsl, 182. However, photolysis of alcohol solutions of 
certain lactones does not give any Eries rearrangement products but 
results in a smooth alcoholysis. For instance, irradiation of dihydro- 
coumarin (128) in ethanol gives methyl /3-(2-hydroxyphenyl)pro- 
pionate (127; R = methyl) in 86% yield (reaction 143)la3. The 

(diradical) 

+O 
(1 20) 

1. 

V I i 

/ 
/ ROH 

L' 
(1.13) 

Q p H  > ~ C H ~ C ~ ~ C O O R  

OH 

(1 26) (1 27) 

photolysis of 120 in methanol and isopropanol gives the methyl ester 
and isopropyl ester, r e ~ p e c t i v e l y l ~ ~ ~  ISd.  Likewise, irradiation of the 
seven-membered lactone 126: in ethanol solution leads to ethyl 
y-(2-hydroxyphenyl) butyrate (129) (reaction 144) la3. I t  had been 

U 

(128) 
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suggested that the photolysis of 120 leads to the ketene" 
125 via the diradical 122. According to a more recent proposal, 
however, the photoinduced alcoholysis of lactones proceeds via the 
ionic intermediate 124 to the bicyclic intermediate 123 lS3.  A 
similar mechanistic approach had been applied previously to ex- 
plain the facile photochemical solvolysis of 3-niethoxybenzyl acetate 
(130) in aquecus ethanol which leads to a mixture of 3-methoxy- 
benzyl alcohol and the corresponding ethyl ether 132 via the ionic 
intermediate 131 (reaction 145) 186. 

0 
II 

CHZOCCH, 
I 

h I .  _____, OOCH, C,H,OH/H,O 

(130) 

+ C H ,COO- 
CH,0C2H, 

The photochemical alcoholysis of lactones, apparently, cannot be 
considered a general reaction. For instance, irradiation of 3-(2- 
hydroxybenzylidene)-2(3H)-coumaranone (133, R1, RZ = H) in 
ethanol solution has been found to result in an intramolecular trans- 
esterification to give 3-(2-hydroxyphenyl)coumarin( 134) (reaction 
146) 18'. Interestingly, photolysis of cournaranone (135) in methanol 

QS/*R' a RzyJpp (146) 

R2 R' 
(1 33) (134) 

or ethanol leads to the corresponding alkyl ethers of 2-hydroxybenzyl 
alcohol (137a, 137b). Although details of these reactions have not 

CHzOR 
ROH h v  

0 OH 

'2 After completion of thc manuscript, the formation of a kctenc in thc photo- 
lysis of dihydrocoumarin was cstablishcd by spcctroscopic iiicansisj". 
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been published yet, it appears reasonable to assume that the forma- 
tion of 137 involves a photoinduced decarbonylation and proceeds 
via the ortho-quinone methide 136 (reaction 147) 183. 

The photoiysis of the unsaturated lactone 138 in methanol has 
been found to lead to the 6-keto ester 140 (reaction 148)188. I t  has 
been suggested that the solvolysis proceeds via the ketene 139; how- 
ever, spectroscopic evidence for the ketene remains to be presented. 
It should be noted that the suggested involvement of a 
sulphene in tha photoinduced alcoholysis of the sultone 141 (re- 
action 149) has not been substantiatedlgO. The simplest explanation 

fi - hu ?I SOjCH3 (149) 
H3C 

\ so* CH,OH 
“3C 

(141) (142) 
for the formation of 140 and 142 would thus be the direct attack of 
the solvent on the photoexcited cyclic esters*. 

The photolysis of esters of phenylglyoxylic acid in alcohol solution 
and elevated temperature has been found to result in an apparent 
alcoholysis and simultaneous oxidation-reduction reaction. For in- 
stance, irradiation of isopropyl phenylglyoxalate (143) in ethanol 
at 78” gives ethyl mandelare (R44) and acetone (reaction 150)lg1. 

C6H&OCOOCH(CH& + CpH,OH + h v  

(143) I ( 150) 

CBH,CHOHCOOCZHB + (CHJ2CO 

(1 9 4  
The mechanism proposed for this unique reaction involves the intra- 
molecular hydrogen abstraction by the photoexcited carbonyl group, 

* Since completion of the manuscript, a new mechanism for the  photo-induccd 
alcoholysis of 2-pyrones involving the intermediate formation of a 8-lactone has 
been proposcdl”’. 
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followed by a fragmentation reaction to give the oxidation product 
148 (R1R2CO) and the ketene 147 which will be attacked by the 
solvent alcohol (reaction 15 1). 

I 
R' R' 

I 
H-C-R OH 

I 'C- RZ 
6 '  o - 0~30 --+ C6HsC=C=0 + RwCO 

(1 47) (W 
' I / 

CGH,G-C=O CSH& c 0 

(151) 

A remarkably smooth alcoholysis of certain epoxides has been 
accomplished by photochemical means. For example, irradiation of 
styrene oxide (149) in methanol gives 2-methoxy-2-phenylethanol 
(150, R = CH,) in 60% yield1". Ethanol was found to add in the 
same fashion (reaction 152). Likewise, photolysis of cyclohexene 

C,H,HC-CHp -t ROH - CsH,CH(OR)CH,OH (152) 
hv 

\ /  
0 (1 50) 

oxide (151) in methanol and ethanol yields the corresponding 
tram-2-alkoxycycIohexanols (152) in 50% and 76% yield, respec- 
tively. It has been suggested that the alcoholysis of epoxides involves 
the attack of the photoexcited oxirane system by the solvent. 

(149) 

i 0,"; (153) 
hv  

0 + ROH 

(1 52) 

0 
(1 54 1 

F. Photoinduced Substitution by Alcohols 
Although the subject of substitution of aromatic compounds by 

hydroxyl ions has received considerable a t t e n t i ~ n l ? ~ ,  180, little is 
known about substitution by alcohols. One interesting example has 
been reported only recently. Irradiation of guaj-azulene-2-sulphonic 
acid (153) in a methanol-sulphuric acid mixture gives 2-methoxy- 
guaj-azulene (158) in 38% yield (reaction 154)193. Photolysis of 153 
in aqueous sulphuric acid correspondingly gives a 50% yield of 2- 
hydroxy-guaj-azulene (157) which has been found to be in equili- 
brium with its keto-tautomer 1159. The mechanism of the substitution 
reaction has not been elucidated. It has been suggested that photo- 
excitation of the azulenium cation I54 results in either expulsion of 
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HS0,- or transfer of an electron from the solvent. Spectroscopic 
evidence has also becn presented for a photoinduced protolytic 

+ H +Tl-H + 

wPr-i o w P r - i  

I / \ I  
CH,O 

Me Me 
(1 58) (4 59) 

reaction of azulenium cation involving a hydrogen of the methylene 
group 4. 

G. Photoinduced Acetalization, Ketalization and Esterification 
Several examples of photochemical acetalization and ketalization 

of carbonyl compounds have been reported; however, there is still 
justified doubt as to whether the addition of alcohols to the carboriyl 
group is a true photochemical process or is due to inadvertent acid 
catalysis. 



16. Photochcmistry of Alcohols and l'henols 88 1 

The earliest cxample of a photoinduced acetalization was reported 
in I9 10 by Bamberger and Elger who isolated 2-nitrobenzaldehyde 
dimetliylacetal (162) from a methanol solution of 2-nitrobenzalde- 
hyde (160) which had been exposed to sunlight (reaction 155) lo5. 

OH OCH, 
I I 

CHO H-C-OCH, H - C -OCH, &""' <CHJoH, &""' Ci~oH 

E;hanol, propanol, isopropanol and isobutanol, as well as 3,G- 
dichloro-2-nitrobenzaldehyde, 4,5-dimethoxy-2-nitrobenzaldehyde7 
3-nitrobenzaldehyde and 4-nitrobenzaldehyde were found to react 
similarly. It was pointed out by Bamberger and Elger that the 
acetalizations, conceivably, were brought about by acids formed 
during the photolysis, rather than by direct catalysis by light. 
According to a recent investigation, the formation of the acetal 162 
from the aldehyde 160 proceeds in two consecutive steps via the 
liemiacetal 161. Only the last step was found to be photoinducedl". 
Its mechanism, however, is not readily understood. Spectroscopic 
(e.s.r.) evidence has been presented fcr the formation of a radical 
intermediate. Also, the quantum yield of the acetalization reaction 
reportedly is larger than unityl96. It has been suggested, therefore, 
that the acetalization proceeds via the intermediate 163 in a radical 
chain reaction. However, the proposed196 mechanism most likely 
is not correct because the formation of acetal 162 can hardly be 
rationalized in terms of homolytic processes. 

H -C -OCH, 

(I 63 j 

Acetalizatioiis havc also been encountered in the photolysis of 
steroidal aldehydes such as 164 1 9 ' 9  19*. Kinetic evidence indicates 
that the photochemical addition of methanol to the 3,4-carbon- 
carbon double bond to give 165 precedes the acetalization of the 
aldehyde to give 166 (reaction 156). Other examples of photoinduced 
acetalization havc been observed in  the photolysis of bicyclic 
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\ 2\ 
CH30 a * CH30@ CH,O 

CHO CHO 

(1 661 

ketones 167, 170 and 173 in methanol solutions which leads to the 
acetals 169, 172 and 175 via the aldehydes 168, 171 and 174, respec- 
ively (reacticms 157-159) 189. The role of the light in the acetalization 

reaction is still subject to discussion. 
dCH2CH(OCH,), 

hw dC 2c * O ___f (157) 8- CH,OH 

(1 73) (1 74) (1 75) 
(159) 

The photolysk of phenoxyacetone (176) (reaction 160) in methanol 
solution has been found to give the dimethylketal 177 in 56% yield 
besides phenol (5%) and 2-methylbenzofuran (179, 5%) 200. Fair 
yields of dimethylketals were obtained from a variety of 3-substi- 
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(1 79) 

tuted and 4-substituted aryloxyacetones. It has been suggested that 
ketalization represents one mode of deactivation of photoexcited 
aryloxyacetones, while fission of the ether bond (which gives rise to 
the phenol and 179) was considered another possible path of energy 
dissipation. 

The photochemical formation of the hemiketal 181 has been in- 
voked in order to explain the formation of the methoxy compound 
183 by irradiation of phorone (180) in methanol (reaction 161)201. 
The intermediate 182 is believed to be formed by an aliylic migra- 

0 
11 

(CH3),C=CH-C-CW=C(CH,)2 + CH35H 4- hv 
(1 80) 

H3C G C H ,  - 
H,C CH3 

(482) (183) 

tion of the hydroxyl group of the hemiketal. It is not clear, however, 
as to whether the acetakation indeed is a photochemical reaction. 
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The esterification of carboxylic acids, apparently, has only been 
observed concomitant with other photochemical processes. One 
example139 has been mentioned in section C.2.a. Recently, irradia- 
tion of 4-nitrobenzoic acid (184) in ethanol (reaction 162) was 
found to give ethyl-4-aminobenzoate (185) ?O2.  A plausible mechan- 
ism for the esterification reaction has not yet been presented. The 
involvement of nitric acid catalysis cannot be excluded. 

111. PHOTOCHEMICAL FORMATOON AND 
REACTIONS O F  ENOLS 

A. Photoenolization 
1. Photoenolization involving intramolecular hydrogen abstraction 

The photochemical reductive dimerization of ortho-alkyl-substi- 
tuted aromatic ketones to give pinacols proceeds with quantum 
yields of only 0.01 to 0.05 *03* ?04. By means of deuterium exchange 
experiments, Yang and Rivas have demonstrated that an  intra- 
mofecufar hydrogen abstraction reaction leading to an enol of the 
aromatic ketone competes efficiently with the intermolecular 
hydrogen abstraction from the When 2-methylbenzc- 
phenone (186) is irradiated in the presence of a diconophile such as 
maleic anhydride20G or dimethyl acetylenedicarboxy1ate2O4$ 207, the 
photoenol 187 can be trapped (reaction 164) to give high yields of a 

TABLE 9. Photoenolization of 2-methyl-substituted benzophcnones. 

Reference Yield of 
trapped enol 

2-Mcthylbenzophenone 82 % 207 
2,4-Dimethylbenzophenone 81 % 207 
2,5-Dimethylbenzophenonc 86% 207 
2-Methyl-4'-methoxybenzophcnone 82 % 207 
2-Methyl-4'-chlorobenzophenone 79% 207 
2,3',4'-Trime thylbenzophenone 62% 207 
2-Methylacetophenone Poor yield 208 
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Diels-Alder adduct, such as 189200j. Using this technique, tlie forma- 
tion of photoenols could be verified for a variety of 2-alkyl-substituted 
benzophenones (Table 9). I t  should be noted, however, that the 
yield of Diels-Alder adduct is no indication of the actual photo- 
enolizability of a ketone. No adduct is formed from the spectro- 
scopically detectabIetO9 photoenol of 2-benzylbenzophenone, prob- 
ably for steric reasons. 

COOCH, 
I 
C 
1 
C 
I 

COOCH, 

.L 

COOCH, m5 COOCH, 
(4 89) 

Reketonization of the 2-methylbenzophenone en01187 is a thermal 
process proceeding rapidly a t  room temperature. The ultraviolet 
spectra of some photoenols have been measured by flash photolysis 
and found to exhibit a long-wavelength maximum around 400 
mp209. Initiated by conflicting reports about the lifetime of translent 
species observed in flash-photolysis experiments, Ullman and Huff- 
man discovered that the photoenol 187 upon electronic excitation 
cyclizes (reaction 163) to give 4a,lO-dihydro-9-anthrol (188) ?lo. 

Compound 188 has an absorption maximum a t  383 mp and reverts 
to the enol 187 upon photoexcitation. The enol 191 formed by ir- 
radation of the photochromic 2-benzyl-3-benzoyl chromone (190) 
undergoes a similar photoinduced cyclization (reaction 165) to give 
192 311. The mechanism of the photoenolization of Z-alkylbenzo- 
phenones probably involves an n-n* triplet excitation. Details on the 
scope and mechanism of photoenolization of photochromic ketones 
have been discussed elsewhere212. 
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I n  the scries of 2-alkylsubstitutcd phenylalkylketones both spectro- 
scopic21~ and chemica12‘J*~ 214 evidence for photoenolization has 
been obtained. Irradiation of 2,4-dimethylacetophenonc and 2,5- 
dimethylacetophenone in CH,OD was found to result in the partial 

{I 92) 

R = H, C6H5 

exchange of hydrogen for deuterium exclusively in the 2-methyl 
group. Photolysis of these acetophenones in ethanol a t  near liquid 

CH, CH3 
I ‘- 1 

h v  > ,G c H, - c H, 6 
R2’\ R2 

R ’ d ;  I I  - c H, 

0 
R‘ R’ R2 

z (193) (1 94) 

+ (166) 
R‘ R’ 
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nitrogen temperature also produced reversibly a yellow colour 
which disappeared upon warming arid which was attributed to the 
enol. Chemical evidence for the photoenolization was obtained by 
irradiation of neat 2,4-dimethylacetophenone (193a) at  room 
temperature through Pyrex (reaction 166) which leads to 2,4-di- 
methylacetophenone pinacol (195a) and 2,2’-diacetyl-5,5’-dimethyl- 
bibenzyl (194a) 311. 2,5-Dimethylacetophenone (193b) behaves 
similarly, giving pinacol 195b and the substituted bibenzyl 194b. 
The mechanism proposed for the simultaneous formation of 194 
and 195 involves the oxidation of the photoenol 196 by triplet state 
acetophenone (197) to give the ketyl radical 198 and the radical 199 
(reactions 167 and 168). 

R R 

H,C-C’ 
OH I 

OH 
(’197) (1 99) 

1 (I6*) 
substituted 

bibenzyl 

Interestingly, 2,4,6-triinethylacetophenone (200a) upon irradia- 
tion in isopropanol does not seem to undergo reversible photo- 
enolization but gives the cyclobutanol 202a in 70% yie1.d instead, 
mesitoic acid 203 being formed as a by-product (reaction 169)z15. 
Cyclobutznols 29211s (63%) and 202~ (61%) are formed in the 
photolysis of 2,4,6-trimethylpropiophenone (200b) and 2,4,6-tri- 
methylisobutyrophenone 2 0 0 ~ ~  respectively. The amount of mesitoic 
acid increases with the degree of alkylation of the ketone. No cyclo- 
butanol but mesitoic acid is formed in 48% yield by ultraviolet 
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irradiation of 2,4,6-trimethylpivalophenone (200d). The mechanism 
of its formation is not known. As for the formation of cyclobutanols, 
it is conceivable that steric hindrance in the trans-isomer 204 of the 

(202) (203) 

R =  a: CH,, b: C2H5, c :  CH(CH&, d :  ~(cH,), 

photoenol is responsible for the intramolecular coupling in structure 
201. I t  is worth noting that cis- and tl-ans-enol structures have been 
assigned to different transients observed upon photoexcitation of 
2,4,6-trialkyl-substituted benzophenones216 (cf, however, Reference 
210). 

H ,c+% c H 

(204) 

Enolization reactions involving intramolecular hydrogcn atom 
transCer from an alkyl substituent to a carbonyl group also have been 
encountered in the photochemistry of quinones. Thus irradiation of 
duroquinone (205) in ethanol leads to diduroquinone (209) (re- 
action 170) 217. The dimerization probably proceeds by Diels-Alder 
addition of 205 to a photochemically generated duroquinone enol 
(208), rather than by a proposedZ1l7 attack of duroquinone by a 
diradical. It has been suggested that the ultraviolet absorption 
maximum at 495 mp of a transient observed upon photoexcitation of 
205 which disappears by a first-order process may be due to the 
diradical 206 7 8 7  218r =I9. 

Ultraviolet irradiation of higher alkyl-substituted benzoquinones 
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in alcohol solution not only leads to the corresponding hydroquin- 
ones (cf section €3.1) but results in an  addition reaction involving the 
solvent 319-261 . Thus, t-butyl-substituted benzoquinones (210) give H3cG‘H? H h a  ~ H 3 c 0 ‘ H 2  6 H  H 3 c ~ r ;  OH 

__j 

H3C’ ( 3 4 3  H3C’ CH3 H3C 

I I  

(205) (206) (207) 

0 0 0 HZ 

CH3 

H3C @:+CH, / <- H 3 C 1 b c H 3  

CH3 H 3c CHZ HO 
HZ 0 0 

(209) 

CH, 
(208) CH3 

the substituted hydroquinoncs (215) in which the side-chain has 
undergone a rearrangement reaction. Methanol, ethanol, isopro- 
panol and t-butanol have been found to add to alkyl-substituted 
benzoquinones in this fashion. The involvement of radicals in this 
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rcactioii is supported by thc appearance of an e.s.r. signal during 
irradiation? 19. 

The mechanism fGr the formation of 215, however, cannot involve 
only radical intermediates. The primary reaction apparently pro- 
ceeds through an n-n* triplet state of the quinone resulting in intra- 
molecular hydrogen atom abstraction from the alkyl substituent to 
give the biradical 212. The rearrangement of the side-chain as 
observed in product 215 conceivably proceeds through the inter- 
mediates 213 and 214 221 since the formation of an ether from an 
alcohol requires the involvement of a heterolytic step and cannot 
be explained by a pure homolytic mechanism as had beer, sug- 
gested2I9. 

2. Photoenolization involving intermolecular hydrogen abstraction 
Phenols have been found to induce a unique photochemical re- 

action of acetophenone214. Irradiation of neat acetophenone (216a) 
containing a small amount of phenol (advantageously adsorbed on 
silica gei) smoothly leads to acetophenone pinacol (218a) and 1,Z- 
dibenzoylethane (217a) in excellent yields (reaction 172). 4- methyl- 
acetophenone (216b) and 3,4-dimethylacetophenone ( 2 1 6 ~ )  undergo 

I R' R' 

I Y 

R 2  

+ 
72) 

1 
a :  R' = H; R2 -- H b: R = CH,; R' = H c: R' = CH,; R2 = CH3 

this oxidative-reductive dimerization in the same manner. The 
reaction obviously involves the acetophenone enol. Attempts to 
bring about the photochemical oxidative-reductive dimerization in 
the presence of mineral acids, however, have failed. Therefore, the 
enolization of acetophenones by phenol appears to be a true photo- 
chemical process (reactions 173-1 76). The catalytic role of phenol 
in the photochemiczl enolization is depicted in the six-membered 
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transition states 219 and 220. Oxidation of acetophenone enol (221) 
by triplet state acetophenone then leads to radicals 222 and 223, 
each of which will dimerize to give acetophenone pinacol and 
1,2-dibenzoyle thane, respectively. 

C6H5--C-cH~""'(sing~et) ( 1  73) 
I I  
0 

ti 
0 

C~HS-C-CH-J 1 1 - 7 .  + II excitation 0 

It 
0 

C,%---C--CH,"'" fntersystern C~HS-C-CH, '"'(tripkt) ( I  74) 
crossing ' 

Q 
0 0' 0 

I V 

1,2-dibenzoyl- 
ethane 

(1761 

In the photocheinical reaction with propiophenone (224) phenol 
does not seem to induce the enoiization reaction but apparently 
serves as a hydrogen donor for the reductive dinierization leading 
to propiophenone pinacol (225) (reaction 177). 
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CH2 CH2 

( 3 ? - C H * - C H 3  - phenol h' ei-ia (177) 

0 OH OH 

B. Cycloaddition of Enols to Olefins 
Irradiation of acetylacetone (227) in cyclohexene solution yields 

the I : 1 addition product acetonyl-2-acetylcycIohexane (229) in 
78% yield (reaction 178)222. The formztion of 229 probably pro- 

ceeds via the intermediate 228. Photolysis of acetylacetone in cis,cis- 
1,5-cyclooctadiene and cis-cyclooctene gives similar 1 : 1 addipion 
products2?3. Other enolizable diketones such as dirliedone or 2- 
acetylcycloalkanones have been found to undergo the photocyclo- 
addition reaction with cyclohexene in the same fa~hion2~39 2 2 4 *  How- 
ever, attempts to extend the reaction to styrene or conjugated dienes 
have been unsuccessful. I t  has been suggested that the addition 
reaction involves the triplet state of the enoiizable ketone. 

C. Photochemical Reactions of Enols with Molecular Oxygen 
Photosensitized autoxidation of ascorbic acid (230) in the presence 

of Rose Bengal, chlorophyll or e ~ s i n ' ~  gives the hydroperoxide 231 
which decomposes in a subsequent dark-reaction into oxalic acid 
and the lactone 232 (reaction 179). Interestingly, the enol diacetyl- 
filicinic acid (233) has been found to be stable upon direct irradia- 

0 

COOH 

COOH 
+ HO "j'f -- sel ls ;  h u  0, 

OH 
CHOH 
I 

'CHOH 
I 

HO 

CH,OH 
(231 1 (173) 

tion in the presence of oxygen, possibly because of strong intra- 
molecular hydrogen bonding. Its enolate ion (234), however, under- 
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goes photochemical autoxidatiain to give 235 (reaction 180) 235.  

Irradiation in the presence of Rose Bengal greatly cnhanccs the rate 
of autoxidation, suggesting the participation of singlet oxygen in this 
reaction. Analogous to the photosensitized autoxidation of ascorbic 
acid, the hydroperoxide 236 may be an intermediate in the reaction 
leading to 235. 

COOCH, 
OH 

D. Photoinduced Rearrangement of Enols 
Several five-membered heterocycles are known to undergo photo- 

chemical rearrangement reactions iii which two ring atoms inter- 
change their position. This type of reaction has also been found to 
proceed itl the case of the 3-hydroxy-substituted isoxazoles2e6. For 

I ‘ H  1 
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example, irradiation at 2537A of 3-hydroxy-5-methylisoxazole (237aj 
in aqueous solution under nitrogen gives 5-methyl-2 (3H) -0xazo1one 
(239a). Likewise, photolysis of iboteiiic acid (237b) in water has 
been found to give muscazone (239b) in about 35% yield (reaction 
18 1). The mechanism of the photochemical conversion of 3-hydroxy- 
substituted isoxazoles into 2 (3H) -oxazolones presumably proceeds 
by valence tautomerization via the intermediate 238, analogous 
to the photoinduced rearrangement of 3,5-diphenyl-isoxazole '. 

A remarkably smooth rearrangement of a hydroxydienone into a 
pyrone was reported recently228. Irradiation of rnonoacetylfilicinic 
acid (240) in ether or methanol solution was found to give the 
a-pyronc 243 in about 80% yield (reaction 182). I t  has been sug- 

CH3 9 ^.. C " 3  .n 

gested that the isomerization proceeds via the intermediate 241 
(= 242) which undergoes an intramolecular reaction with the enolic 
hydmxyl group. There is no indication that an intermolecular 
addition of the hydroxylic solvent to the ketene competes with the 
rearrangement reaction. 

IV. PHOTOCHEMlCAL REACTIONS INVOLVING PHENOLS 

A. Photolysis of Phenols 
1. Electron ejection and hornolysis 

The  ultraviolet spectrum of phenol (Figure 5)  exhibits three long 
wavelength maxima at  278, 270 and 265 mp, which are attributable 
to n-electron transitions from vibrational levels of the benzene 
nucleus. In  order to explain the photochemical behaviour of phenol, 
however, it is necessary to assume that absorption of a photon results 
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in the promotion of a nonbonding electron on the oxygen to an 
antibonding molecular orbital. 

5.0 
OH 

Phenol 

Solvent: cyclohexane 

3 0  

Wavelength A 
FIGURE 5. The ultraviolet spectrum of phenol. [Reproduced, by permission, from 

reference 229.1 

Photolysis of phenol in the gas phase, in solution, or at low 
temperature in glassy media results in the homolytic cleavage of the 
0-H bond to give phenoxy radicals with a quantum yield of about 
0.01 (reaction 183) 230-232. Phenoxy radicals are also generated 

(1 83) 
( 184) 

photochemically by electron ejection from phenolate ions (reaction 
184) 233, 234. Spectroscopic evidence has been presented that the 
photolysis of phenols in aqueous solution gives the hydrated elec- 

236, and it has been found that electron ejection occurs as 
the predominant process in the photolysis of 4-aminophenol at 

C G H 5 0 H  + h?-+CGH50'  -k H' 
C,H,O- + hv+ CtH60' + earl 
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77°K 2 3 7 .  Photolysis of 2-naphthol in aqueous solution was reported 
to give both the hydrated electron and 2-naphthoxy radicals23s. 
Interestingly, the observed pH dependence of the quantum yield for 
the generation of the hydrated electron was found to be similar to 
the pH dependence of the fusrescenc? yiejd. I t  has been concluded, 
therefore, that electron ejection and phenolate fluorescence are 
competing deactivation processes of the first excited state. 

The ultraviolet spectra of photochemicalIy generated phenoxy 
radicals derived from a large number of substituted phenols have 
been rep0rted23~* 231. Homolytic fission of the 0-H bond was 
observed in the photolysis of even such substituted phenols where 
ground state considerations would suggest rupture of obviously 
weaker bonds as, for example, in bromophenols (see, however, 
References 236 and 239). 

Electron ejection and homolytic cleavage of the 0-H bond gener- 
ally have been considered to be two distinctly different primary 
prccesses in the photolysis of phenols. This concept, however, is 
not readily comprehensible in terms of chemical oxidation mechan- 
isms. More likely, electron ejection from photoexcited phenols to 
give radical cations may be the only primary process leading to 
products. The phenoxy radical could then be formed in a consecutive 
step involving expulsion of a proton (reaction 185). The rate of the 

hv 
C ~ H S O H  __+ - e  [ C ~ i i r O H ] * + - > C ~ H 5 0 '  i H +  (185) 

second step will depend on the nature of the solvent and on the 
stabilityof the radical cation and phenoxy radical. Such a mechanism 
would readily explain the results obtained in the photolysis of amino- 
substituted phenols. 

It has been reported recent1y"O that phenol in the gas phase can; 
to a very limited extent, undergo a biphotonic process (reaction 
185) leading to the cyclopentadienyl radical 244. Gas-chromato- 

OH 

(24 )  
graphic analysis also showed the presence of carbon monoxide and 
hydrogen in about equal quantities. I t  is worth noting that the 
formation of carbon monoxide in the photolysis of the phenoxy 
radical (reaction 187) at  4~2°K had beefi found p r e v i o ~ s l y ~ ~ ~ .  I t  
was suggested that carbon monoxide derived by decomposition of 
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an  escitcd 6-0~0-l,3,5-1iexatrienyl radical (245). I t  is conceivable 
that 245 actually is the prccursoi of the cyclopentadienyl radical 
and carbon monoxide in reaction (186). Thus, the biphotonic dc- 

composition of phenol also could be a two-step photolysis involving 
the primary formation of the phenoxy radical (reaction 188). 

2. Intermolecular proton transfer 

Since chemical conversion of photoexcited phenols into products 
is a low quantum yield process, most of the excited molecules return 
to the ground state by either radiationless processes or by emission 
of light (fluorescence) from the first excited singlet state. The same 
is true for photophysical deactivation of phenolate ions whose 
fluorescence maximum is observed at longer wavelengths because 
of the smaller energy difference between the ground state of the 
anion and its first excited state. 

Forster reported in 1950 that photoexcitation of phenols in 
aqueous solution results in the fluorescence of both the neutral 
phenol and the phenolate ion, even over a pH range where no 
phenolate ion exists under ground state conditions242. This means 
that phenols are significantly stronger acids in their first excited 
singlet state than in their ground state. The two-component fluor- 
escence spectrum of the 2-naphthol : 2-naphtholate ion system 
obtained a t  different pH values is shown in Figure 6. The photo- 
chemical excitation and deactivation processes €or phenols in the 
pfesence of water as a proton acceptor can be describcd by reactions 
(189-192). 

ArOH -%ArOH* (189) 
ArOH* + H z O c A r O - *  i H,O+ (190) 

(191) 
(192) 

ArO-* -+ ArO- $. hi!' 
ArO- -k H30++ArOH -1- H 2 0  
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X (mpl .- 

;;(lo3 cm-' I 

F r c m  6. Fluorescence spectra of 2-naphthol in water at 25". (1) pH 5-6; (2) 
0 . 0 0 4 ~  HC10,; (3) 0 - 1 5 ~  HC10,; (4) 0.02~ NzOH; ( 5 )  0.02hi CH,COONa 
+ 0 . 0 0 2 ~  CH,COOH (pH = 5.7). [Reprinted with permission from reference 

243 .] 

A detailed treatment of the photoinduced reversible deprotonation 
of phenols, known as the Forster cycle (schematically depicted in 

FIcviw, 7. Zchematic representation of the Fijrster cycle. 
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Figure 7), has been published by Weller243. A fundamental result 
of the investigations by Forster and Weller is the estimation of 
excitcd state acidity constants (pK*) according to the equation: 

pK - pK* = (AE - dE’)/2*303RT 

Another method for the determination of pK* is based on the 
observed fluorescence intensities. The excited state pK*’s for a 
large number of phenols have been determined by these two 
 method^^^^-^**. Some examples are given in Table 10. Generally, 

TABLE 10. Acidity constants on phenols in the ground state and 
in the first excited singlet stat?. 

ArOH PK pK” A p K  Reference 

Phenol 10.00 4.1 5.9 246 

3 -Me thoxyphcnol 9.62 4.6 5.0 246 
4-Methoxyphenol 10.24 5.7 4-54 246 
2-Naphthol 9.46 2.82 6.66 243 

4-Bromophenol 9.35 2.9 6.45 246 

the difference in acidity between ground state and excited singlet 
state phenols is about six orders of magnitude. Ground state substi- 
tuents constants have been found to correlate with the excited state 
pK’s 2 4 5 9  2 4 7 9  848. The deuterium isotope effect on the excited state 
dissociation of phenols also has been investigated and found to lie 
smaller than that for the ground state dissociationc46. 

The increased acidity of’ phenols in the first excited singlet state 
has also been found to enhance hydrogen bond formation with 
suitable proton acceptors such as ethers or esters. This effect can 
manifest itself in a characteristic red-shift of the longest-wavelength 
absorption maximum of the phenol (Figure 8), or in pronounced 
effects on the fluorescence i n t e n ~ i t y ~ ’ ~ ~ - ~ ~ ~ .  

Regarding the acidity of excited states, it is worth noting that the 
p K  of triplet state phenols is very similar to that of ground state 
phenols. For example, the pK of 2-naphthol in the triplet state is 
8.1 253. On the basis of molecular orbital theory, the enhanced 
acidity of phenol in the excited state can be calculated as the charge 
distribution shown for the ground state (246) and the first excited 
singlet state (247) Z 5 5 *  I n  terms of classical resoname 
structures, the first excited singlet state of phenol may then be 
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0 

FIGURE 8: The effect of hydrogen bonding on the ultraviolet absorption spectrum 
of phenol. 1: in petroleum cther, 2: in petroleum cther containing 0-182 molc/l 
of dioxan, 3: in petroleum cther containing 0.597 molejl ol'dioxan. [Rcproduccd, 

by permission, from referencc 249.1 

Charge diJlribzctiott originalirig from x-nQ f r a ~ ~ u c t i o n s ~ ~ ~  

/H 
o------.-------.-- + 0.207 

+ O s l o 2  +0.055 _._____ _ _ _ _ _ _ _ _  _ _  - - - - - - - . -___.____ 
-0,093 
- 0.087 
+0-054 

+0.113 - - _  .--.--._______ 

- - - .__________ 

. - - - -__.______ 
------- - - . .______ 

(247) 

&tJ -0.080 -_____._____._ 
+0.018 ._ _ _ _ _ _  _ _  _ _ _ _ _  
-0.004 - - - - - _ I - - - - _  _ _ - - _  

(246) 

represented as the ionic resonance form 248, while the triplet state 
may be depicted as the radical resonance contributor 249. 

3. Intramolecular chargetransfer 

The introduction of a hydroxyl group into the 4-position of an 
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aromatic ketone or aldehyde h2s a pronounced inhibiting effect on 
the photoreactivity of the carbonyl group. Some of the primary 
processes involved in and responsible for this lack of reactivity may 
be understood in the light of the preceding discussion on photo- 
induced acid-base reactions of phenols. 

Two examples of hydroxy-substituted carbonyl compounds, 
+OH +OH 

‘OH ‘OH 

(249) 

namely 4-hydroxybutyrophen~ne (250) and 4-hydroxybenzophen- 
one (252), have been studied in detail since their photochemical 
behaviour appeared anomalous in comparison with that of their 
parent compounds. Thus the quantum yield for the formation of 
ethylene in the photolysis of unsubstituted butyrophenone is 
0-42 z563 257. However, the quantum yield for the same process is 
zero in the case of 4-hydro~ybutyrophenone~~~. Pitts has suggested 
that the lack of reactivity is to be attributed to the ‘charge-transfer 
character’ of the lowest z-n* triplet state. If the reactive (hydrogen 
atom abstracting) n-n* triplet of unsubstituted butyrophenone can 
be depicted as a diradical R&-O., the unreactive state of photo- 
excited 4-hydroxybutyrophenone may be represented by the ionic 
resonance structure 251 (reaction 193). 

- 

H o - ~ l ! - c H 2 C H , C H 3  --+ h v  H o  +-Q=’ C-CH,CH,CH3 (193) 

(250) (251) 

(252) (253) 
Both the photochemistry and the ultraviolet absorption spectrum 

of 4-hydroxybenzophenone (252) have been found to bc highly 



902 Hans-Dieter Bcckcr 

solvent dependeiitz58. I n  alcohol solution where its absorption spec- 
trum (Figure 9) is similar to that of the 4-benzoylpheiiolate ion, 
4-hydroxybenzophenone does not react photochemically (ix., the 
quantum yield of its disappearance is less than 0.01). I n  cyclohexane 
solution, however, where its ultraviolet absorption spectrum is 

.. 
..., 

I I 
200 300 400 

N m p )  

FIGURE 9. Ultraviolet spectra or 4-hydroxybcnzophenone - in alcohol 
............. in alkaline solution - - - - in cyclohexanc 

[Reprinted from refcrencc 258, by permission of the International Union of Purc 
and Applied Chemistry and Butterworths Scientific Publications.] 

similar to that of unsubstituted benzophenone?jV (k., the long- 
wavelength n-n* transition is separated from the n-n* transition), 
4-hydroxybenzoplieiione disappears upon irradiation with a quan- 
tum yield of 0.9 Z 6 O .  It should be pointed out, howcver, that nothing 
is known abeut the nature of the products formed. I t  is possible that 
the disappearance of 4-hydroxybenzophenone is due to decomposi- 
tion reactions, rather than the claimed pinacolization process. 

As for the effect of solvent on the ultraviolet absorption spectrum 
of 4-hydroxybenzopheiione, it has been suggested that the high- 
intensity long-wavelength band in alcohol solution should be 
assigned to a charge-transfer transition (CT) rather than a n-n* 
transitionz6I. The pR of 4-hydroxybenzophenoneY determined spec- 
troscopically, was found to be -4 in the first excited singlet, 3 in 
the first excited triplet and 6-5 in the ground state. Thus, deprotona- 
tion in the excitcd state as described in section IV.A.2 may be 
rcsponsihlc for the lack of reactivity in alcohol solution. Based on 
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FIGURE 10. Energy levels of 4:-hydroxybenzophenonc, S = singlet state, R = 4- 
benzoyl phenyl, T = triplet state. [Reproduced, by permission, from reference 

260.1 

the positions of the energy levels for the n-n* and CT states of 
neutral and deprotonated 4-hydroxybenzophenone (Figure lo), it 
has been suggestedZ6l that reactions (195-201) are involved in the 
photochemistry of 4-hydroxybenzophenone. Since hydrogen atom 
abstraction can only occur if the lowest triplet state is n-n* in 
nature, reprotonation of the anion [RO -*@)CT] would have to 
precede the internal conveTsion to give [ROH*(3)tz-n*]. 

Deactivation processes in fibtoexcited ~- t Iydrox~benz~phenone 
(R = 4-benzoylphenyi) 

ROH + ROH*(l)(CT and n-n*) (excitation) (195) 
ROH*(l)(CT; n--,z*) --e- RO-*(')(CT) + H + (deprotonation) (196) 

RO-*(l)(CT) + RO-*(3)(CT) (intersystem crossing) (197) 
RO-*(3l(CT) + RO- (deactivation) (198) 

RO -*(3)(CT) ROH * ( 3 ) (  CT) (protonation) (199) 

ROHf(S)(CT) -4 ROH*(3)(n-rr*) (internal conversion) (200) 
(201) 

I n  this scheme the assumption has been made that alcohol will 
act as a proton acceptor in the deprotonation reaction. I t  should 
be considered, however, that the basicity of the carbonyl group is 
greatly enhanced in the first excited singlet state. It is, therefore, 
conceivable that intermolecular hydrogen bond formation in the 
excited state may be involved in the photostability of 4-hydroxy- 
benzophenone in protic solvents. 

A recent report indicates that the hydroxyl group in the para 
position not only influences the reactivity of photoexcited aromatic 
ketones but may also have an effect on the products obtaimd when 

-tHf 

- H- 

ROH * (3) (n-n*)  + hydrogen abstraction reaction 
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the reaction does proceed in cyclohexanec62. Irradiation of 3,5-di- 
t-butyl-4-liydroxyacetophenone (254a) or 3,5-di-t-butyl-4-hydroxy- 
benzophenone (254b) in cyclohexane solution has been found not to 
result in the expected pinacolization reaction, but gives the debutyl- 
ated ketones 3-t-butyl-4-hydroxyacetophenone (255a) and 3-t-butyl- 
4-hydroxybenzophenone (255b), respectively (reaction 202). No 
reaction is observed in isopropanol solution, where, however, the 
methyl ethers of 254a and 254b do pinacolize photochemically. I t  is 
possible that the tautomer 256 may be involved in the photo- 

chemical dealkylation of 254, though the involvement of phenoxy 
radical intermediates cannot be exc!uded. It is worth noting, how- 
ever, that irradiation of bis-(3,5-di-t-butyl-4-hydroxyphenyl)-cyclo- 
propenone (257) where intramolecular charge-transfer is not feasible, 

HO@C,T@OH * HO @ C = C G O H  

0 

(257) (203) 

smoothly leads to the decarbonylated product 258 (reaction 203) 
in the same fashion as the unsubstituted diphenylcyclopropenone'03. 

B. Photoinduced Reversible Tautomerization of Phenols 
I Ostho-b-BydroxycaP.boxylic acids 

Spectroscopic investigations by Weller have revealed that photo- 
excitation of ortlzo-hydroxy-substituted carboxylic acids and their 
esters results in a reversible tautomerization reaction2". Salicylic 
acid (259, R = H) in methanol solution was found to exhibit a 
fluorescence maximum (at 435 m p )  of an abnormally large Stokes 
shift. The fluorescence maximum of methyl salicylate is found at  the 
same position, while that of methyl 2-methoxybenzoate (261) (at 
360 mp) shows a normal Stokes shift. This phenomenon has been 
observed with other orthc-hydi.oxycarboxylic acids and their esters, 
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but not in nzeta- and Inl-a-liydroxycarboxylic acids2GJ8. Weller has 
suggested that the long-wavelength fluorescence of or!lzo-hydroxy- 
carboxylic acids is due to emission from the excited state tautomer 
260 which is formed by intramolecular proton transfer. Ionization 

(260a) 
(204) 

L 

(260b) (260c) (261 1 

of the phenol is facilitatcd in the excited state; however, in  the case 
of ortho-hydroxy carbonyl compounds the proton transfer is favoured 
by a six-membered transition state and enhanced by the increased 
basicity of the aromatic carboxylic acids in the excited state. The 
proton transfer must be rapid since the equilibrium is established 
during the lifetime of the excited state tautomer 260. Interestingly, 
in nonpolar solvcnts such as methylcyclohexane or benzene a low- 
intensity fluorescence maximum around 360 mp is observed besides 
the long-wavelength maximum and is attributed to emission from 
excited state salicylic acid. It is remarkable that in suitable solvents 
the photoinduced intramolecular proton transfer occurs at temper- 
atures as low as -180°C 364b. (For recent results on the effect of 
intramolecular hydrogen bonding on the acidity in the lowest 
excited singlet state of salicylic acid, see Reference 265.) 

2. Ortho-H ydroxycarbonyl compounds 
Introduction of a hydroxyl group into the ortlzo position drastically 

influences the photoreactivity of aromatic carbcmyl compounds. 
For example, 2-hydroxybenzophenone in isopropanol solution is 
photostable, while 2-metlioxybenzophenone under the same condi- 
tions undergoes pliotoreduction with a quantum yield of unity266. 

R = H ,  R=CH, 
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While 4-hyclrosybenzophenone sensitizes the photochemical cis-trans 
isomerization of lY3-pentadienes very efficiently, 2,4-dihydroxy- 
benzophenone does not act as a sensitizer, nor does 2-hydroxy-4- 
methoxybenzophenone or salicylaldehyde2C 7. Butyrophenone upon 
irradiation in benzene solution gives ethylene and acetophenone in 
a Norrish Type I1 process, but 2-hydroxybutyrophenone does not 
react under identical Chemical and ultraviolet spec- 
troscopic evidence for the photochemical trailsformation of ortho- 
hydroxycarbonyl compounds of structure 262 into their tautomers 
of structure 263 or 264 has not been obtained yet (reaction 205); 
however, rapid reversible intramolecular hydrogen transfer (either 
heterolytically or homolytically) from the phenol to the carbonyl 
group followed by rapid thermal reketonization appears to be 

responsible for the total lack of reactivity of ortho-hydroxy carbonyl 
compounds. Similar arguments have been used to explain the lack 
of photochemical reactivity of 2-hydroxy-4,6-di-t-butylbenzophen- 
one26 8. 

2-Hydroxybenzophenone does not show phosphorescence in solu- 
tion a t  room temperature, which means that no triplet species are 
dete~table26~. At low temperature (77 OK) in 3-methylpentane 2- 
hydroxybenzophenone phosphoresces only very :vezk:y proba'uiy 
because photoexcitation will mainly result in the intramolecular 
hydrogen transfer reaction. I t  has been found, however, that 
2-hydroxybenzophenone exhibits a strong long-lived phosphores- 
cence at 77°K in hydrogen bonding solvents, such as alcohols, indi- 
cating that photoexcitation under these conditions does give the 
triplet state. The lack of photochemical reactivity of ortho-hydroxy- 
substituted benzophenones in alcohol solution where intermolecular 
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hydrogen bonding would permit normal carhonyl photochemistry 
has been attributed to very short lifetimes of the triplets produced 
at room temperature26D. However, compared with the ground state, 
the pK* of 2-hydroxybenzophenone has been found to be significantly 
lower (see Table 11). This suggests that a deprotonaticn reaction in 

TABLE 1 1. Dissociation constants of some 2-hydroxybenzophenones in the 
ground state (pi() and thc first excitcd singlet state (pK*) (Solvents 50% cthanol 

in water) [from Reference 2701. 

2-Hydroxybenzophenone 10.83 3.78 7.05 
2-Hydroxy-4-nitrobenophenone 8.23 -3.54 11.77 
2-Hydroxy-5-nitrobenzophenonc 6.69 -8.36 15.05 
2-Hydroxy-4-methoxybenzophcfione 10.68 2-70 7.98 
2-Hydroxy-5-methoxybenzophcnone 11-03 5.59 5-44 
2-Hydroxy-4-methylbenzophenone 11.10 4-20 6.90 
2-Hydroxy-5-methylbenzophenone 11-30 3.70 7.60 

which the liydroxylic solvent acts as proton acceptor (as discussed in 
section IV.A.2) may represent an alternate mode of deactivation 
involved in the photochemistry of ortho-hydroxy carbonyl com- 
pounds. 

The deactivating effect of ortho-hydroxy substitution has also 
been observed in the photochemistry of 9,1 O-anthraq~inones~~. 
Unsubstituied 9,lO-anthraquinone undergoes photochemical reduc- 
tion in aqueous isopropanol with a quantum yield of 0.94, and 
1-chloro-9,lO-anthraquinone is reduced with a quantum yield of a 

0 
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unity. However, 1-hydroxy-9,lO-anthraquinone (265) is not reduced 
photochemically, presumably because of the reversible tautomeriza - 
tion (reaction 206) leading to 266. 2-Hydroxy-9,lO-anthraquinone 
(267) is not reduced either under these conditions. I n  this case, not 
the tautomerization reaction, but photoinduced deprotonation (re- 
action 207) to give the photostable 2-hydroxy-9,1O-anthraquinone 
anion (268), may be rcsponsible for the lack of reactivity. 

3. Photochromic hydroxyl compounds 
A large number of ortho-hydroxy-substituted anilsZ7l have bceii 

found to exhibit photochromic behaviour which has becn attributed 
to an intramolealar hydrogen transfer in the excited State"2. 
Photolysis of ortho-hydroxybenzylidene aniline (269) at low tempera- 
ture in solution indeed gives rise to a transient species (,? max, 
470 mp), which has a lifetime in the millisecond region, and to 
which the ortlzo-quinone methide structure (270) has been assigned 
(reaction 208) 273~3b. 0 ther spectral changes observed in photo- 

(269) (270) 

chromic systems of this type are caused by cis-tram i~ornerism2~3~. 
A detailed discussion of photochromic ortho-hydroxy compounds 
such as 271 and 273 is beyond the scope of this section. A compre- 
hensive review on this subject has been published recently274. 

QQ hv4yJ (209) 
N=N-c6H, N-NHC,H, 

(271 1 (272) 

N=N--CsH, 
m O H  h, ,  

(210) 

(273) (274) 

It is worth pointing out that a multi-step mechanism may be in- 
volved in seemingly simple photochemical conversions of ortho- 
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hydroxyl compounds. For example, irradiation of the ortho-hydroxy- 
chalcone (275) lezds to the coloured flavylium ion (280) in an overall 
reaction (211) consisting in the elimination of water from the 

H+ HO 0 

(279) 

cyclized intcrmediate 278. However, spectroscopic and kinetic 
evidence has been presented, which shows that the conversion of 
375 into 280 also involves the intermediates 276 and 277, suggesting 
that the hydration of the carbon-carbon double bond is a prerequi- 
site €or the cycliza’tion reaction276. 

C. Photolysis of Halogen-containing Phenok 

and 275b which appeared after completion of this manuscript.) 
1. Bromophenols and iodsphenols 

Photoexcitation of bromo- and iodo-phenols in solution results in 
the homolytic cleavage of the carbon-halogen bond rather than in 
the cleavage of the 0-H bond. Product analysis provides no evidence 
for a conceivable rearrangement of hydroxyphenyl radicals into 

(For photochemical reactions of chlorophenols sce References 275a 
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phenoxy radicals. Thus, ultraviolet irradiation of 4-bromsphenol 
(281) at 253 7A in water gives hydroquinone, 4,4'-dihydroxybiphenyl 
and hydrogen bromide (reaction 2 12) 230b. Irradiation of 2-bromo- 
phenol and 3-bromophenol gives the analogous products. Photolysis 
of 4-bromophenol in benzene solution gives 4-hydroxybiphenyl (285) 
2.5 the major product which obviously derives from attack of the 
solvent by the 4-hydroxyphenyl radical (282) 27'3. 

6 - ( d + B r j E .  6 + H O w O H + H B r  

(282) 
(281 ) I (283) 

OH (284) Br 

benzene i 

(285) 

Cleavage of the carbon-halogen bond appears to be the pre- 
dominant reaction of photoexcited iodophenol~~7~. This feature has 
been successfully exploited for the synthesis of arylated phenols. 
Thus, 2537A irradiation of 2-iodophenol (reaction '2 13) in benzene 
solution gives 2-hydroxybiphenyl (287) in 60-70% yield2'8. The 

OH OH 

benzene el-.'"' ' (2 13) 

(286) (287) " 

photochemical arylation of similar iodosubstituted phenols is sum- 
marized in Table 12. Irradiation of 4-iodophenol (288) in the 
presence of triphenylphosphine results in a smooth substitution 
reaction leading to 4-hydroxytetraphenylphosphonium iodide (re- 
action 214)283. 
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TABLE 12. Photolysis of iodophcnols in benzene. 

Starting phenol Product (yield) Reference 

4-Cyans-2-iodophenol 
4-Cyano-2,6-diiodophenol 

2,6-Diiodo-4-formylphenol 

2,4,&Triiodophenol 
6-Iodo-2,4,5-triphenyI- 

2,4,6-Triiodoresorcinol 
4,6-Diiodoresorcinol 
2,6-Dimethyl-4-iodophenol 

resorcinol 

4-Cyano-2-phenylphenol (25%) 
4-Cyano-2,6-diphenylphcnol 

2,6-Diphenyl-4-formyIp hen01 

2,4,6-Triphenylphenol 
Tctraphenylresorcinol (53%) 

Triphenylresorcinol (1 2%) 
Diphenylresorcinol 
2,6-Dimethyl-4-phenylphenol 

(71%) 

(20-30%) 

2 79 
2 79 

280 

280 
28 1 

28 1 
281 
282 

2. Phenolic acyl halides 
Irradiation of 4-hydroxyphenacyl chloride (290) in ethanol solu- 

tion has been found to give a mixture of 4-hydroxyacetophenone 
and ethyl (4-hydroxyphenyl) acetate (293) 2* 4. Apparently, two dis- 
tinct primary processes are involved in the photolysis of 290, one 
of which results in the homolytk cleavage of the carbon-halogen 
bond to give the dehalogenated reduction product via hydrogen 
atom abstraction by chlorine atoms from the solvent and hydrogen 
atom transfer from the thus generated hydroxyalkyl radicair; to the 
4-hydroxyphenacyl radicals. The other primary process leading to 
293 most likely involves electron ejection from the phenolic site to 
give the radical cation 291. Displacement of the chlorine atom and 
proton expulsion may then lead to the spiro ketone 292 whose attack 
by the solvent would give the observed rearranged product 293 
(reaction 2 15). 

Photolysis of 2-hydroxyphenacyl chloride (294) in ethanol gives 
coumaran-3-one (295) as the major productzs4, while the reductive 
dehalogenation process becomes negligible (reaction 2 16). Con- 
ceivably, the cyclization reaction proceeds by a similar displacement 
mechanism as suggested for the formation of the intermediate 292. 
Interestingly, the photolysis of the seemingly related hydroxy- 
substituted phenacyl bromide 296 results in the formation of flavone 
hydrobromide 299 (reaction 2 17) most likely by a mechanism which 
first involves a photochemical reductive debromination step28 5. The 
cyclization reaction can then be cxplained by nonphotochernical 
intramolecular proton transfer frorr- the phenol to the carbonyl 
group, and hydrogen bromide catalysed elimination of water. 
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Recently, thc photocyclization of some N-chloroacetyl derivatives 
of pharmacodynamic amiiics has been investigated o * G ~  29'. Thus, 
irradiation of N-chloroacctyl-m-tyramine (300) in aqueous ethanol 
zolution smoothly gives hydrogcn chloride and the cyclization pro- 
duct 301 (reaction 218). Analogous cyclization products were 
obtained by photolysis of N-chioroacetyl-3,4-dihydroxyphenethyl- 
amine (302) and N-chloroacetyl-4,5-dimetlioxy-3-hydroxypheii- 

(295) 
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ethylamine (305). Remarkably, irradiation of N-iodoacetyl-nz- 
tyraniine results mainly in the reductive elimination of !iydrogen 
iodide, ratlicr than in the cyclization reaction2*c. Presumably the 

\- 

N H  + HCI (218) 
< h I* 

CH,--C 

H o O C H z - c : N H  H,O 

+O +O 
CH2-C 

I 
P I  

+ 
H0&CH2-Cc 0 

N H  1- HCI 
/ 

CH,-CH, 

(304) 

(219) 

CH~O,Q~H~-CCZ hv CH30qCH2-C~* NH + HCI 

CH,-C' CH30  CH2-C' (220) 
NH -TjT+ 

+O 

(305) (306) 

+O OH 
CH30 

I 
OH CI 

reductive dehalogenation reaction and thc cyclization reaction are 
competing processes. The reductive dehalogenation probably results 
from photoinduced homolytic cleavage of the carbon-halogen bond 
and hydrogen atom abstraction from the solvent. The cyclization 
reaction, however, does not necessarily involve a photoinduced 
primary fission of the carbon-halogen bond as has been suggested. 
The reaction may proceed by electron ejection from the excited 
aromatic nucleus. Displacement of the halogen would result in 
intramolecular coupling by overall loss of chloride ions. The final 
step of proton expulsion would lead to the observed cyclization 
products. Since electron ejection has also been observed in the 
photolysis of anisole, the proposed mechanism would explain the 
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photocyclizations of the N-chloroacetyl derivatives of 3,4-dimethoxy- 
phenethylamine as well. 

D. Photochemical Reactions of Phenols with Hydrogen Peroxide and 
with Molecular Qxygen 

1. Hydroxylation of phenols 
Irradiation of phenols in aqueous solution containing hydrogen 

peroxide has been found to give 07th- and fiara-hydroxylated pro- 
ducts2**. Some examples of the preparatively interesting reactions 
are listed in Table 13. ‘The mechanism of hydroxylation probably 

TABLE 13. Photocliemical hydroxylation of phenols in aqueous hydrogen peroxide. 

Phenol Products (yo yield, based on consumed phenol) 

Phenol 

4-Mc thylphcnol 
4-Methoxyphenol 
4-Hydroxybenzoic acid 
3- (4-Hydroxypheny1)- 

Tyrosine 
propanoic acid 

~ ~ ~ ~ 

Catechol (26); hydroquinone (14); pyrogallol (5); 

3,bDihydroxytoluene (25) 
4-Mcthoxycatecho1 (9) ; hydroquinone (5) 
3,4-Dihydroxybenzoic acid (38) ; hydroquinone (10) 
3-(3,4-DihydroxyphcnyI)-propanoic acid (28) 

lY2,4-trihydroxybenzene (3) 

3,4-Dihydroxyphenylalanine (20) 

involves the oxidation of phenols by photochemically generated 
OH-radicals, and coupling of OH-radicals with phenoxy radicals. 
Small amounts of dimeric oxidative coupl.ing products derived from 
the starting phenols have been detected in the photochemical 
hydroxylation. Since not only the hydrogen peroxide but also the 
phenols absorb in the wavelength resion (2537A) employed, the 
involvement of photochemically generated phenoxy radicals must 
be considered. 

2. Oxidative coupling of phenols 
The irradiation at  253 7A of phcnols, crcsols and dihydroxyben- 

zenes in oxygenated aqueous solution has been studied in detai12a9a. 
A multitude of products deriving from homolytic carbon-carbon 
coupling, carbon-oxygen coupling and hydroxylation reactions, is 
formed under these conditions. Thus, phenol gives 4,4-di-hydroxybi- 
phenyl (307), 2,4-dihydroxybiphenyl (SO$), 2,2’-dihydroxybiphenyl 
(309), as well as traces off-phenoxy-phenol (310), o-phenoxyphenol 
(361), hydroquinone and catechol (reaction 221). 
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Synthetically more interesting results were obtained with higher sub- 
stituted phenols280p 280ir. Photochemical autoxidation of 2,6-dimethyl- 
phenol in alcohol solution gives 4,4’-diliydroxy-3,3’-5,5’-tetra- 
methylbiphenyl in 45-75% yield. The formation of 3,3‘-5,5‘-tetra- 
rnethyldiphenoquinone under these conditions has not been ob- 
served, probably because diphenoquinones can be photocheniically 

OH 

H,O I h v :  0, 

.1 
OH 

d 
Q + 

OH 

QOH 

(309) 

+ 

reduced, even in the presence of 0xygen3~~~.  Substituted 2,2‘-cli- 
hydroxybiphenyfs (313a) and (3138) have been obtained in good 
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yield by photochemical autoxidation of phenols 312a and 312b, 
respectively (reaction 222). Likewise, irradiation of 2-hydroxy-l,4- 
naphthoquinone (314) in water in the presence of oxygen gives the 
dehydrodimer 315 (reaction 223) The rcaction apparently in- 
volves ortho carbon-carbon coupling of a photochemically generated 
enoxy radical. 

3. Dyeaensitized oxidation of phenols 
Photochemical autoxidation of phenols in the presence of sensi- 

tizers such as fluorescein, eosin, Rose Bengal or erythrosin are 
generally carried out under conditions where only the dye absorbs 
the light. These oxidations often are rather complex. It has been 
shown that the photoexcited triplet state dye D* can react with the 
phenol to give the phenoxy radical in a straightforward homolytic 
dehydrogenation (reaction 224) 2919 282. D* can also react with 

D *  + CoH60H + DH' -1- CsH50' (224) 
molecular oxygen to give singlet oxygen (reaction 225) Zg3.  However, 

D* 1- O,(~)+D -I- o p  (225) 
published data strongly suggest that singlet oxygen does not react 
efficiently with simple phenols. 

The only prodircts obtained in very low yield in the dye-sensitized 
oxidation of 2,6-di-t-butyl-4-methylphenol (316) in methanol solu- 
tion are the a-rnethoxy-f-cresol (317) and the liydroperoxy com- 
pound 318 (reaction 226)*". The formation of 317 most likely in- 

OH OH 

C H 3  CH,OC 

(31 6) (347) (31 8) 

volves the ground state addition of methanol to the quinone methide, 
suggesting that the disproportionation of the phenoxy radical com- 
petes with the addition of molecular oxygen which leads to 318. 
The photosensitized oxidation of 3- (3,5-diiodo-4-hydroxyphenyl)- 
propanoic acid (31.9) in the presence of erythrosin gives a moderate 
yield of the spirolactone 328 (reaction 227)Zg5, presumably by a 
process which involves the dehydrogenation of 319 by the photo- 
excited dye, and reaction of the phenoxy radical with ground state 
oxygen. Thus, there is no evidence that singlet oxygen is involved 
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in the photochcniical au toxidation of simple phenols. (See Refer- 
ences 295a and 295b for recent results.) 

Remarkably clean dye-sensitized oxidations obviously involving 
singlet oxygen have been observed with phenols of the tetracycline 
series29G* 297. For instance, tetracycline 321 upon photooxidation in 

OH 0 

soos; oc 

0 
I CH2CH2COOH 

benzene solution containing 3,4-benzopyrene gives the hydro- 
peroxide 322 in high yield and high stereospecificity (reaction 228). 
It is conceivable that 322 is formed by rearrangcrnent of an inter- 
mediate peroxide (323) which could be the product of a photo- 
chemical diene synthesis with singlet oxygen. 

?’ p3 OOH ,, N(CH3)2 

sens; ’ 

{@} 

=OH 

CONH, 
.. - 

0 
OH 0 H O  

(322) 
(228) 

OH 

(323) 

E. Photochemical Addition Reactions of Phenols 
I .  intramolecular addition of phenols to carbon-carbon double 

bonds 
Thc intcrmolcc!.~lar photnchemical addition of phwsls io olefins 

apparently is a very inefficient process2”. However, upon irradiation 
in benzene, 2-allylphenols (see Table 14) undergo an intramolecular 
addition reaction to give fair yields of coumarans and chro- 
mans2$** 299. Ring-substituted 2-alIyIpfienoIs as well as 2-(but-3- 
eny1)phenol also react photochemically299. However, 2-propenyl- 
phenol cannot bc cyclized by irradiation under similar conditions. 
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'rABLE 14. IntramokcuIar photochemical addition of phenols to olefins 

Starting phenol Products Ratio 
A B Yield ("/o) A : B  

$ 30 66-5:33 

CH=CH, 
I 

Unidentified 31.5 80:20 

All photochemical cyclization reactions have been found to occur 
predominantly in Markovnikov direction. Photolysis of deuteriilm 
labelled 2-allylphenol revealed that the hydroxyl hydrogen is trans- 
ferred to the olefinic side-chain. It has been suggestedZD9 that cycliza- 
tion proceeds by intramolecular transfer of a proton to the olefin 
from the excited singlet state phenol (reaction 229). Although this 
mechanism has the virtue of simplicity, the protonation of an olefin 
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by such a weak acid is doubtful. The participation of pheiioxy 
radicals in the cyclization reaction should be considered instead. 
Thus a homolytic inechanism (reaction 230), involving electron 
transfer from the photoexcited phenol to the carbon-carbon double 
bond, followed by proton transfer and subsequent intramolecular 

proton 
transfer 

1 trmnsfer proton 

v 1 
2-Methylcoumaran C hrornan 
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radical coupling, explains the obscrved products and related results 
obtained on the photolysis of 2-allyl-substituted aryl formates2D8 
equally well. 

2. Sensitized addition of phenols to quinone methides 
The reaction of photoexcited benzophenones 324 with 2,6-di-t- 

butylphenol (325) in methanol solution containing a small amount 
of mineral acid leads to 4,4-dihydroxytetraphenylmethanes (326) 
(reaction 231) 30°. The mechanism of this reaction involves the 

OH 

R f o i o R Z  +*% 

OH 

(23 1)  

benzophenone-sensitized addition of 2,6-di-t-butylphenol to the 
intermediately generated quinone methide 3,5-di-t-butylfuchsone 
probably according to reactions (232-234) 3a1. 

0 

(324) (325) 

(326) 

(C6H,),C =O * (31 3 (C,H.j),k-OH + *dJ 
H 

(232) 

(C6H,1,t-0H + ------+ (C&),C=O + 

C6H,-c-c6H, C ~ H S - T - C ~ H S  

(233) 

Apparently, in the presence of quinone methides, thc hydrogen 
atom transfer reaction from diphenylhydroxymethyl radicals regen- 
erating benzophenone competes favourably with intermolecular 
coupling and dimerization reactions. I n  the addition reaction, 
benzophenone cat1. be replaced by acetophenone as a sen~it izer~~2.  
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OH OH 

+ 

OH 
(234) 

A variety of 2,6-disubstituted phenols and substituted x,K-diphenyl- 
quinone methides have been applied in reaction (235) leading to 
tetraphenylmethanes 329 (see Table 15). The noted advantageous 
effect of mineral acid presumably consists in the catalysis of the 

OH 

OH 

+ R3$3R4 
(328) 

[H+J: h v  

(329) (235) 

TABLE 15. Photosensitized addition of phenols to quinone methides according to 
reaction (235). 

R1 R3 R3 R4 Yield (%) 

-1Butyl 
Cyclohexy 1 
Cyclohejcyl 
Isopropyl 
Isopropyl 
Methyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 

t-Butyl 
Cyclohexyl 
Cyclo hexyl 
Tsoprop yl 
Tsopropyl 
Phen y 1 
Phenyl 
t-Butyl 
I-Butyl 
Phenyl 
Phenyl 

&But yl 

Cyclohexy 1 

Isopropyl 

t-Butyl 

t-Butyl . 

t-Butyl 
i-Butyl 
t-Bu tyl 
Phenyl 
Phenyl 
Phenyl 

i-Butyl 
t-Butyl 
Cyclohexy 1 

Isopropyl 
r-Bulyi 

t-Butyl 
t-Bu tyl 
t-Butyl 
t-Butyl 
r-3uty1 
Phenyl 

94 
80 
65 
75 
74 
90 
90 
91 

88 
60 

a9 
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final tautomerization step in reaction (234.) and possibly in tlie sup- 
pression of the photochemical reaction of the aromatic ketone with 
the alcohol used as solvent. 

The limitation of the reaction to 3,5-di-substituted ct,ct-diphenyl- 
quiiione methides and the good yields of 4,4'-dihydroxytetraphenyl 
methanes obtained when 2,6-di-t-butylphenol is employed suggest 
that the stability of both the 4-liydroxytripheiiylinethyl radical and 
the phenoxy radical are essential factors in the photosensitized 
addition of phenok to quinone methides3OX. 

F. Photochemical Reactions of Aryl Ketones with Phenols 

Although tlie photochemical reactions of aromatic carbonyl com- 
pounds with alcohols have been the subject of numerous studies 
ever since the appearance of thc classical paper by Ciamician and 
Silber'*l in 1901, the photolysis of carbonyl compounds in the 
presence of phenols had received little attention. This is surprising 
since Ciamician and Silber reported that irradiation of a solution of 
vanillin (330) in cthanol, ether or acetone leads to dehydrodivanillin 

cH304 H-C- I 

OH 2 

(331). The fate of the hydrogen remained unknown. I t  appears 
reasonable to assume that the reaction involvcs the intermolecular 
oxidative attack on the phenolic hydroxyl group by the photoexcited 
aldehyde, and that hydrovanilloirr (332) accompanies the formation 
of 331 (reaction 236). The reaction suggests that phenols are better 
hydrogen donors for photoexcited carbonyl compounds than alco- 
hols. This assumption is supported by the spectroscopic investigation 
by Backstrom and Smdr0~3~3,  who found that phenols quench the 
phosphorescence of biacctyl in benzene solution about ten thousand 
times more efficiently than alcohols (see Table 16). (For a more 
recent spectroscopic investigation see Refercnces 304 and 305.) 

Photochemical reactions of aromatic ketones with phenols have 
been investigated 02% 314* 300* 3017 302. The dehydrogena- 
tion of the phcnol by thc photoexcited ketone appears to be a general 
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reaction. The type of product obtained, however, has becn found 
to depend on both the structure of the ketone and the plienol partici- 
pating in the dehydrogenation reaction. 

TABLE 16. Quenching constants for the 
photochemical reaction of b-scetyl with 

hydroxyl compounds. 

H ydrosyl Quenching constant 
compound in 1 mole-1 sec-l 

Methanol 2.6 x 102 
Isopropanol 2.7 x 103 
BenzyI alcohol 6.9 x 103 

Resorcinol 2.7 x 109 
Hydroquinone 5.3 x 100 

Phenol 8-9 x 10' 

I .  Intermolecular coupling reactions 
Photoexcitation of benzophenone in acetofie containing 2,6-di- 

methoxyphenol (333) smoothly leads to 3,5-dimethoxy-4-hydroxy- 
triphenylcarbinol (334) 30t. Other 2,Gdisubstituted phenols, such as 

e$a y30$cH3 -%- 
0 OH 

(333) (334) 

diisopropyl-, dicyclohexyl- or di-t-butylphenol, react with benzo- 
phenone and many substituted benzophenones (335a-i) in the same 
manner. The 4-hydroxytriphenylcarbinols thus formed readily 
eliminate water in an acid-catalysed dark-reaction (reaction 243) to 
give substituted fuchsones (336a-i) in good yields (reaction 238 SO3). 

U 

(335a-i) 
(33%-i) 

(233) 
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R' RC Yield 
% 

a H 
b E.1 
c H 
d I3 
c H 
f H 
S CH, 
11 c1 
1 CH,COO 

H 
CH, 
c1 
Br 

OH 
COOCH, 

CH, 
c1 

CH,,COO 

47 
57 
52 
65 
51 
54 
41 
50 
63 

The formation of the 4-hydroxytriphcnylcarbinols (reactions 239- 
242) can be rationalized in terms of hydrogen atom abstraction from 
the phenol by triplet state ketone to give a phenoxy radical and a 

OH 0 0 

OH 

(242) 
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diplienylhydroxymethyl radical which undergo a coupling reaction. 
By-products in the photochemical reaction of bcnzophenones with 
2,6-disubstitutcd phenols may be benzpinacol and 3,3‘,5,5’-tetra- 
substituted 4,4’-dihydroxydiphenyls. The photochemical reaction 
leading to 4-hydroxytriphenylcarbinols proceeds smoothly only with 
phenols having bulky substituents in the 2,6-position. This suggests 
that a long lifetime of the phenoxy radicals is essential for good 
yields of mixed coupling products. Less stable phenoxy radicals 
formed by oxidation with photoexcited benzophenones could 
dimerize or polymerize by either C-C or C-0 coupling. 

2. Photosensitized disproportionation of 4phenoxyphenols 
Direct irradiation of 4-phenoxyphenol (337) at 2537A in aqucous 

solution leads to hydroquinonc (338) and 2,5-dihydroxydiphenyl 
(339; reaction 244). Thus, excitation of 337 results in scission of the 
diphenyl ether linkage rather than in cleavage of the 0-H bond 23gh. 

4 + (2%) Q (337) “,O (338) (339) 

6 h v  

OH OH 

The reaction of photoexcited bcnzophenone with p-phenoxy- 
phenol takes an entirely different course, obviously involving the 
formation of p-phenoxyphenoxy radicalsg2. Irradiation of benzo- 
phenone (20 mole yo) in a solution off-phenoxyphenol in benzene, 
using only light o€ wavelengths >2900A results in a smooth dispro- 
portionation reaction (245) leading to phenol and a poly-fi-phenylene 
ether 340 (see Figure 11). Other hydroquinone monoaryl ethers 

OH 

2n Q h v  (n-’) 8 + Q - O p - O p - O H  

(n-1) 

(245) 
(3401 
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such asp- (p-phenoxyphenoxy) -phenol and I -  (2,6-dimethylphenoxy)- 
2,6-dimethylphenol react in the same manner, giving monomer and 
oligonier in excellent yields. Thc disproportionation can be explained 

Benzophenone: 2 x Id3 mole 
Benzerle: 100 ml 

?O 

8 
m 
0 
2 6  
VI 
Q) - 
2 4  

2 

0 
0 3 6 9 12 15 18 21 24 

Time (hr) 
FIGURE 1 1. Benzophenone-sensitized disproportionation of 4-phenoxyphenol. 

[Reproduced, by permission, from reference 92.1 

by a mechanism (reactions 246-252) in which photoexcited benzo- 
phenone abstracts a hydrogen atom from 337 to give the diplienyl- 
hydroxymethyl radical and a phenoxy radical. Two phenoxy radicals 

couple to give a quinone kctal (QK,) which is reduced by the 
diphenylhydroxymethyl radical to give phenol and a trimer, benzo- 
phenone being regenerated (rcaction 250). Oxidation of the trimer 
then would lead to monomer and tctramer. Termination steps not 
regenerating benzophenonc conceivably involve ortho C-C or C-0 
coupling of phenoxy radicals. It was originally suggcsted that an 
energy transfer from photoexcited ketone to the quinone ketal QICl 
precedes the reduction reaction; however, recent r e s ~ l t s 3 ~ ~  suggest 
that the ground state quinone ketaI can be reduced by diphenyl- 
hydroxymethyl radicals. 



4 
Q A (249) 

6 

0 

0 
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1. INTRODUCTION 

Some 300 papers have been devoted to the study of the effects of 
ionizing radiation on pure compounds containing the hydroxyl 
group and several more to nqueous solutions of such compounds. 
In this review we shall only consider pure organic compounds arid 
consequently treat neither water nor aqueous solutions. 

The growth of thc subject has been extremely rapid in the last 
five years (Figure 1) and more than threc-quarters of the published 
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data has appeared since 1962. The main area of exploration has 
been the radiolysis of saturated aliphatic alcohols which accounts 
for more than 90% of the papers which have appeared. Furthermore 
the overwhelming majority of studies have been carried out in the 
liquid phase at  room temperature. Consequently, what follows is 
essentially a review of the radiation chemistry of pure, liquid, ali- 
phatic alcohols. The effect of phase is treated under a separate head- 
ing and short sections are devoted to unsaturated alcohols, poly- 
hydric alcohols and aromatic hydroxyl compounds. 

This chapter may be subdivided into three main parts: 

(i) Phenomenological observations of the eventual end products. 
(ii) Studies of the reactive intermediates involved in the reactions. 

(iii) The effects of variation of certain parameters on the mech- 
anism. 
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I t  is felt that t1ii.s is a logical sequence which follows tlie chrono- 
logical development of the subject and which also seems. to provide 
answers to the initiate in the order in which he might be expected 
to ask questions. What arc the overall effects of irradiation; how are 
they brought about; how do environmental factors affect them. 

II. HISTORICAL DEVELOPMENT 

As carly as 1913 Kailan’ showed that ‘the chemical action of the 
penetrating radium radiation’ on ethanol in the presence of air led 
to the production of water, acids and peroxides. Some years later 
he extended this study to isobutyl and benzyl alcohols2. At abGut 
the same time klclennan and Patrick3 published their findings on 
the acticjn of high-speed cathode rays on the simpler alcohols. The 
most important liquid products were formaldehyde in the case of 
methanol and acetaldehyde in the casc of ethanol. As gaseous pro- 
ducts they identified hydrogen, carbon monoxide, carbon dioxide, 
methane and, in the casc of ethanol, ethane. 

In tlie next 20 years only two more articles appeared4 and it was 
only in the middle fiftics that momentum began to build up. Breger* 
showed that the principal gaseous product in the cc-particle and 
deuteron irradiation of alcohols was hydrogen and Skraba and co- 
workers5 studied the decomposition of l4CH3OH under the influence 
of its own radiation. 

The first comprehensive investigation of the radiofysis of alcohols 
was that of blcDonel1 and NewtonG, and even today i t  may be con- 
sidered as the most extensive study yet undertaken. They established 
the important principle that thc major products from n-alcohols 
are hydrogen, aldehyde and glycol; s-alcohols give both aldehydes 
and ketones and t-alcohols give ketones but not aldehydes. 

This investigation was followed by studies on the effect of dose’, 
linear energy transfers, oxygen93 10 and other solutes’l~ l2 so that 
by 1960 a rough picture of the reaction mechanism had evolved. 
Since then the radiolysis of alcohols has been intcnsively studied 
and many aspects of the mechanism are well established although 
some problems remain to be solved. 

110. METHODQLQGY AND DEFINITIBNS 

The approach towards an understanding of the processes underlying 
the radiation chemistry of the hydroxyl group has undergone a con- 
siderable change in the prtst fificen years. Where earlier workers 
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aimcd at determining the complelc product distribution the accent 
has been shifted to study only one or two products and their depen- 
dency on certain parameters in an endeavour to characterize the 
elementary reactions in which they are produced. Although the 
latter approach has decided advantages, it is nevertheless true that 
a knowledge of product distribution should be available before 
mechanistic interpretatioiis are undertaken. Thus, in the study of a 
new compound, or one for which conflicting data have been ob- 
tained, the following approach should be followed: 

(a) The compound should be purified as rigorously as possible and 
irradiated in tlie absence uf air at the lowest practical dose to 
avoid secondary effects. 

Dejnition: Dose refers to the amount o f  mergv absorbed by the compound 
and is  expressed in e V / g m  (ml )  or rads where 1 rad = 6 x l O I 3  eV/gm. 
(b) A careful study should be made to identify all the products of 

the radiolysis employing a variety of analytical conditions. 
(c) Thc  absolute yields should be established under these conditions. 
(d) The effect of dose and the concentration of potential impurities 

on these yields should be established in order to derive initial 
yields. 

Dejinition: Initial 2ields refer to values obtained from a pure compound at 
conuersions whicJi are too low f o r  tJie products to enter into secondary reactions. 
Radiation chemical yieids are expressed in molecules formed per 100 eV of 
energy absorbed by tlie p u ~ e  compound and are referred to as G-values. 
(e) Thc effect of added salutes which are known to scavenge sus- 

Definition: A scaveriger i s  a solute which reacts rap;@ with intermediates 
(ions 01 f ree  radicals) in  such a w q  as lo change the yield o f  Producls which 
are formed i n  reactions of these intermediates in the absence of solute. Product 
yields, which are aflected by the addition o f  solutes, are referred to as ‘radical 
or scavengeable yields’ and those which are independent o f  added solutes, as 
‘molecular or unscavengeable _vields’. 
( f )  The results should thc,i be interpreted making use of thermo- 

chemical data for bond strengths and heats of reaction, photo- 
chemical data for postulating possible free radical reactions, 
mass spectrometry for suggesting possible ionic reactions, etc. 
The results of this interpretation should be summarized in a 
plausible reaction mechanism which explaiss the Iormation oi 
all products. 

(9 )  Thc validity of the various e!ementary reactions should be rigor- 

pected intermediates should be followed. 
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ously established. The methods involved are usually kinetic, 
such as the determination or rate constants and comparing these 
with known values, or observing the decay of an intermediate 
and the simultaneous growth of a product. Both direct and 
indirect mcthods are available, some examples of the former 
being pulse radiolysisl3 and electron paramagnetic resonance14 
and of the latter competition kinetics15 and kinetic salt effectsl6. 

IV. STABLE END PRODUCTS 

A. Primary Alcohols 

The production of hydrogen, aldehyde with the same carbon 
number as the alcohol and vicinal glycol with double the carbon 
number is characteristic of all the normal alcohols investigated. In 
the case of methanol and ethanol these three products are found in 
greater yields than any other products but as the chain length of the 
alcohol is increased a larger number of ‘major’ products are formed. 

The addition of solutes which act as traps for free radicals (scaven- 
gers) drastically reduces the hydrogen yield and completely sup- 
presses the glycol yield but has a much less pronounced effect on the 
aldehyde yield. The residual yiclds of aldehyde and hydrogen are 
approximately equal which indicates that these contributions to the 
total yield are due to the same process which may be formulated as 
sallows: 

RCHZOH --y\n;c RCHO -I- H ?  (1) 

The remaining yicids and the whole of the glycol yield must then 
be attributed to free radical intermediates. A mechanism consistcnt 
with the observation that vicinal glycols are formed is scission of an 
cc-carbori-hydrogen bond with the formation of a hydrogen atom 
and an a-hydroxyalkyl radical. 

RCHZOH -t RCHOH’ + H’ (2) 

From studies of aqueous solutions of deuterated alcohols it is known 
that hydrogen atoms abstract hydrogen readily from thc a-carbon 
atom1’. 

H -i- RCH20H -+ H 3  + RCHOH’ (3) 

The  consequence of reactions (2) and (3) is thus the formation of 
1 molecule of hydrogen and 2%-hydroxy radicals which cannot react 
with the substratc and must react with each other. Combination 
(dimerization) will then explain the viciiial glycol yield (4) ; and 
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exchange of' a hydrogen atom (disproportionation) accoui-its €or the 
scavengeable aldehyde yield (5). 

(4) 

(5 1 

The stoichiometry of reactions (2) to (5) requires that the scavenge- 
able hydrogen yield must equal the sum of the scavengeable aldehyde 
plus glycol yields. Furthermore, as the unscavengeable hydragen and 
aldehyde yields are equal a similar equality is required for the total 
hydrogen yield and the total aldehyde plus glycol yields. This 
mechanistic requirement has already been demonstrated expcri- 
mentally in the radiolyses of methanol, ethanol and propanol as 
shown in Table 1. 

2 RCHOH' ___ > RCHOH 
I 

RCHOH 
2 RCHOH' - RCHO + RCH,OH 

TABLE 1. Total (T) axid scavcngcable (s) yields of products in thc radiolysis 
of n-alcohols. 

Alcohol G G (ald)T G (glycol)T G (H,)s G (a1d)s G (glycol)s 

Methanol Is 5.4 2.15 3.7 3.7 0 3.7 
Ethanol1D 5.0 3.2 1.7 3-25 1.5 1.7 
PropanolZO 4.4 2.9 1.5 2.60 1-0 1.5 

Inspection of the last two columns of the tabie shows that, in con- 
trast to ethanol and propanol, the aldehyde yield from irradiated 
methanol is unscavengeable. The glycol. yield, on the other hand, is 
scavengeable which indicates that the cc-hydroxymethyl radical 
dimerizes but does not disproportionate while the higher homologues 
appear to undergo both processes at  approximately the same rate. 
The reasons for these differences are not apparent and further work 
in this direction would be most interesting. 

Data on the higher alcohcis regarding total yields is sketchy and 
nonexistent for the radical yields. I t  does, however, seem that the 
stoichiometry for the total yields is not obtained any longer, as 
shown in Table 2. 

These results should however be treated circumspectly as they all 
refer to high dose irradiation unlike the data in Tablc 1. As will be 
shown later, certain product yields are dose dependent and initial 
yields can only be determined at  low doses. The aldehyde yields, in 
particular, are very sensitive to dose and it seems likely that the 
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TABLE 2. Product yields in the radiolysis of higher n-alcohols. 
- 

Alcohol G (H?) G (alcl) G (glycol) Radiation Ref. 

Butanol 4-18 0.62 0.10 1’ 21 
Butaiiol 3.59 1.5 0.92 U 6 
Octanol 3.48 0.7 0.56 U 6 
Decanol 3-47 1 .o 0-5 I CL 6 

values in Table 2 are substantially lower than the initizl yields. The 
glycol yields, on the other hand, are much less affected by dose 
variation and i t  seeins as if the decrease in yields with increasipg. 
chain length may be a true effect. 

There are two possible explanations for this effect. I n  the first 
place it might be due to increasing importance of reaction ( 5 )  at 
the expense of reaction (4), as it seems to be a general phenomenon 
that large radicals disproportionate rather than dimerize while the 
converse is true for small radicals2’. Secondly, it may be possible 
that hydrogen abstraction (reaction 3) from the higher alcohols is 
not specifically confined to the or.-carbon atom and that a range of 
hydroxy-alkyl radicals are formed. This is consistent with the 
observation that with increasing chain length the influence of the 
hydroxyl group on the cc-carbon-hydrogen bonds is lessened and 
the C-H bond strengths at the various carbon atoms are not very 
different. The consequence of the formation of a number ofisomeric 
hydroxy-alkyl radicals is the formation of a range of glycols other than 
vicinal glycols. As it has not been demonstrated that the measured 
yield refers to total glycols it is possible that the values quoted only 
refer to the vicinal glycol contribution. 

I n  addition to the three products referred to in the preceding 
section, hydrocarbons are also produced when alcohols are irradiated. 
They are found in low yields in methanol and ethanol but with 
increasing chain length these yields increase as shown in Table 3. 

Table 3 shows that the hydrocarbon occurring in highest yield 
always contains one carbon atom less than the alcohol from which 
it was produced. Thus the major hydrocarbon product from ethanol 
is methane, from propar.ol it is ethane and from butanol it is pro- 
pane. This indicates that cleavage of. the a-carbon-carbon bond is 
an  important process. Furthermore the yield for the cleavage re- 
action increases with increasing chain length; the effect being most 
pronounced on going from ethanol to propanol. Thus G(C,H,) $. 
G(C,H,) = 2.35 in the case of propanol. 
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'rZujm 3 .  Ilydrocarbon yields in the radiolyscs of alcohols. 

r\lcohol CH, C,H, C,H, C3HG C3H, C,H, C,FI,, Ref." 

22 Methanol 0.43 0.004 0.006 - - - - 
Ethanol 0.6 0.14 0.24 - 0.01 - 0.004 23 
Propanol 0.14 0.35 2.0 0.13 0.25 0.01 0.01 24 
Butanol 0.10 0-18 0.09 0.29 1.87 0.09 0.28 25 
Octanol 0-02 0.03 0.03 041  0402 0.01 0.01 G 
Decanol 0.02 0.05 0.04 0.01 0.03 0.01 0.01 6 

Other values for these yields are to be found in the litcrature, for the C,-C, alcohols. 
The prescnt data refer to low dose yields from carefully purificd material which w t  con- 
sider to be more reliable. The C8 and Clo data refer to high dose a-irradiation but 
represent the only available results. 

The cleavage of a terminal methyl group from the rest of the mole- 
cule does not appear to be an important effect when higher alcohols 
are irradiated as indicated by the low methane yields in propanol, 
butanol, octanol and decanol. The yield in ethanol is substantially 
higher but of course this removal of the terminal methyl group also 
corresponds to cc-C-C scission. The high methane yield in methanol 
cannot be compared to yields in other alcohols as no C-C bonds 
exist in this material. 

I t  may be that cleavage of C-C bonds, in general, is relatively 
unimportant when the a-carbon bond is not involved but complete 
hydrocarbon analyses for a wider range of alcohols are needed before 
this sugsestion can be confirmed. 

Cleavage of the C-0 bond to yield hydrocarbon fragments with 
the same carbon number as the alcohol from which they are pro- 
duced takes place to some extent. There is no indication that in- 
creasing chain length decreases the importance of this process- 
G(C,) from butanol is 0.37, G(C,) from propaiiol is 0.38, G(C,) 
from ethanol is 0.38 and G(CH,) = 0.43 in methanol. 

The formation of hydrocarbons with a higher carbon number 
than the parent alcohol occurs only to a very limited extent. Thus, 
for example, the yield of ethane in methanol-probably due to 
reactions (6) and (7)-is only 0.006 indicating that (7) does not 
compete favourably with other reaction possibilities such as (8). 

CH,OH -w.+ CH,' + OH' (6) 
2 CH3'- * CpHt (7) 

CH; + CHaOH C H I  + CHZOH. (8) 
Complementary to the formation of hydrocarbons by C-C and 

C-0 scission is the production of oxygenated minor products. These 
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can be attributed to the hydroxyl and hydroxy-alkyl fragments pro- 
duced in the scission. If thesc fragments are capable of reaction with 
the substrate by hydrogen abstraction the products are water 
(equations 9, 10) or alcohols of lower carbon number than the 
parent alcohol (equations 1 1 , 12). 

(9) 
OH' + CH3CH:OH -> CHaCHOH' + HnO (10) 

(11) 
CHnOH. + CHSCHZOH + CHXOH + CHSCHOH' (12) 

The production of water and lower alcohols has bcen demon- 
strated in a number of cases as shown in Table 4 (overlcaf) and it is to 
be expected, as more complete product analyses hecome available, 
that this will be shown to be a general effect. The high values 
reported for water in some cases should be treated with caution as 
recent work has shown that, because of the hygrcscopic nature of 
anhydrous alcohols, the accurate measurement of G(H,O) is difficult. 

Thz forination of aldehydes and glycols shown in Table 4 shows 
that hydrogen abstraction is not the only iate of hydroxy-alkyl radi- 
cals, formed by C-C cleavage, in these systems. These products can 
be ascribed to reactions between the various radicals produced- 
disproportionation leading to aldehydes (1 3) and dimerization to 
glycols ( 14). 

CH3CHzOH -+ CH3CHi  -t. OH' 

CH3CHsOH -+ CH,' + CHzOH' 

CH20H' + CH,CHOH' - HCHO + CH,CH,OH (I31 

CHPOH' + CHSCHOH' CH20H 
I 

CHJHOH 
(14) 

The hydroxy-methyl radical, in particular, does not seem to under- 
go abstraction (reaction 12) a t  all as the product of this reactioii, 
methanol, is only found in low yield in irradiated ethanol and not 
at all in the higher alcohols. Thermochemical calculationszs show 
that the abstraction reactions are endothermic and thus unlikely. 
This observation, taken in conjunction with the appreciable yields 
of formaldehyde found in all cases, suggests that if this radical is 
formed it reacts only in disproportionation reactions such as (13). 
Contradictory to this is the observation, discussed above, that in 
methanol the disproportionation reaction between two hydroxy- 
methyl radicals does not take place. 

The high yields of formaldehyde from propano1 and butanol are 
noteworthy and support the suggestion, based on hydrocarbon yields, 
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that C-C cleavage involving the a-carbon increascs with increasing 
chain lcngth. 

In  addition to the products listed in Table 4, C O  is frequently 
found in irradiated alcohols. There does, however, seem to be some 
doubt as to whethcr this is a primary product as experiments at low 
doses2* have failed to reveal its presencc and reported yields nearly 
all refer to high dose irradiation. 

B. Branched Alcohols 

The only branched alcohols to have received attention are iso- 
propanoi and the isomeric butanols. Product yields are listed in 
Tables 5 and 6 (overleaf). 

Comparison of n- and iso-butanol values in Table 6 shows that, 
with the exception of hydrogen and C, compounds, product distri- 
bution is very similar. Furthermore, the sum G(H,) + G(C,) = 4-3 
is the same for both alcohols indicating that the increase in G(C,)  
in isobutanol is at the expense of the hydrogen yield. It seems thus 
that isomeric primary alcohols behave very similarly with the excep- 
tion that a-C-6 cleavage is more favoured when the resulting frag- 
ment is branched and that this process is in competition with a-C-H 
cleavage. 

The results for isopropanol show that a distinct difference exists 
between primary and secondary alcohols; the most prominent fea- 
tures being a greatly increased methane yield, the production of 
acetone and a diminished aldehyde yield, but this should be viewed 
with caution as more recent results at low dosesz9. 30 indicate that 
G(HJ  values in n- and iso-propanol are not significantly different. 

The differences between the methane yields from the primary 
and secondary alcohols can be ascribed to the increased ratio of alkyl 
groups to hydrogen atoms at the a-carbon atom leading to increased 
a-C-C cleavage (reaction 15). The radical produced is a-hydroxy- 
ethyl which apparently does not alistract hydrogen from the sub- 
strate to produce ethanol (reaction 16) but rather disproportionates 
to acetaldehyde (reaction 17). 

(15) 

(17) 

Despite the increased importance of (I-C-C cleavagc the scission 
of the (I-C-H bond is still a dominant process (reaction 18) leading 

(CH3)lCHOH --vL+ CH,' -I- CH3CHOH' 

CH3CHOH' -!- (CH3)ZCHOH + CH3CHeOH + (CH3)zCOH' (16) 
CH3CHOH' f R'+CH3CH0 + R H  

(R' = any radical in the system) 
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to formation o f  hydrogen and hydroxy-isopropyl radicals. The pre- 
dominant fate of thc latter is then presumably disproportionation to 
acetone (reaction 19). 

(CH 3) ZCHOH H' -I- (CH 3) ZCOH' (18) 
2 (CHJZCOH' + (CH,),C=O + (CHS)n_CHOH (19) 

Another striking feature of the isopropanol system is the consider- 
ably lower glycol yield as compared to n-propanol. This is almost 
certainly due to steric hindrances in the case of the secondary alcohol 
and it seems reasonable to expect that this phenomenon is common 
to all a-branched alcohols. 

s-Butanol resembles isopropanol in many i*espects although the 
similarity might not be immediately apparent. The methane yield, 
for example, is much smaller in the former case but this is com- 
pensated by the greatly increased G(C,) yield. Thus, cleavage of a 
C-C bond is an important process in both cases and it would seem 
that where the two alkyl groups, attached to the a-carbon, are not 
identical cleavage of the larger fragment is favoured. A similar effect 
has been noted in the fragmentation patterns of or-branched alcohols 
in the mass spectrometer31. 

The oxygenated fragment resulting from the removal of an ethyl 
radical is, of course, again the n-hydroxy-ethyl radical (reaction 20) 
which produces acetaldehyde by disproportionation (reaction 17). 
Intuitively it might then be expected that the CHJacetaldehyde 
ratio in isopropanol and the G2H4 + C,H,/acetaldehyde ratio in 
s-butanol should be the same and this in fact is demonstrated in the 
y-radiolysis data. 

CHjCH,' + CHSCHOH' 
(201 

CH,CH,CHOH 
I --.cv3 

c H3 

The total ketone yield is lower in the case of s-butanol and this 
may be partly attributed to the lower yield of hydrogen (Table 5). 
If this is ascribed to reaction (21) having a lower yield than the 
corresponding reaction in isopropanol ( 18) the lower yield of 
hydroxy-isobutyl radicals will account for the lower yield of methyl 

CHjCHzC HOH CH,CH,COH' + H' 
I - I 

CH, CH3 

2 CH,CX,COH' CH,CH,C=O + CH,CH,CHOH 
I - - - - - ,  I I (22) 
CH3 CH3 CH3 
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ethyl ketone (reaction 22) in s-butanol as compared to acetone 
(reaction 19) in isopropanol. 

The close similarity between the low glycol yields from the 
secondary alcohols supports the suggestion that dimerization of 
branched hydroxy-alkyl radicals is subject to steric hindrance. 

The only tertiary alcohol investigated, t-butanol, represents a 
further departure from the pattern obtained with n-alcohols. Here 
we find a much lower hydrogen yield, substantial C, and C ,  yields 
and acetone as the only carbonyl compound. These effects can be 
attributed to the lack of a-C-H bonds and a-C-C cleavage becomes 
the dominant process (reaction 23). 

(CH,),COH --w+ CH< + (CH,),COH' (23) 
The hydroxy isopropyl radical so formed apparently undergoes dis- 
proportionation to acetone (reaction 19) almost exclusively, as iso- 
propanol (the product of abstraction) is not found and the yield of 
glycol (the product of dimerization) is negligible. 

I t  seems possible that methyl radicals abstract both hydrogen 
atoms (reaction 24) and methyl groups (reaction 25) from t-butanol. 
If these are the only processes responsible for methane and ethane 
formation, the y-radiolysis data indicate that the two processes are 
of equal importance. 

(24 j CH,' + (CH3)sCOH CH, 4- (CH3)pCOH' 
1 
CH, 

CH,' + (CHJJCOH ___ ' C,Hcj + (CH3)ZCOH' (25) 

The further reactions of the radical formed in equation (24) may 
only be guessed at  but the production of small amounts of s-butanol 
may offer a clue, namely that rearrangement may take place. The 
following mechanism is then possible: 

(CH3)ZCOH' - CH3COH' 
I 

CH3CH2 
I 

CHZ 

2 CH3CH2COH' ~ z CH3CH2C=0 + CH&H,CHOH 
I I I (27) 
CH3 CH3 CH3 

The formation of an equivalent amount of methyl ethyl ketone, 
which has not been reported, is required to test this suggestion. It is 
clear, however, that if all the radicals formed in reaction (24) react 
via reactions (26) and (27) then a much higher yield of s-butanol 
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would be expected. An alternative fate for these radicals is therefore 
required if reaction (24) is the sole source of s-butanol. 

V. INTERMEDIATES 

The primary processes in thc radiolysis of alcohols can be dcscribed 
by the following scheme: 

Excitation: ROH --+ ROH' (28) 
Ionization: ROH ---+ ROH+ + e- (29) 

~ A" + B'  (30) 

-----+x++y (31) 

Ion dissociation: ROH+ 

Ion-molecule reaction: ROHC + ROH ~ RO- + ROH,+ 532) 

Neutralization: ROH' + e -  f?OH** (33) 
Dissociation: ROH' and ROH" ---+ A' + B' (34) 

Where A', B' are frec radicals and X, Y are stable molecules. 
Until 1960 it was generally accepted that ion-neutralization was 

extremely rapid and that reaction.(33) was the only fate of the 
primary ions (the so-called SamueI-Magee The  scheme 
thus reduced to reactions (28), (29) and (33) followed by dissociation 
of the excited molecule products. Consequently reaction mechanisms 
were drawn up in which free radicals were the only reactive inter- 
mediates. The discovery of the solvated electron as a short-lived 
intermediate in the radiolysis of a l c o l ~ o l ~ ~ ~  showed, however, that 
this was an  over-simplification and that reactions involving ions 
should also be taken into account. The existence of free ions sug- 
gestcd that the Samuel-Magee hypothesis of rapid neutralization 
was not applicable to these liquids and that, as in the case of water, 
the altcrnative L,ea-Platzmann3Lg model of slow neutralization and 
electron solvation should be used. Recently it has been pointed 

that liquids of intermediate dielectric constant do not obey 
either formulation and that a more general model should be used in 
the case of the alcohols. Before considering the ramifications of this 
model let us first consider the evidence for the various intermediates 
which have been postulated in various reaction mechanisms des- 
cribing alcohol radiolysis. 
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A. Ions 
1. Electrons 

The first specific reference to electrons, as chemically distinguish- 
able intermediates in the radiolysis of alcohols, was by Hayon and 
MTeiss3'j, who postulated positive and negative polarons (the latter 
may be considered to be solvated electrons) as the primary inter- 
mediates in thc radiolysis of methanol. 

2 CHIOH -& CH,OH* 4- CH,OH- (36) 
CH30H+- - icCHaOH -i H +  (37) 
CH,OH-+ CH,O- + H (38) 

According to this formulation the suivated electron (polaron) is a 
precursor of molecular hydrogen via reaction (38) and the subse- 
quent known reaction of hydrogen atoms (reaction 39) 17. 

+ CH,OH --+ H, + CH,OH (35) 
These workers implicitly accepted the electron escape mechanism 

of P i a t ~ m a n n ~ ~  but did not offer experimental evidence to sub- 
stantiate this. I t  had in fact been pointed out in an earlier paperz1 
that the formation of the major products in the radiolysis of methanol 
could be interpreted in terms of either theory. 

An interesting observation made by Hayon and Weiss was 
that certain solutes reduced the hydrogen yield from irradiated 
ethanol in two distinct stages separated by a well-defined plateau. 
They failed to comment on the significance of this and it was left 
to later workers's? ? 7 3  3s to introduce the concept of two reactive 
precursors of hydrogen, namely the solvated electron and the 
hydrosen atom. Kinetic studies of the effect of a number of solutes 
in irradiated methanollS substantiated the suggestion that two pre- 
cursors were involved and competitive studies involving anthracene 
and sulphuric acid were interpreted in terms of the electron being 
the more reactive species. 

This argument was applied to :he radiolysis of ethanol in two 
simultaneous but separate investigations. At Cambridge it was 
pointed out28 that the reduction of G(H,) by low concentrations of 
acetaldehyde could be interpreted in terms of electron but not 
hydrogen atom scavenging. The solvated electron yield was deduced 
to be G(e-sol\.) = 0.9 from these studies. Adams and S e d g ~ i c k ~ ~  ar- 
rived at  similar conclusions and obtained a value of G(e-s,,lv) = 1.02. 

Credence was lent to these arguments by the unequivocal demon- 
stration of the solvated electron as the principal species in neutral 
irradiated water by kinetic sa!t effect37 and pulse radiolysis3* ex- 

H 
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periments. The existence of the solvated electron as an intermediate 
in alcohol radiolysis was finally proved by the demonstration of its 
absorption spectrum in pulse-irradiated ethanol by Taub, Sauer 
and Dorfman in 196333. This was €allowed by experiments in 
rncthanol, n-propanol, i-propanol and ethylene glycol, in all of 
which the transient absorption of the electron was n0ted3~. In the 
case of ethanol the yield was determined as G(e-sol,,) = 1 in agree- 
ment with the earlier kinetic data. The determination of absolute rate 
constants likewise justified the contention that the electron is the 
more reactive of the hydrogen precursors. 

a. Sohated electron yields. The yields of solgated electrons have been 
dctcrrnined for a number of alcohols by spectroscopic and kinetic 
methods. The spectroscopic determinations are more reliable, in 
principle, providing that the extinction coefficient of e-~,,, is known. 
E(e-soi~.) has heen determined for ethanol by an indirect mcthod40 
and the values for other alcohols derived from it. The method re- 
quires a knowledge of the extinction coefficient of the dipheriylide 
ion. This is known in ethanol4I but not in other alcohols and the 
assumption has been made that it is independent of the solvect. The 
va.:ues givcn for G(e-solv) by spectroscopic methods are thus de- 
pendent on the validity of this assumption. 

The kinetic method is indirect and is based on the effect of added 
solutes which compete with the ssbstrate for the electron3j. Thus 
the effect of acetone in reducing G(H,) in the radiolysis of ethanol 
(Figure 2) can be interpreted in terms of- the following competition. 

0 w- 10-4 lo-* lo-' 1 

[ ~ c e t o n e ]  mole/ tit. 

FIGURE 2. Effect of acetone on the hydrogen yieid in thc radiolysis of ethanol. 
c I1 c-1r 
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b.  Sohated electron rate constants. Although thc technique of pulse 
radiolysis followed by fast spectroscopy has been applicd to the 
determination of a large number of rate constants involving the 
hydrated electron48, relatively little has been published on the kinc- 
tics of solvated electron reactions in alcohols. 

Table 8 lists some rate constants which have appeared in the 
literature. 

TABLE 8. Rate constants of some reactions of solvated electrons in various 
media (mole-' sec-I). 

'. 
'..... 

'-1,. Medium H,O CH,OFI C,H,OH .. 
1. 

Reaction '1. 

c- -b H+ 2.3 x 1G'" 3.9 x 1010 2-0 s 10'0 
e- + 0, 2.0 x 10'0 1.9 x 10'0 1.9 x 10'0 
e- + biphenyl - - 
c- + naphthalene 5.4, s lo9 - 5.4 x 109 
e- + j-tevhel1yl - 
e- + naphthacenc - 
e- + C,H,CH,Cl 5.5 x 109 5.0 2: 109 5.1 x 109 
e- 4- (C,H,),COH - - 2-0 x 108 

4.3 x 109 

- 7-2 x 10' 
- 1.0 >: 10'0 

An important observation from this table is that rate constants of 
solvated electrons are relatively independent of the medium. This 
finding makes it possible to derive values for k(e-so,, + alcohol)35 
and also to obtain rate constants from relative rate constant data. 
Apart from these rate constants obtained by spectroscopic methods, a 
number of relative rate constants have been determined by competi- 
tion kinetics. The method involves the use of equation (l) ,  inspection ,. 
of which shows that the slope of a plot of 1 /AG(H,) against [alcohol] / 
[solute] is equal to k(e-solv + alcohol) /k(e--solv + sol~te)Ge-~~,, .  

A list of some relative rate constants which have apTeared in the 
literature is given in Table 9. 

c. Structure and optical properties of solvated electrons. The nature and 
structure of e-so,, is still the subject of conjecture. A detailed analysis 
of models which have been proposed is beyond the scope of this 
review. The reader is referred to the excellent article by Walkers0 
on the hydrated electron, most of which is relevant to electrons 
solvated in other media. For the purpose of the present discussion 
the following remarks are sufficient to give some indication of the 
nature of this novel reaction intermediate. 
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TABLE 9. Rclative ratc constants of the solvated electron givcn as 
k(e- -+ solute)/k(e- -1- alcohol). 

95 7 

~~~ ~~ ~ ~ ~~ 

EtOH n-PrOH i-PrOH n-BuOH 
Solute 

Acetone 
CH,CICOOH 
&3+ 

( 3 3 4 -  

&-Ox- 
co2+ 
Anthracene 
CH,CHO 
C,H,CE-I0 
CC1, 
N20 
H+ 

Solvated electrons are excess electrons solvated in the alcohols. 
The process of solvation can be considered due to the polarization 
of neighbouring solvent molecules as the result of electron dipole 
interactions. The electrostatic field of the excess electron induces a 
potential well which traps and stabilizes the electron. I t  is thus 
bound in a self-induced stable quantum state of the polarized di- 
electric. A necessary condition for electron solvation therefore 
appears to be that the dielectric constant of the medium should be 
substantially greater than unity. 

Electrons solvated in the alcohols exhibit a broad absorption 
spectra extending throughout the visibleg0. The maximum is found 
in either the visible or near infrared and exhibits: a red shift with 
decrease in the static dielectric constant of the alcohol4o. A collection 
of some optical properties due to Dorfman and c o - w ~ r k e r s ~ ~  is given 
in Table 10. 

TABLE 10. Optical absorption data for the solvatcd electron in some alcohols. 

Alcohol Oscillator 
strength Abs. masimum (A) Elomas (mole-1 cm-1) 

Ethylene glycol 
Methanol 
Ethan01 
1 -Propano1 
2-Propanol 

5800 
6300 
7000 
7400 
8200 

14,000 0-7 
17,000 0-8 
15,000 0.9 
13,000 0.6 
14,000 0.7 
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2. Positive ions 
There is little or no absolutc evidence for the participation of posi- 

tive ions in the radiolysis nf liquid alcohols. Nevertheless, it must be 
abundantly clear that a necessary corollary of the existence of the 
solvated electron is the existence of positive ions with a sufficiently 
long lifetime to undergo reaction if this is possible. Vapour phase 
data51-53 has shown that these ions are very reactive and ion-mole- 
cule reactions in the liquid phase are a very real possibility. I n  addi- 
tion, ionic fragmentation anaIogous to that observed in the mass 
spectrorneter may also take p12ce5'1~ 5 5  although it must be remem- 
bered that the excess energy required for these reactions will be 
rapidly dissipated by molecular collisions in condensed phases. 

a. Ion-molecule reactions. Liquid phase ion-molecule reactions of the 
anthracenide and diphenylide anions with a number of aliphatic 
alcohols have been observed in pulse radiolysis ~ t u d i c s ~ ~ ~  57. The 
ions are formed by attachment of the solvated electron to the aro- 
matic compound in solution (reaction 40) and react by proton 
transfer from the substrate. 

e-soiv + Ar -+ Ar- 
Ar- + ROH +ArH + PO- 

Although these reactions are not relevant to the ions formed in the 
radiolysis of pure alcohols it is an unequivocal demonstration that 
ion-molecule reactions do take place in the liquid phase. 

Chemical evidence for ion-moiecule reactions in liquid alcohols 
has recently been offered by Ward and Hamill". I n  hydrocarbon- 
sllcohol mixtures they found products expected from conventional 
carbonium ion reactions in small yields. For example, they found 
anisole from benzene-methanol and cyclohexyl-ethyl ether from 
cyclohexane-ethanol. They also found evidence for proton transfer 
from cyclo-C,Hl,+ to ethanol. 

The existence of ion-molecule reactions in the radiolysis of pure 
liquids has been proposed59* G o  on theoretical grounds and it has been 
pointed out that an  evaluation of the role of ions as reactive inter- 
mediates hinges on the lifetime of a positive molecular ion before 
neutralization. WilliamsG1 states that all substantiated ion-molecule 
reactions are exothermic with negligible activation energy. Further- 
more, they often have large cross-sections and there should be a high 
probability of reaction at every collision encounter. He concludes 
that reactions of the parent molecule ion involving low activation 
energies probably precede neutralization even in the liquid state. 
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In the case of the alcohols Williams5!' poiiits out that the threshold 
ionization refers to the less of a nonbondiiig electron with the result 
that the unpaired electron is highly localized on the oxygeE atom 
(e.g., CH,+'OH). The ensuing reactions of the parent molecule ion 
are strongly directed by the tendency of the oxygen atom to complete 
its valence shell of electrons. One important pathway for achieving 
this is by hydrogen abstraction: 

CH3OH-t + CHSOH 4 CH,OH,+ + CHZOH' (42) 
He also suggests that the generality of this reaction is indicated by 
the repeated observation ofions corresponding to mass = parent + 1 
in mass spectra recorded at  elevated pressure. Proton transfer from 
the ion to the substrate could, of course, also explain this finding. 

There docs seem to be a strong case for suggesting that ion-mole- 
cule reactions observed in the vapour phase may also take place in 
the liquid phase. I t  is thus important to consider the available vapour 
phase data when setting up a liquid-phase reaction mechanism. 

Wilmenius and Lindholm62 investigated ion-molecule reactions 
in a tandem mass spectrometer in which the ions produced in the 
first one were allowed to react with an alcohol in the collision 
chamber of the second and the product ions subsequently mass 
analysed. In  the case of methanol the following proton transfer 
reactioiis were observed: 

CH,OH* Jr CH30H + CH,O' f CH35H2+ (43) 
CliZOH + + CHZOH + CHZO 4- CH,OH,+ (44) 

With CH,+ as the bombarding ion, hydride ion transfer occurred. 
CH3+ 3. CH30H -+ CHP + CH,OH + (455) 

I t  was, however, concluded that hydride ion transfer is usually of 
minor importance compared with the competitive precess, charge 
exchange, and that it is of importance only when charge exchange 
cannot take place. Charge transfer is always possible when the 
ionization potential of the molecule is lower than the iieutralizatioii 
energy of the ion. 

The very large cross-sections for proton transfer reactions in 
alcohols have prompted a number of investigations, Hamill and 
co-workers have investigated the dependence of cross-sections on 
field strengthG3 and electron encrgyG4, in the latter case showing a 
significant dependence. I n  these and otherG5* 8 G  high-pressure mass 
spectra the ion at mass P f- 1 is observed and has been attributed to 
the reactions befow as well as to reactions (43) and (44): 

CH,OH+ + CH.,OH -+ CH,OH,+ f CH,OH' (46) 
(47) CHO+ i CH:OH + CHaOHCi + CO 
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By working at low electron cnergies, Futrellj' and co-workers have 
separated the parent ion contribution to the formation of CH,OII,+ 
and have shown that a proton may be transferred from either the 
hydroxyl (reaction 43) or the carbon position (reaction 43a). 

CD,OH + -1- CD,OH -+ CD,O' -1- CD,OH,+ (43) 

(434 
The reIative transfer probabilities were found to be 1-00 for 

reaction (43) and 0.81 Lr reaction (43a). I t  is interestins to note 
that (43a) corresponds to the hydrogen atom abstraction mechanism 
proposed by Williams5g. 

Reaction (44) was also found to be an important source of 
CH,OH,+ but reaction (47) has been eliminated by other workers62. 
AR interesting finding51 was that proton transfer from the parent ion 
is not an important source of CH,CH,OH, 1- in ethanol which has 
only CH,CHOH-'- as its precursor (reaction 48). 

CHZCHOH+ + CH,CH,OH-+CH,CHO + CH,CH,OH,+ (48) 
Later work53, however, indicated that this Eliding \vas incorrect 

and that several simultaneous processes take place. I n  addition to 
rcactioii (48) the following reactions are important: 

CD,OH+ + CD,OH --+ CD,OH + CD,OHD+ 

CH3CHZOH+ + CH3CH,0H + CH3CH,0H2 + -1- CH,CiOH (49) 
CH,CH,OH + i- CH,CH20H + CH,CH,OH,+ -t CH,CH,b (50) 

(51) 
The reaction ratcs for these rcactions are extremely rapid, as 

CH zOH + i- CH SCH ?OH + CH jCH ,OH 2 * -t- CH 2 0  

shown in Table 11. 

TABLE 1 1. l ia tc  constants for some ion-moleculc reactions. 

Reaction 
Ratc constant (molc-1 scc-l) 

Ref. 51 Ref. 52 

8.8 >I 10" 

5.0 % 10" 

CH,OH+ + CH,OH--t 
CH,OH,+ + CI3,O' G-G x 10" 

8.1 x 1011 

4.1 x 10l1 

CH,OH+ -1. CH,OH-+ 
CH,OH,+ -t CHZOH' 

CH,OH+ -+ CH,OH-+ 
CH,OH,+ + CH,O 

CH,CHOH+ + CH,CH,OH -+ 
CH,CH,OE-I,* t GH,CHO 3.6 x 10'" - 

6. Ion fragmentation. There is no direct evidcncc for fragmentation 
of excited parent ions in the liquid phasc and some workers have 
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suggcsted that collisional deactivation precludes this possibility. Ion 
fragmentation is of'course the prcdomiriant process in gases a t  low 
pressures (i.e., in the mass spectrometer) and thcre are strong indi- 
cations that even at  atmospheric pressure it plays an important role. 

In recent years several workers have met with a considerable 
measure of success in calculating gas-phase radiolysis yields from 
mass spectral dataG7-i2. This success has prompted other  worker^^^'^^ 
to attempt to calculate yields in the liquid phase and, in the case of 
the aliphatic alcohols, it was concluded 55 that fragmentation might 
well play an important role. Despite the lack OF experimental 
evidence on the subject it is, nevertheless, worthwhile considering 
the argument which has been presented in favour of the extrapola- 
tion of mass spectrometric data to condensed phases: 

I t  is reasonable to assume that the primary product of ionization 
in liquid-phase radiolysis, as in the mass spectrometer, is the parent 
ion in either the ground or an excited state. I n  the MS-source at  
10-8 mm H3 pressure, the excited parent ions are isolated and under- 
go fragmentations. The fragment ions, if formed in excited states, 
can undergo further fragmentations, and so on until electronic 
equilibrium is attained. In  competition with the fragmentation pro- 
cess are collisional deactivation and ion collection, the latter being 
substantially more important and taking place within 10-6 sec. 
Thus reactions with unimolecular rate constants lower than 
106 sec-l are not observed in the MS. I n  other words, the observed 
mass spectrum corresponds to the ionic distribution 10-6 sec after 
the initial ionization act. 

A parent ion formed in the liquid phase, on the other hand, under- 
goes some 10' collisions in sec, so that many of the dilute gas- 
phase fragmentations will not take place. What is thus needed is the 
mass spectrum sec after initial ionization. An instrument cap- 
able of providing this is purely hypothetical and consequently the 
ionic distribution before the first collision must be derived theoretically. 

One method of deriving ionic distributions as a function of time 
involves the use of the quasi-equilibrium theory of mass spectro- 
met~-y'~ to calculate rate constants for individual fi-agmentations. 
Attempts at predicting gas-phase radiolysis yields by this method 
have met with varying degrees of success, hut even predicted mass 
spectra do not agree with experiment in many cases. Furthermore, 
the theory assumes a unimolecular decomposition of isolated mole- 
cules and is not strictly applicable to the liquid phase7 %. Therefore it 
would seem that this approach must remain a future objective. 
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The alternative is to use actual ionic distributions as measurcd in 
the IMS after microseconds, and to extrapolate these to picosecond 
intervals in a semi-empirical fashion. The most important assump- 
tion made in this approach is that the fragmentation pattern is only 
modified by collisional deactivation. Thus the most rapid unimolc- 
cular reactions (k > 1012 sec-I) will take place in the liquid phase 
in exactly the same manner as in a dilute vapour. This assumption 
cannot be rigidly defended but docs seem reasonable. 

The second assumption concerns a decision as to which decom- 
positions compete successfully with collisioiial deactivation, and, in 
the absence of known rate constants, this is necessarily somewhat 
arbitrary. For want of anything better it is assumed that dissociations 
involving coraplex rearrangements of the parent ion are excluded 
in the liquid phase, as are secondary dissociations of first-generation 
fragment ions. 

Anumber of additional assumptions have also to be made and these 
will be discussed as they occur in the following outline of the method: 

(a) The mass spectmm obtained is simplified by including only the 
most abundant mass numbers in a reduccd mass spectrum. This 
is justifiable as ions occurring in very low yield correspond to 
dissociations with low-frequency factors which may be excluded 
in the liquid phase. Furthermore, if included in the calculations, 
they lead to radiation chemical yields too small to be meaning- 
fully compared with experiment. 

(b) Ionic structures corresponding to the various mass numbers are 
assiwned, making use of high-resolution data in cases of 
ambiguity. 

(c) Plausible fragmentaticn patterns are formulated, and unlikely 
steps eliminated, by comparing the measured appearance poten- 
tial of the ion under study with thermochemically calculated 
values for the reaction proposed for its formation. Only in cases 
of close agreement are possible fi-agmentation steps included in 
the final fragmentation pattern. 

(d) On  the assumption that secondary fragmentation is excluded in 
the liquid phase (vide supra) this pattern is modified by intensi- 
fying primary fragment yields at the expense of secondary frag- 
ments derived from them. 

(e) The ionic yields in the modified fragmentation pattern, ex- 
pressed as a percentage of the total ionization, are converted to 
G-values using an appropriate value of G(tota1 ionization). 

a. 
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(f) The likely ion-molecule reactions oT the fragments are written 
down making the following assumptions, which have been justi- 
fied by various authors5'~~ 72: 

(i) Fragment ions which are protonated forms of stable mole- 

(ii) The ions of stable molecules with suitable ionization poten- 

(iii) All other ions give rise to hydride ion transfer from the 

(g) The yields of fiec radical and stable products formed in these 
ion-molecule reactions are established, 

(h) The further reactions of the free radicals are written down where 
known, or postulated, and the stable product yields established. 

(i) Mass balance is set up and final end-product yields are calcu- 
lated. 

(j) The calculated yields are compared with those experimentally 
determined, bearing in mind that the theoretical values do not 
include any contributions from the decomposition of excited 
neutral molecules. Thus, where known, such contributions are 
first deducted from the experimental values. 

The method has been applied to the calculation of radiolysis 
yields in methanol, ethanol and propanol with considerable SUC- 

cessS5. In  the case of methanol the agreement between calculatcd 
and experimental values is almost perfect, which is probably for- 
tuitous (Table 12), and in the other alcohols the agrecment is very 

cules transfer a proton to the alcohol substrate. 

tials transfer their cliaige to the substrate. 

substrate. 

TABLE 12. Calculatcd and espcrimcntal yields in methanol radiolysis55. 

(HA31 H H,O CH, CI3,O (CH,OH), 
- _._-___ . - - -. . . _- . - .- 

Calculated 1 *92 3.20 0.42 0.42 2-34 3.20 
Experirncntal 1.90 3.20 - 0.40 2.20 3.20 

satisfactory. There does, therefore, scern to be a strong case For con- 
sidering ion fragmcntation when setting up liquid-phase radiolysis 
mechanisms. 

B. Radicals 
Direct evidence for the participation of free radicals in the reaction 

mechanism, when alcohols are irradiated, is available. The greater 
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portion of this evidence is lmxd on electroil spin resonance spectro- 
scopy of samples irradiated in thc soiid state and the direct applica- 
tion of these data to the liquid phase should be treated with some 
caution75. Ncvertheless, much valualdc information has been ob- 
tained from these experiments. 

The radicals frori; methanol and ethanol were originally identi- 
iied76 as CH,+ and C,H,+ respectively but subsequent workers"-'9 
have established the intermediates, CH,OH' and CH,CHOH'. As 
mentioned in section IVY the formation of hydrogen and vicinal 
glycols as final products also strongly indicated the presence of 
a-hydroxy-alkyl radicals. Confirmation that these radicals are im- 
portant in liquid-phase radiolysis has recently been obtained l : j  in 
pulse radiolysis experiments in which the absorption spectrum of 
a-hydroxy-ethyl in ethanol was obtained. The CH,OH radical has 
also been observed in the pulse radiolysis of methanol95. The major 
sources for these radicals are the following reactions: 

RCHzOH+ f- RCH2OH + RCHZOHZ' + RCHOH' (52) 
(53) 

H + RCH,OH+ RCHOH' + H, (54) 
Of these three reactions, (54) is the best substantiated as it has 

been shown that the hydrogen atoms formed in the radiolysis of 
water react with ethanol almost exclusively by hydrogen abstraction 
from the a-carbon ato11-1~~. Reaction (53) is rather unlikely to take 
place in the liquid phase due to collisioiial deactivation and, even 
if it does occur, the radicals, formed in the same liquid cage, will 
tend to r e ~ o r n b i n e ~ ~ .  Reaction (52) occurs in the gas phase62 and 
it is reasonable to expect that it is also important in the liquid phase 
as suggested by Williams". 

Gas phase Ycsults5l indicate, however, that reaction (52) is in 
competition with reaction (55) which leads to the production of 
alkoxyl radicals. 

RCHZOH+ 4- RCHtOH + RCHZO' + RCH,OHZ+ (55) 
Other data including photolysis resultsa0-83 and the effect of carbon 
monoxicle on ethanol r a d i ~ l y s i s ~ ~  also indicate that ethoxyl pro- 
duction is an important process. Recently it was cstablishcds3 that 
in  the radiolysis of solid methanol-benzene mixtures the cyclo- 
hexadienyl radical is formed by addition of a hydrogen atom to 
benzene and that the hydrogen atom originates from the hydroxyl 
group. This result is compatible with the following- mechanism: 

CH,OD+ + CH,@D + CH,O' -1- CH,OD,+ (56) 
(57) 

D + C,HG--+CcHcD' (58) 

RCH,CH* 3- RCHOH' + H' 

CH,OD,+ + e--+ CH,OD + D' 
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By deuterating both the benzeiic and the methanol in various posi- 
tions Leone and Koskia3 were able to verify this explanation. Never- 
theless they also observed the hydroxy-methyl radical which indi- 
cated that both radicals are produced in the radiolysis. I n  a recent 
kinetic approach it was c~ncluded '~,  in agreement with this finding, 
that reactions (52) and (55) are of equal importance in the radiolysis 
of liquid ethanol. This is also in agreement with the equality of the 
rate constants for reactions (52) and (55) which has been demon- 
strated in the vapour phases1. 

AIthough the primary production of alkoxyl radicals is not yet 
universally accepted, the evidence in favour of this event is mount- 
ing. The failure to detect these radicals by kinetic inethgds in earlier 
work is directly related to their reactivity towards thc substratc 
leading to the production of hydroxy-alkyl radicalsa4 .(reaction 59). 

RCH20' 4- RCHZOH + RCHzOH + RCHOH' (59) 
Thus ir. is that in most systems the results are compatible with the 
production of hydroxy-alkyl radicals only. I n  one case however, the 
presence of alkoxyl radicals seems certain. When carbon monoxide 
saturated solutions of ethanol are irradiated a major product is 
ethyl formatelsP 73, which may be explained by reactions (60) and 

(60) 

Other radicals formed during radiolysis have not been observed 
directly although there can be little doubt that hydrogen atoms are 
produced. Ethyl radicals have been observed in u.v.-irradiated solid 
ethanol78 and are almost certainly also formed during radiolysis. 
Thus it is found that most free radical scavengers reduce the ethane 
yield in irradiated alcohols which may be explained by the com- 
petition between reactions (62) and (63). Other alkyl radicals are 
also likely intermediates. 

C2HS' + RCH20H + CZHo + RCHOH' (62) 
(63) 

Another product which has been identified78 in u.v.-irradiated 
solid ethanol is CHO but it is thought that this is due to secondary 
processes involving the decomposition of hydroxy-alkyl radicals 
(64)85* 86 which would not occur in the liquid phase. 

RCHOH'+ RH + CHO' (64) 
It thus appears that the most important radicals formed in the 

radiolysis of alcohols are hydrogen atoms, alkoxyl, hydroxy-alkyl 

(61). 
CHZCH -0' $. CO + CH 3CH 2OCO' 

CHZCHZOCO' + CHSCHZOH + CHZCHZOCHO + CHZCHOH' (61) 

CnHs i- S 3 Other products 
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and alkyl radicals. With the exception. of the hydroxy-alkyl radical 
the predominant fate of these radicals is hydrogen abstraction from 
the substrate at the a-carbon position (reactions 54, 59 and 62). The 
result of each reaction is the production of additional hydroxy-alkyl 
radicals. These do not react with the subsirate but disappear in 
inter-radical reactions, the most important of which are reactions 
between e2ch other, Two possibilities exist, namely disproportion- 
ation (reaction 65) and dimerization (reaction 66); the two pro- 
cesses being in competition. 

2 RCHOH' + RCHO -t RCHZOH (65) 
2 RCHOH' 4 (RCHOH) 2 (66) 

The overall rate constant for the disappearance of hydroxy-ethyl 
radicals has been establishedls for the case of ethanol as 

2[k(65) + k(66)J  = 1.4 x lo9 mole-' sec-l. 
Furthermore, the ratio of the rate constants for the two processes 
has been determined for the lower alcohols. These are shown ia 

TABLE 13. Ratio of rare constants for dimerization and 
disproportionation of hydroxy-alkyl radicals. 

Radical k(dimer) /k(disp) 
- - -  - - . - . - . - 

Hydroxy-methyl 
Hydroxy-e thy1 
Hydroxy-propyl 1.6 91 (in propanol) 

10 a', 15 88 (in methanol); 5 8o (in water) 
1 O2 (in ethanol); 2 So, 4 13 (in water) 

Table 13. There appears to be a decrease in the ratio with increas- 
ing chain length; a finding which is more clearly brought out by 
the ratio of the glycol yield (product of dimerization) to the 
aldehyde yield (product of disproportionation) (Table 14). 

TABLE 14. Ratio of G (glycol) to G (aldchyde) for several nlcoliols21. 
~ ~ 

Ncohol Methanol Ethanol 72-Propanol 71-Butanol 
. _ _ _  - - _- - ~ ~. 

G (glycol) / C  (aldehyde) 2.1 2.3 1.3 0-2 

The decreasing importance of dimerization with increasing chain 
length may be ascribed to steric hindrances in the case of the larger 
molecules. In support of this suggestion it can be shown that a large 
difference exists between G(glyco1) = 1.6 ? O  in n-propano1 in which 
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the unpaired electron on the a-carbon atom is relatively accessible, 
and G(glyco1) = 0.4 in isopropanol in which the unpaired electron 
is more effectively shielded. 

I n  addition to dimerization and disproportionation the dissocia- 
tion of a-hydroxy-alkyl radicals has also been considered. McDonell 
and Newton8 suggested that the formation of formaldehyde in high 
LET (Linear Energy Transfer) irradiation (see section X) may be 
due to reaction (67) takicg place In the small, highly energized 
regions of the initial energy absorption. 

CH:OH' + CHoO + H' (67) 
In support of this suggestion they point out that formaldehyde 
formation in the photolysis of methanol vapour is a high activation 
energy process competing substantially with glycol formation only 
above 400°C 

The dissociation of hydroxy-alkyl radicals under thc influence of 
U.V. light has been demonstrated by Johnsen in a number of frozen 
alcohols219 The e.p.r. spectrum due to hydroxy-alkyl radicals 
was found to disappear after exposure to U.V. light, and, on warming 
the frozen sample, product analysis showed large yields of hydrogen 
and carbon monoxide which may be explained by reactions (64) 
followed by (68). 

RCHOH' + R H  + CHO' (64) 
CHO' _._f CO + H' (68) 

C. Molecular Products 

The concept of molecular products was introduced in the radiolysis 
of water to differentiate between radicals which diffuse out of the 
spurs (localized regions in which the primary intermediates are 
initially distributed in high coczentration) a d  those which undergo 
reaction within the spur". Tiius hydrogen and hydrogen peroxide 
are molecular products formed in spurs: 

hv 

h LO 

H i H + H 2  
OH + O H +  HzOz 

As in the case of water the primary intermediates formed in the 
radiolysis of alcohols will be initially distributed nonhomogeneously 
in small volume elements of high local concentration. These are 
not quite the isolated spurs of irradiated water as, in contrast to that 
case, the intermediates are capable of reaction with the substrate. 
Some of these reactions have already been treated under ion- 
molecule reactions and these are substantially completed before 
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diffusion controlled ‘spur’ expansion takes place. I t  can also be 
assumed that electron solvation and ion neutralization precede 
‘spur’ expansion. The ionic and radical species so produced react 
rather more slowly so that the concept of a ‘spur’ containing the 
following species at about sec after the initial ionization may 
be accepted: 

RCH nOH 2+, e-soil,, H, RCH *O’, RCHOH’, Ion-molecule products 

In the case of water spur expansion involves a competition be- 
tween diffusion of the intermediates into the bulk medium, on the 
one hand, and reaction between the intermediates on the 
I n  the alcohols a third possibility, reactions with the substrate, must 
be added. If the rate constants of the latter reactions are large com- 
pared to reactions between intermediates then the concept of mole- 
cular products formed in intra-spur reactions cannot be applied*. 
If, on the other hand, they are relatively small the situation approx- 
imates that of water. 

RCH,OH,+, e-,,,, and RCHOH either react very slowly or not 
at all with the substrate and may be considered ‘spur’ intermediates 
in the sense applied to water. RCH,O’, however, is thoughts4 to 
react rapidly with the substrate (reaction 59) but as the product is 
RCHOH this mereiy leads to a simplification of the ‘spur’ population. 
The absolute rate constants of H-atoms with alcohols are not par- 
ticularly high in aqueous medium (107-108 mole-1 sec-1)97 and 
there is a strong indication that they are even lower in alcohol 
me~liurn3~. Reactions of H-atoms with other ‘spur’ species are, how- 
ever, probably very rapid. I t  thus seems reasonable to propose the 
following reactions leading to molecular products in alcohol spurs: 

Rate constants 
scc-I) 

e-solv +- e-solv + H 2  +- 2 RCH,O- 1 x 10’0 (71) 
e-sol,. + H*+ H 2  1- R C H 2 0 -  2.5 x 1 0 1 0 9 9  (72) 

(73) 
(74) 

(75) 

H’ 3- RCHOH’+ RCHZOH 2 x 10’0’0’  (76) 

e-,,lV + RCHOH’+ RCH,OH 3- RCH,O- 3.0 x 10” 9 9  

2 j< 10’0 9s 

H’ + H*+ Hz - 3 x 10’0 100 
e-solv +- RCH,OH,f+ RCH,OH -i H’ 

* This statement is not strictly true, as products of ion-molecule reactions can 
be classified as intra-spur molecular products. It is however correct if we con- 
sider the ‘spur’ behaviour of only those intermediates which have survived 
10-lo sec after the initial ionization. The situation then parallels the dcfinition 
of a spur in  water. 
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[Rate constants are those obtained for the anaiogous reactions in 
water. Thus k,, = k(~-~",,, 4- OH) and it is tacitly assumed that 
this is not much different from k(e-hO,,, -1- RCHOH).] 

Disproportionation and dimerization of hydroxy-alkyl radicals 
might also bc included as spur reactions but as their rate constants 
are by more than an order of magnitude than reactions 
(71-76) they are probably of less importance. In support of this it 
may be pointed out that the product of dimerization, glycol, does 
not show a molecular yield in the presence of scavengers. 

Recent proof of the existence of regions of high ion and radical 
concentrations in irradiated alcohols has come from Thomas and 
Bensassonl"*, who have shown that after electron-beam irradiation 
with nano-second pulses, solvated electrons disappear rapidly im- 
mediately after the pulse followed by a slower decay. They suggest 
that the rapid decay is due to reactions (73)  and (74) ir, the spurs. 
In  support of this, rough calculationszG of the competition between 
the various reactions indicate that (73) and (74) account for 80% 
of the decay of solvated electrons. 

It therefore seems reasonable to expect a molecular yield of 
hydrogen due to reactions (71), (72) and (75) in the spurs. Accord- 
ing to reactions (71-76) hydrogen appears to be the only product 
which is formed by molecular proccsses in the sense applied in water 
radiolysis. In  the broader sense of scavengeable products we may 
include other moIecuIar processes such as ion-molecule reactions 
(77) and molecular elimination from excited molecules. The latter 
type of reactions have not been unequivocally demonstrated but 
there is no reason to doubt the possibility of reactions such as (78). 

RCHOH+ + RCHZOH 3 RCHO -t- RCHCOHt+ (77) 

RCH,OH*+RCHO + Ht (78) 

The occcrrence uf rcactions such as (77) and (78) explains the 
observation of molecular yields of aldehydes, for example. 

A final mechanism which leads to molecular yields involves 
hydrogen abstraction by radicals possessing excess kinetic energy 
(so-called hot atom reactions). For example, the hydrogen atom 
formed in reaction (78a) will receive a large fraction of the excess 
energy of the parent ion in the form of kinetic energy. Corzsequently, 
it will react readily with the substrate by abstraction and will not 
be as readily scavenged as thermal energy hydrogen atoms. 

RCH ,OH + -+ RCHOH +. + H (78a) 
Experiments on deuterated alcohols led Myron and Freernan'OS to 
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the conclusion that the uiiscavengeablc hydrogen found in the 
radiolysis of ctlianol was formed from a very reactive species such 
as a hot hydrogen atom. Other evidence for hot hydrogen atoms is 
rather speculative but there does seem to be good reason to believe 
that they do form in irradiated alcohols, particularly in the lower 
homol0gues5~. 

VI. GENERAL REACTION MECHANISSVI 

As previously discussed, the discovery of the solvated electron in 
water and other polar liquids strongly supports the Lea-Platzman34 
model of slow thermalization of subexcitation electrons followed by 
solvation. Nevertheless, it is clear that electron solvation is pre- 
cluded in nonpolar liquids and furthermore that electron escape 
from the parent ion is not favoured in liquids with small diclectric 
constants ( E ) .  The E for the aliphatic alcohols decreases with in- 
creasing chain length and a corresponding decrease in the yields of 
solvated electrons might be expected. 

The above arguments have been used as the basis of a general 
theory35* 1 O 4  to describe the fate of subexcitation electrons in irradi- 
ated liquids. I n  broad outline the theory states that the Lea-Platz- 
man34 and S a m ~ e l - M a g e e ~ ~  models are special cases of the general 
theory; the former being applicable when E is large (>80) and the 
latter applicable in nonpolar systems ( E  < 10). The intermediate 
region is then characterized by competition between subexcitation 
electron escape on the one hand and geminate recombination on the 
other. 

Quantitatively the theory may be expressed as follows: 
(i) When an electron-ion pair is formed in a spur the electron will 

possess excess kinetic energy and will move a certain distance from 
the parent ion before this energy is degraded and the electron is 
thermalized. The actual distance y depends on the initial energy of 
the electron for which there is a whole spectrum of values, and, hence, 
there will be a spectrum of y-values. 

(ii) The probability that an ion-pair of initial separation y will 
escape geminate recombination is given by the Snsagerlo5 relation- 
ship: 

where r = the effective recombination radius of a pair of thermal 
energy ions in a medium with dielectric constant E ;  e is the charge 

@ ( Y )  = exp (-r/d (A) 
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on an ion (4.80 x 10-10 c.s.u.) and 
eg 

EkT 
1- = - 

(iii) If N(Y) is the relativc number of electrons that attain a dis- 
tance Y from thcir parcnt ion, then the fraction of electrons which 
escape is given by the expression 

r 
T: = N(Y) +(Y)  dy 1 

The yield of free ions (or in thc alcohols, soIvatcd electrons) per 

(D) 

100 eV is then given by 
G(free ions) = F. G(ionization) 

where G(ionization) = number of ion-pairs initially produced per 
100 eV. 

Equation (C) may be solved by constructing a histogram of the 
relative number of electrons in cach of a series of energy intervals 
followed by numerical integration. 

The theory has been applied to the aliphatic alcohols using the 
following mechanism: 

(79) 
RCHnOH+ + RCH,OH --+ RCH,O' + RCHnOH1+ (80) 

Escape e- 4- o RCH,OH ___j. e-solv (81) 
Recapture e- 4- RCH?OH,+->RCH,OH + H (82) 

It is assumed that reaction (80) precedes neutralization and recent 
data on reaction rirtes of ion-molecule reactions substantiate this. 
Thus free electrons become solvated electrons and recaptured elec- 
trons become hydrogen at0rr.s. If reactions (81) and (82) are the 
only sources of these intermediates, the theory may be tested by 
experimentally determining G(e and G(H) . The significance of 
these values is that G(e-solv) = G(free ions), the quantity to be com- 
pared, and G(e-solv) + G(H) = G(e-,,,,,) = G(ionization) which 
is required for the calculations. 

f t  has been shown that it is possible to determine G(e-501\,) and 
G(H) experimentally and we may now compare these values with 
the theoretical ones derived from the electron escape theory. The  
values are given in Table 15 for a number of alcohols and plotted 
as a function of the dielectric constant in Figure 4. 

The agreement is quite satisfactory and points to the general 
validity of the theory which may be reiterated as follows: 

When a liquid is irradiated ion-elcctron pairs arc produced in 

RCH20H -w+ RCH,OH + 4- e- 
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isolated volume elements called spurs. Depending on its kinetic 
energy, such an electron will travel a certain distance from its parent 
ion before becoming thermalized. The subsequent fate of the electron 
is determined by the polarity of the medium. ..’ 

If the dielectric constant of the medium Is large the coulombic 
attraction between the electron and the counter ion is weak and 
the electron tends to escape the electrostatic sphere of interaction. 
Furthermore, if the dielectric relaxation time is short the substrate 
molecules tend to orientate their dipoles about the electron forming 

0 10 20 30 40 

Stotic dielectric constont 

FIGURE 4. Effcct of dielectric constant on solvatcd electron yields. 

a solvation sheath which further lessens the probability of geminate 
recombination. Under thesc conditims the counter ion and solvated 
electron react independently, giving rise to an ionic mechanism. 
This corresponds to the Lea-Platzman formulation of the primary 
process. 

If the dielectric constant of the medium is small the coulombic 
attraction is strong and the probability of recapture is high. Further- 
more, if the time required for recapture is short, the positive ion will 
not have reacted with the substrate and the product of the neutral- 
ization reaction is an excited molecule. Under thesc conditions the 
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electron and tlic counter ion do not react independently and dis- 
sociation of the excited molecule gives rise to a free radical mech- 
anism. This corresponds to the Samuel-Magee formulation of the 
primary process. 

Intermediate dielectric constants give rise to competition between 
escape and recapture and the mechanism is both ionic and free 
radical. Neither of the earlier formulations cover this situation, 

Freeman has calculated100 that the time required for thermal- 
ization of the major portion of subexcitation electrons is between 

sec. Thus in terms of the arguments proposed in 
section V.A.2.b there is sufficient time for ion fragmentation and 
ion-molecule reaction to take place before electron solvation. 
Accordingly wc may now writc down the following general reaction 
scheme for the primary ionic reactions: 

and 

Ionization 
Fragmentation 

RCH,OH ---+-A+ RCH20H+*  + e- 
RCHzOH +*  + RCHzOH + 

+ RCHOH+ -I- H 
--+- R' + C H 2 0 H +  
--+- R +  4- CH,OH' 

H-atom 
abstraction RCH20H+ 4- RCH20H + RCH,OH,+ 4- RCHOH' 

Proton transfer RCHzOH+ +- RCH,OH -+ RCH,O' + RCHZOHZ+ 
Proton transfer RCHOH+ -t RCHzOH -> RCHO 4- RCHIOH,+ 
Proton transfer C H 2 0 H +  -1- RCH,OH + CH,O + RCH20i-12+ 

Hydride ion transfer R +  + RCH,OH + RH -I- RCHOH+ 
Charge transfer R +  -t- RCHZOH + R' 4- RCHrOH+ 

The product ions formed in (J) and (K) will, of course, react 
further via (F), (G) and (H) so that all primary ions will be con- 
vcrted to alkyl-hydroxonium ions and the only neutralization re- 
action will be (L). 

Electron recapture RCH20H2+ + e-  + RCH,OH 4- H (L) 
Electron escape e -  + n RCH,OH -> e-solv (MI 

The period required for reactions (A-M) covers the time scale 
10-17-10-10 sec. During t.his time neutral excited molecules may 
also decompose and although the following reactions are, at the 
present time, rather speculative they can conveniently be included 
for the sake of completeness. 

Excitation RCHZOH -> RCH,OH* (N) 

Collisional deactivation RCH20H*  --+ RCH ?OH (0) 
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Dissociation RCHZOH* -+ RCHOH' -t H' 

+ R' -1- CHCOH' 
Molecular elimination RCH 20H*  + RCHO + H 

W R H  + C H 2 0  

The intermediates formed in the above reactions will still be con- 
tained in the original spur at this point in time [ 10-10 sec after the 
primary steps (A) and (N)]. Spur reactions and spur expansion 
now take place. We shall only consider the most important spur 
reactions although it must be remembered that other possibilities 
also exist. 

Spur rexl fnn e-so~v 4- H ' 4  H 2  + RCHZO- (TI 
Spur reaction (U) 
Spur reaction e-solv + RCH,OH,+ --+ RCHnOH + H' (V> 
Spur reaction H' + H' + H 2  (W) 

The following two reactions also take place in the spurs but as 
they lead to no net reaction are considered separately: 

Back reaction e-solv -I- RCHOH' + RCH,OH + RCHZO- (XI 
Back reaction H' + RCHOH' + RCH201i (Y) 

It should be pointed out that the production of RCH,O- ions 
does not represent decomposition of the alcohol as they are stable 
and do  not react further except in the neutralization step. 

Neutralization RCHZOH2f + RCH,O-+ 2 RCHZOH (a 
The spur reactions are in competition with diffusion out of the 

spurs which results in a uniform distribution of the intermediates, 
e-so,,, H', H*, R', CH,OH', RCH,O' and RCHOH' in the bulk 
medium. With the exception of H* (hot hydrogen atom) which will 
react within the first few collisions, the products of the fk-ther 
reactions of these species will all be scavengeable. 

e-solv + e-solv -> H 3  + 2 RCH,O- 

Bulk reactions e-solv + RCH,OH __f H 2  -1- RCHOH' 3- RCH20 
(H-abstraction) 
(H -abstraction) 

H' + RCHZOH __f HZ -i- RCHOH' 
H*  i- RCHZOH -> H 3  + RCHOH' 

(H-abstraction) 
(H-abstraction) 
(H-abstraction) 
[ Disproportionation) 

R' + RCH20H ___f RH + RCHOH' 
CH20H* -i- RCH20H __f CH30H + RCHOH' 
RCH :O' 4- RCH :OH + RCH ,OH -1- RCHOH' 

2 RCHOH'+ RCHO 4- RCH,OH 
(Dimerization) 2 RCHOH' + (RCHOH):! 
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VI1. EFFECT O F  PHASE 

Throughout this rcview wc have dealt specifically with irradiation 
effects in liquid alcohols. Work has also been done on radiolyses in 
the solid and vapour phases and we shall consider these in some 
detail in the present section. 

A. Vapour Phase 
The vapour-phase radiolysis of methanol was studied by Baxen- 

dale and Sedgwick'O', who found a twofold increase in G(H,) and 
G(CH,O) as comparcd to the liquid phase (Table 16). More meth- 

TABLE 16. Product yields in the vapour- and liquid-phase radiolysis of methanol. 

Product H, CHZO (CHZOH), CO CH, (-CH,OH) 
. - - - - ____ 

G-gas 10.4 5.6 3.1 0.84 0.26 12.9 
G-liquidls 5.4 2 -2 3.7 0.15 0.80 10.6 

anol is decomposed (cf column -CH,OH) in the vapour phase 
which may be due to the following factors: dissociation of excited 
species competes with collisional deactivation and the decreased 
collision frequency in the gas phase will Favour increased decom- 
position; the Franck-RabinowitchIo8 'cage effect' which tends to 
promote the recombination of ion and radical pairs in the liquid 
phase does not apply in the vapour phase. The effect may be even 
more pronounced as the vapour-phase results were obtained at  much 
higher total doses than those used in the liquid-phase experiments. 

Myron and Freemanlo3 have compared gas- and vapour-phase 
results in the radiolysis of ethanol at  comparable doses and, as seen 
in Table 17, there is a much more pronounced difference in 
G(-C,H,OH) between the phases than observed in the case of 
methanol. 

TABLE 17. Product yields in the vapour-phase radiolysis of ethanol. 

Product H, CH,CHO Glycol CH, CO (-CC,H,OH) 
. -- ... ._ . - 

o-gasa 7.6 4.5 1-35 1.70 1.1 9.4 

G-liquidb 4.2 1.8 2-5 0.5 0-04 7.5 
G-gas? 7.5 3.5 4.0 2.3 0.6 13.9 
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As pointed out by Myron arid l?rceman103, even these results 
obtained at the same dose cannot be rigidly compared as the gas- 
phase experiments were conducted at 100°C and the liquid-phase 
data apply to 28°C. Nevertheless, as we shall see later, the gas-phase 
yields do not seem to be significantly dependent on temperature 
below 100°C and the values in Table 17 are probably representative. 

The mechanism is probably very similar to that operative in the 
liquid phase except where solvation effects play a role. One such 
exccption, suggested by Myron and Freeman] 03, is the proton trans- 
fer reaction (83) which is probably favoured over other possibilities 
in the liquid phase because of hydrogen bonding. 

Electron solvation, as such, is precluded in the vapour phase 
although it is possible that clusters of neutral molecules associated 
with positive ions may occuraG* l o 9 - l 1 1 .  Thus it is possible that the 
neutralization reaction will be rather diEixcrit in the vapour 
phase107. 

RCH30Hn,+ i- e- - - t  RCHn,OH* i- H (84) 
RCH,OH*+ RCHO + Hn, (85) 

The latter dissociation has been substantiated in the vapour-phase 
photolysis of methanolS0. The decomposition of excited molecules in 
the primary act is also thoughtlo3 to proceed via reaction (85). 
These reactions account for the increased hydrogen and aldehyde 
yields in the vapour phase. 

Myron and FreemanlO3 point out that in addition to overall in- 
creases, the ratio G(CH,)/G(H,) is much higher in the vapour than 
in the liquid phase. They explain this in terms of 'caging' in the 
liquid phase being more important for radical pairs such as 
(CH,', CH,OH') than for pairs containing a hydrogen atom which 
diffuses much more freely (CH,CHOH', H') . 

Meaburn and Mellows112 have studied the eff'ect of solutes on 
the hydrogen yield and derived values for the precursors as follows: 
G(e-) = 4-1, G(H) = 4.9, G(H,), = 2-1. Assuming that dl the 
electrons formed in the primary ionization act are scavenged we 
may write 

G = 4.1 RCHZOH -+v+ RCHn_OH+ i- f?- (86) 
G = 4.9 RCHZOH -a+ RCHOH' -i- H' (87) 

. 
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As in the liquid phase, values for G(H,) vary considerably from 
investigation to investigation. Values of 6.4 113, 7-5 lo3,  8.9 114, 

10.4 lo', 11.0 l 1 5  and 11.1 'l2 have been reported. The variation is 
partially due to a dose-effect'lj similar to that observed in the liquid 
phase and there may be a post-irradiation effect107 with borate in 
pyrex glass. Meaburn and Mellows' 12, however, found no difference 
in G(H,) from soft glass and from pyrex vessels. 

The effect of temperature and pressure on the vapour-phase 
radiolysis of several alcohols has been studied by Anderson and 
Winter113. They found that, at  sufficiently high pressures, the 
hydrogen yields fall in two plateau regions separated by a small 
temperature range in which yields chnnge markedly for small differ- 
ences in temperature. The onset of the increase in G(H,) is between 
120°C and 150°C for methanol, ethanol and n-propanol. Above 
200°C a further rapid increase in G(H,) and G(CH,) is observed in 
all three alcohols and the effect appears to be more marked in 
ascending the homologous series. At cGnstant temperature the yields 
of H, and CH, appear to decrease with increasing pressure, reaching 
limiting yields at pressures greater than 2 atmospheres. 

They suggest that the initial increase in G(H,) is due t~ the break- 
ing down of ion clusters of the type ROH,+(ROH), which stabilize 
the ion with respect to dissociative charge neutralization. 

The concept of ion clusters has also been invoked by Freeman116 
to explain high yieIds of diethyl ether and metha.-tol in the radiolysis 
of ethanol at 350°C. At these temperatures radiation-sensitized 
pyrolysis of ethanol takes place. 

8. Solid State 

The primary effects of radiation on frozen alcohols are probably 
similar to those produced in the liquid state, though the rigid 
structure of the solid will affect subsequent chemical reactions. Thus 
subexcitation clectrons might be expected to be trapped in the 
matrix in a similar fashion to their solvation in liquid alcohols. A 
distinction should, however, be drawn between trapped and solvated 
electrons depending on whether or not the trap existed before the 
electron arrived at  the site and whether or not orientational polariza- 
tion can occur. 

As opposed to the liquid state the mobility of free radicals is low 
and the probability of recombination close to the track is high. Thus 
it is generally found that hydrogen yields are lower in the solid than 
in the liquid state as shown in Table 18. 
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TABLE 18. G(H2) in thc radiolysis of alcohols in the liquid and soiid states2*. 8G. 

Alcohol Methanol Ethanol tr-Propanol i-Propanol n-Butanol 

Liquid 5-66 5.53 4.09 3-74 4.18 
Solid 3-60 4.60 4.42 3.63 3.54 

The  effect of phase on other radiolysis products is more compli- 
cated and conflicting reports are to be found in the literature. I n  
the case of methanol, for example, Hayon and Weissl17 found no 
aldehyde a t  - 196°C whilst the glycol yield increased by 0.9G units. 
Johnsenas, however, feund only a slight reduction in aldehyde and 
a decrease in glycol yield. This finding was corroborated by Teply 
and co-workers1la but even in cases of qualitative agreerncnt, there 
are large discrepancies in quoted values at -196°C. Some of the 
variation might be due to a dose-effect although this parameter 
has not been thoroughly studied. 

At the present time, the most reasonable description of solid-state 
methanol radiolyses points to a considerable reduction in G(HCH0) 
and a much less pronounced decrease in G(glyco1) as compared to 
the liquid state. If we assume that glycol formation is a free radical 
process and aldehyde a molecular process, as in the liquid state, the 
following explanations seem reasonable: 

Enhanced recombination of unlike radicals in the spurs reduces 
G(glyco1). 

The  lower temperature ( - 196OC) decreases the importance of 
radical dissociation, which is a process of high activation energy 
(88), leading to formaldehyde productionll'. 

CH,OH'+ CHZO + H' (88) 

I n  the case of liquid ethanol there is qualitative agreement be- 
tween reported values369 8 6 ,  119 and taking average values it seems 
that G(CH,CHO) is 30% higher and G(glyco1) is 50% lower than 
in the liquid phase. The reduction in the glycol yield is as expected 
but the increase in G(a1dehyde) is completely incompatible with the 
explanation offered for formaldehyde formation in methanol. Any 
explanation is, a t  present, speculative but a tentative suggestion is 
that reaction (89), which redgced acetaldehyde yields at doses above 
lo1* eV/ml in the liquid phase, is not important in the solid state. 

e-solv i CH,CHO + CH,CHO- (89) 
The radiolysis of higher alcohols in the solid state leads to even 
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more complicated results with hydrogcn yields iiicrcasing in some 
cases and decreasing in others?'. Ir- general, the cffcc~of going to the 
liquid state on the production of carbonyl ccmpounds and glycols 
is similar to that observed for etl-ganol. Yields of carbonyls are 
slightly increased but the already low glycol yields essentially vanish. 

VIII. EFFECT O F  TEMPERATURE 

The effect c;f temperature on the hydrogen yield from -72°C to 
20°C in irradiated ethanol was studied by BassonlZ0, who found 
G(H,), to be independent of temperature over this range. Studies of 
scavenger effects, however, showed that the yields of the precursors, 
G(e-soi,.) and G(H), were strongly temperature dependent as shown 
in Table 19. 

TABLE 19. 'Temperature dependence of hydrogen precursor yields in the radiolysis 
of liquid ethanol. 

25 5.0 0.95 2.33 1.72 
0 4.9 1.05 2.22 1 a73 

-PO 5.0 1.15 2.15 1.70 
- 72 5.1 1 *30 2-00 1.70 

~~ ~ 

The constancy i n  G(H,),, the initial yieId, is cxplained by the fact 
that although tlie ratio G(C->~,\.) /G(H) increases with decreasins 
temperature the sum G(e-,,,,,.) i- G(H) remains constant as does the 
molecular yield, G(H2),,,. If the formatimi of e-,,,,. and H in reactions 
(92) and (93) is the sole fate of the suhexcitation electrons produced 
in (90) then the experimental results indicate that G(ionization) 
== G(90) is independent of temperature 

(90) 

(92) 
(93 ) 

The results indicate fikthermore that reactions (92) and (93) are 
competitive and that the extcnt of tlie competition is temperature 
dependent. This was interpreted in terms of the increase ;n dielectric 
constant with decreasing temperature. Increasing the dielectric 
constant increases the probability of electron escape and solvation 
according to the expression 4(escape) -- exp ( -  eZ/~kTy) where 

2H,CH20H -+ CH3CH20H' i- e -  

CH 3CH ?OH + + CH 3CH ZOH 3 CH XCH 2 0 '  2- CH 3CH ?OH 2 + (91) 
e -  -t n CH,CH,OH 3 e-solv 
e-  -k CH,CH20H2'-+ CH,CH20H + H' 
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c = dielectric constant. The rclationship between G(e-b,,) /G(H) at  
different temperatures (and .s) closely resembles that obtained for a 
numbcr of liquids of different dielectric constant which may be taken 
as evidence of the validity of this explanation. 

A similar study was undertaken independently by Russell and 
Freeman"* who also found G(HJ0 constant between -112°C and 
25°C. Abovc this temperature, however, G(H,), began to increase 
from 5.0 at 25°C to about 6.0 a t  IOO"C, then remaining constant 
up to 150°C. This increase has been tentatively attributed to an 
excited molecule (Y)  which is deactivated at low temperatures but, 
with the additional increment of thermal energy acquired at high 
temperatures, can decompose to yield H, or H (reaction 94). A 
crude estimate of the activation energy of reaction (94) was made 
and was of the order of 10 kcal/mole. 

Y + H or H a  + products (94) 
Their data on N,O-scavenging taken in conjunction with theoreti- 

cal considerations indicates that G(e -solv) decreases with increasing 
temperature from 1-5 at -112°C to 1-1 a t  25°C in reasonable 
agreement with Basson's findings. 

In a reinvestigation of the system the same authors45 showed that 
certain anomalies existed in their earlier work. These could be re- 
lated to the formation of ethyl chloride in studies of the acid effect 
at high temperatures, when HCl was used. Taking account of this 
effect required certain changcs in the values of parameters used in 
the calculation of G(e-so,v). In  particular, a value of G(ionization) 
= 4.0 instead of the earlier 3.0 was used giving G(e-sQly) = 1.9 at 
-112"C, 1.5 at 25"C, 1.5 at 90°C and 1-6 at 145°C. 

Russell and Freeman29 have also studied the effect of temperature 
on the hydrGgen yield in irradiated 2-propanol. Their results do not 
appear to fit the pattern observed in the case of ethanol, which is 
rather surprising. Thus, for example, G(H,) increased roughly 
linearly with tcmperature from G(H,) = 3.6 to 5.5 between -85°C 
and 140°C. Higher temperatures up to 225°C caused no further 
increase in yield. They concluded that the increase was due to 
temperature and acid-dependent precursors. I n  ethanol these pre- 
cursors are thought to be different and are denoted Y and X, but 
in 2-propanol the additional species are not invoked and solvated 
electrons are postulated as the precursors in both cases. The ex- 
planation for the differences between ethanol and 2-propanol are 
not entirely convincing and further studies are clearly indicated. 
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!X. EFFECT O F  DOSE 

The effect of total energy input on product yields was first studied 
by Newton and McDonell', who found significant reductions for 
all products as the dose was increased. The effect was ascribed to a 
'protective' action on the part of aldehydes, glycols and unsaturated 
compounds either by energy transfer from the alcohol to the product 
without subsequent reaction or by acting as radical traps. The 
radical trap mechanism was proposed as folIows: 

H' 4 CHJCHZOH -+ H z  1- CHaCHOH' (95) 
H' -k CH 3CHO + CH 3CHOH' (96) 

H' + (CH,CHOH),+ CH3CHOH' -1- CnHLOH (97) 
H' + RCH = CH,+ RCHSCH; (98) 

The mechanism was extremely plausible and as we shall see the 
concept of iiiternal scavenging was later proved correct. 

Further work showed, however, that product yields began de- 
creasing at  very much lower doses than used in the above work. 
In  ethanol, for example, G(H,) began to decrease as the dose was 
increased above 1018 eV/ml. Now if we assume that acetaldehyde, 
for example, is acting as a radical trap, then we have a competition 
between reactions (95) and (96) which is described by equation A 

Taking G(CH,CHO) = 3 and D = 1 O l 8  eV/ml we find 

Furthermore, 

and 

[CH,CHO] = 5 x lo-%. 

kl- 1 x 109mole-1sec-1,k,-7 x lo8 

[CH,CH,OH] - 1 8 ~ .  
Thus 

G ( W  - - G(H) N G ( H )  
7 x 108 x 5 x 10-5 1~000002 

G(95) = G(HJ = 
1 + -- 

1 x lo9 x 18 

I t  is thus clear that at such low doses the product concentration 
is far too Iow significantly to affcct the hydrogen yield. (This is aIso 
true if glycols or unsaturated compounds are invoked as radical 
traps.) It can, in fact, be shown that for G(H) = 2, a reduction of 
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G(H,) by only 0.2 would require [CH,CHOJ = 5 ~ ,  a condition 
only niet at  very high doses. 

A careful study28 of the dose effect at doses between 1018-1021 
eV/ml (Figure 5) revealed that G(H,) and G(CH,CHO) decrease 

Dose (eV/rnl) 

FIGURE 5. Product yields as a function of dose in the radiolysis of ethanol. 
@ Hydrogen Acetaldehyde Q 2,S-Butanediol 

in parallel fashion to a plateau value and a t  very high doses decrease 
again. G(glyco1) on the other hand is independent of dose up to 
1020 eV/ml. The twofold decrease in G(H,) was similar to that ob- 
tained with increasing concentration of added scavenger and sug- 
gested that two precursors of hydrogen, viz e,,,, and H were being 
scavenged by a reaction product. The initial decrease in G(H,) was 
interpreted as due to the scavenging of sohated electrons by acetal- 
dehyde according to the following mechanism: 

e-,,lv 4- CHSCHZOH -> H Z  4- CH,CHOH’ + CHaCHZO- (99) 
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e-sol,. + CH,CHO -+ CH,CHO- (1 00) 
CHaCHO- -t CH,CH,OH,++ CHaCHOH + CHSCHZOH (101) 

This requircs that C(H,) = G(CH3CHO) and that asG(CH,CHOH) 
remains constant the yield of glycol duc to thc dinmization of 
these radicals will remain constant in agrecmcnt with the expcri- 
mental findings. 

Justification for invoking solvated electrons as the precursor 
scavenged by acetaldehyde was that hydrogen atoms react121 with 
acetaldehyde both by addition (reaction 96) 2nd abstraction (re- 
action 102). Thus thc requircd stoichiometry cannot be obtained 
and a mechanism invoking H-atoms would predict a decrease in 
G(glyco1) a t  low doses. 

H + CH,CHO -+ H ,  + CH,C=O' (102) 
Furthermore, kinctic analysis of the data in Figurc 5 gave ratios of 
kio0/kD9 in agreement with vzlues calculated from absolute rate con- 
stants of the solvated electron as  obtained by pulse radiolysis. 

The further decrease in product yields at high doses is probably 
due to H-atom scavenging by acetaldehyde and/or other products 
as suggested by the earlier wor!:ers. 

The dose-effect offers an explanation to some of the variation in 
yields obtained by different workers. The yield of acetaldehyde in 
the radiolysis of ethanol, for cxample, can be correlated with the 
dose at which the determination was made (Table 20). 

TABLE 20. G(CH,CHO) in the radiolysis of ethanoI at different doses. 

200 -' Dose x 1018 cV/ml 0.3 0.4 3 -5 11.0 12 

G (CI3,CHO) 3.14 3.20 2.05 1.90 1.88 1.40 
Reference 36 19 27 23 13 85 

- 
I n  contrast to the ciiec! d tetd close, the dose-rate?s does not 

seem to affect yields significantly ('l'abie 21). This indicates the 

TABLE 2 1. Effect of dose-rate on the yields of the major products in the radiolysis 
of ethanol. (Total dose lo1* eV/ml.) 

Dose-rate in cV/rnl/mixi x 10lG 3.2 8 13 32 

G 0%) 3.90 4.08 3.88 3.72 
G (CH,CHO) 2.24 2.36 2.02 2-14 
G (CH,CHOH), 1 -68 1-62 1 *46 1.73 
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absence of chain reactions in agreement with thc proposed mech- 
anism. Furthermore, the range explored is too narrow significantly 
to affect the local concentration of primary intermediates although 
it might be expxtcd that very high dose-rates would produce effects 
characteristic of radiations of high LET (see section X). 

X. EFFECT O F  LINEAR ENERGY TRANSFER 

I n  the previous sections we have considered the effects of y-radiation 
from the isotope cobalt-60. Some studies have also been made using 
othcr kinds of radiation and we shall now consider these. 

The processes of ionization and excitation along the particle track 
are common to all kinds of radiation. On the other hand it has been 
demonstrated that the chemical consequences of irradiation by 
various kinds of radiation are dissimilar. These differences can be 
attributed almost solely to one effect: differcnces in the density of 
ionization along the particle track. The quantity used to describe 
the ionization density produced by a given radiation is referred to 
as Linear Energy Transfer (LET). LET is defined as the linear rate 
of energy loss by an ionizing particle traversing a material medium. 
LET increases with decreasing particle energy, with increasing par- 
ticle charge and with increasing electron density of the medium. 

The higher the LET the higher the initial local concentration of 
free radicals and ions about the particle track will be. Thus reactions 
between intermediates are favoured over reactions with the sub- 
strate or solutes. I t  can, therefore, be expected that high LET 
radiations will lead to highcr unscavengeable yields and lower 
radical yields. Furthermore, the greater probability of geminate 
recombination of ion and radical pairs should decrease overall 
product yields. 

The effect of LET on methanol was studied by McDonell and 
Gordon*, who determined product yields in irradiations with 
28 MeV cyclotron accelerated helium ions (LET = 3.0 eV/A) and 
SoCo y-rays (LET = 0.03 eV/A). Their results are summarized in 
Table 22. 

is derived from the following stoichiometric equations which describe 
the radiolytic decomposition of methanol: 

(103) 
2 CHZOH (CHZOH), -!- H, ( 104) 
2 CHZOH --v+ CH,, + CO + HZO + Hz (105) 

G(-CHSOH) = G(CH2O) 4- 2(CH,OW), + G(CO) + (CHJ 

CH30H -> CHZO 4- Hk 

C I1 C-hh 
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TABLE 22. Products in the decomposition of methyl alcohol by GOCo y-radiation 
and by 28 MeV He-ions. 

Product G-GOCo G-He-ions G-He-ions 
(corrected) 

Hydrogen 4.0 3.46 4.10 
Formaldehyde 1.3 1-67 2.26 
Glycol 3.0 1 -74 2.30 
co 0.16 0.23 0.20 
CH, 0.24 0 36 0.36 
G (-CH,OH) 7.7 5.74 7.42 

Comparison of the first two columns shows that the overall yields 
decrease significantly with increasing LET. The values are, however, 
not strictly comparable as they were obtained at different total doses. 
The GoCo yields apply to a dose of 1.5 x i0I9 eV/ml whereas the 
helium ion irradiation was 6 x loz1 eV/ml. As seen in section IX, 
product yields are strongly dose-dependent and it can be expected 
that the values given for the helium ion irradiation are significantly 
lower than the initial yields. The effect of dose on product yields in 
the helium ion irradiation of ethanol has been studied' and the 
results may be somewhat arbitrarily applied to the data in Table 22 
to obtain values corrected for the dose effect. The derivation of the 
correction factors is given in Table 23. 

TABLE 23. Dose-effects in the 28 MeV helium ion irradiation of ethanol. 

G-values H, co CH, Aldehyde Glycol 

D, = 6 x 1021 eVjml 3 -46 0.1 1 0.43 2.2 1 -05 
D, = 3 x 1OZo cV/ml 4.10 0.093 0.43 3-0 1.40 

The corrected yields show a less pronounced LET effect on 
G(-CH,OH) and G(gIyco1) but G(HCH0) is very much larger in 
the case of the high LET irradiation. I t  was suggested8 that for- 
maldehyde formation is a high activation energy process taking 
place only in the small, highly energized regions of the initial energy 
absorption (spurs). The observed increase in G(HCH0) couId then 
be explained by the increasing importance of reaction (106) with 
increasing ionization density: 

CH ,OH' -+- CH 2 0  -1- H' (106) 
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Increasing the importance of reaction (106) would then d- Lcrease 
the probability of the formation of giycol, assumed due to the 
dimerization of CH,OH radicals which diffuse out of the spurs and 
react in the bulk medium (10T). 

2 CHZOH + (CHZOH), (107) 
Lichtin and co-workers22> l z 2  have also examined LET effects 

employing the ct- and 'Li recoils, of total energy 2-35 M e V  per 
nuclear event, resulting from the absorption of thermal neutrons by 
boron present in the form of dissolved methyl borate. The LET 
characteristic of these recoils is approximately 30 eV/A, i.e., ten 
times higher than 28 MeV-helium ions. They compared the results 
of these irradiations with e ° C ~  results obtained at comparable doses. 
These are given in Table 24. 

TABLE 24. Product yields in methanol a t  different LET values. 

Product G-6OCo G-recoils G-fission fragments 

Hydrogen 
Fomldehvde  
Ethylene giycol 
co 

4.98 
2.20 
3-20 
0-06 
(3.43 

~- 

5.5 
3.2 
0.7 
1.0 
0.6 

9-7 
3.6 
0.8 
3.0 
0.9 

~ 

Landsman and Butterfield123 have reported yields for the 235U 
fission fragment irradiation of methanol as shown in the fourth 
column of Table 24. Comparison of these results with those of 
Lichtin and co-workers should be made with caution, as the fi,jsion 
fragment work was carried out under conditions of high temperature 
(lOO°C) and dose (8 x 102O eV/ml). 

Assuming that the data in Tables 22 and 24 are comparable we 
have plotted product yields as a function of LET in Figure 6. The 
following observations may be made: 

(a) The overall decomposition of methanol, as expressed by 
G(-CH,OH), decreases with LET over most of the range 
as might be expected on the basis of increased probability of 
back reactions with increasing radical and ion demity. Above 
LET values of 30 eV/A, however, an abrupt increase in 
G(-CH3QH) takes place similar to the behaviour of 
G(-H,O) in the radiolysis of water124. This suggests a source 
of increased methanol decomposition in tracks of high 
ionization density. 
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s n/ 

/- 

LET in ev/A 
FIGURE 6. LET effect in the radiolysis of methanol. 

@ (--cH,OII) x H, 0 IlCHO FJ (CHZOH), B CO 

(b) The yields of hydrogen and CO increase rapidly with in- 
creasing LET above 3 eV/A with AG(H,) = 5.6 and 
A G ( C 0 )  = 2-8. This may be stoichiometrically expressed by 
reaction (108) which could be the source of the increased 
methanol decomposition 

(108) 
(c) The increase in the formaldehyde yield over the entire range 

and the decrease in the glycol yield are, roughly speaking, 
mirror images. This suggests that their formation involves 
competing reactions and that the extent of the competition is 
LET dependent. If reactions (106) and (107) take place as 
suggested by Gordon and McDonel18, they could account for 
the observed effects. 

CH,OH -> 2 H, -F CO 

The effect of LET on radical and molecular yields in the radiolysis 
of methanol has also been investigated22 (Table 25). These yields 
were derived using oxygen as solute and are dependent on the 
validity of the reaction mechanism. 

As expected, and in agreement with aqueous radiation chemistry, 
the ratio of molecular products to radical produc,ts increases greatly 
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TABLE 25. Radical and molecular yields in the radiolysis of methanol by 6oCo 
prays and lOB(n,a) 'Li recoils??. 

Species H,J' H CHa3' CH, CO CH20J' CI.I,OH (CHzOH)2H 

G-60C~ 1.9 3.1 0.2 0.2 0.08 2.2 6.2 0.1 
G-Recoils 2.4 1.4 0.6 0.1 0.80 2.1 1.0 0.4 

with increasing LET. Thus we find values of G( M) /G(R) of 0.6 (H2), 
1.0 (CH,) and 0.02 (CH,OH), for s°Co-rays increasing to 1.7, 6.0 
and 0.4 respectively, for recoil radiolysis. 

No differentiation between €3-atoms and solvated electrons was 
made in the above work. Imamura and Seki125 investigated the 
effect of nitrous oxide, a specific electron scavenger, on the radiolysis 
of methanol by 10B(n,~)7Li recoils and showed that the yield of 
solvated electrons was about one-tenth of that in y-radiolysis. They 
concluded that the much higher density of ions and electrons in the 
recoil tracks results in a marked reduction in the average separation 
distance between ion-pairs and in an increased probability of elec- 
tron recapture. 

An LET effect in the vapour phase has been noted by Myron 
and Freernanl03, who compared o°CO irradiation results with those 
obtained with Z l O P o  x-rays. The conditions of pressure, temperature, 
dose-rate, dose and surface to volume ratio of the reaction vessel 
were similar in both cases so that the differences shown in Table 26 
must be attributed to differences in radiation quality. 

TABLE 26. LET effects in the vapour-phase radiolysis of ethanol. 

Product CH, CO 1,2-Propane 2,3-Butane 
diol diol 

G-"°C~ 7.5 2.3 0.6 1.2 0.2 3.5 0.9 3.1 
G-Z'OPo 7.6 1.7 1.1 0.7 0.2 4.5 0.15 1 *2 

The most striking difference between the y- and a-radiolyses is 
the acetaldehyde/butanediol ratio, namely 1.1 for y's and 3.8 for 
a's. The effect may be partially explained by the greater probability 
of reactionlo9 in the densely ionized a-ray tracks. 

e-solv -+ CH,CH20H2+-+ CH,CH,OH -t H' (109) 
If the greater part of the electron yield reacts in this way and the 
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H-atoms give rise to reactions (1 10-1 12) then each solvated electron 
produces a molecule of hydrosen and -$ molecule of aldehyde or 

H' -+ CHZCHZOH + Hz -1- CHaCHOH' (1 10) 
2 CH,CHOH'--t CH,CHO -I- CH,CHgOH (111) 
2 CH ,CHOH' -+ (CH ,CHUH) (112) 

I n  the case of y-radiolysis, however, the probability of reaction 
(109) is greatly reduced and solvated electrons which diffuse out of 
the tracks disappear in reactions (113) and (114.), which is their 
predominant fate at high doses (see section IX) such as used in this 
investigation103 ( ~ 1 0 2 ~  eV/ml). 

(113) 

Reaction (1 13) decreases the acetaldehyde yield and could explain 
the lower G(CH3CHO) in the y-radiolysis. 

This explanation can only be partially true as the occurrence of 
reaction (1 13) rather than (1 09) should also lead to a lower G(M2) 
in the y-radiolysis, which is not observed, and should not affect the 
glycol yield which is almost three times lower. 

The explanation offered by Newton and McDonell' for the 
higher G(CH,CHO) /G(gIycol) ratio in a- than in ?-irradiated liquid 
methanol can be applied to the present case and it may be that 
reaction (1 15) occurs in the dense tracks of a-particles rather than 
reactions (111) and (112) 

CH,CHOH 3 CH3CH0 + H (115) 

However, this requires a greater hydrogen yield in a-radiolyses 
which again is not observed. 

Other reasons have been suggested by iMyron and Freeman103 
but these are a t  present speculative and more work on the subject 
is clearly indicated; preferably at low doses where secondary re- 
actions such as (1 13) do not complicate the interpretation. 

glycol. 

e-solv + CH,CHO -+ CHJHO- 
CH3CHO- -1- CH,CHZOHZ++ CHSCHOH + CHSCHZOH (114) 

Xi. EFFECT OF OXYGEN 

The presence of oxygen has a profound effect on the radiolysis of 
alcohols. In oxygen-saturated solutions the hydrogen yield is three 
times lower than in degassed solutions, the glycol yield is completely 
suppressed, the aldehyde yield increases several-fold and acids and 
peroxides are produced in high yield. Some values are shown in 
Table 27. 
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TABLE 27. Product yields in the radiolytic oxidation of aliphatic alcohols. 

Alcohol Hydrogen Aldehyde Glycol Acid Peroxide 

Methanol?? 1.9 8.7 0.1 1.5 3.1 
EthanollD 1.7 6.2 0 2.0 4.5 
1 -Propano1126 1.9 11.0 0 3 -5 9-2 
2-PropanoI"' - 28.0n 0 - 19.0 

a C(acetonc) + G(a1dehydc). 

The reduction in G(HJ and G(glyco1) is consistent with the 
scavenging of solvated electrons, hydrogen atoms and cc-hydroxy- 
alkyl radicals by oxygen. The increase in G(a1dehyde) and the pro- 
duction of acids and peroxides ;nust then be due to the reactions 
of the peroxy-radicals so formed. A mechanism capable of explain- 
ing the observed effects is the following: 

(1 16) 
RCHOH' f Op--+ RCH(0H)O; (117) 

(118) 

(120) 
(121) 
(1 22) 
(123) 
(124) 

Reactions such as (118-119) are thought to occur in aqueous 
solution128$ 12'3 and it seems reasonable to propose their occurrence 
in the alcohols. Reactions (121) and (122) are endothermic, how- 
ever, and many workers do not consider them as possible steps in 
the mechanism. If they do take place a chain reaction must ensue 
and the yields of products should be dose-rate dependent. The 
evidence regarding the influence of dose-rate is rather contradictory 
with some workers finding a dependency and others not. 

Choi and Lichtinzz concluded that product yields in the radiolytic 
oxidation of methanol are not dependent on dose-rate and explained 
their results in terms of a nonchain mechanism. Habersbergeroval30 
and co-workers, on the other hand, varied the dose-rate systematic- 
ally over a wide range and showed that peroxide and aldehyde 
yields are dependent on the square root of the intensity as would be 
expected from a chain reaction. A dose-rate dependence in ethanol 
has also been found by 13ach9, and other workers havc suggested 

(e-sol.,)H. + Op+ HO; 

2 HO,'+ HpOp + Op 
2 RCH(OH)O,'+ RCH(0H)OOH 4- RCHO +- 0 3  (119) 

HO; f RCH(0H)O; + RCH(0H)OOH -k Op 
hO; f RCHpOH -> RCHOH' + Hp0:: 

ffCH(0H)O; i RCHzOH -+ RCH(0H)OOH f RCHOH' 
RCH(0H)OOH + RCHO + HzOS 
RCH(0H)OOH + RCOOH + H20 
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that a chain mechanism is rcquired to explain the radiolytic oxida- 
tion of n-propano11z6 and of i - p r ~ p a n o l ' ~ ~ .  

Recently a systematic investigatio1-1~3~ of dose-rate effects in some 
of the lower alcohols has been undertaken. Preliminary results 
indicate that the chain reaction does not take placc in methanol but 
is important in all of the higher hornologues. In  the case of ;so- 
propanol, for example, G-values of over a hundred have been 
obtained. 

Reactions (123) and (124) may take place after irradiation as 
hydroxy-hydroperoxides are known to decorapose easily132. I t  has, 
for example, been shown2* that pure samples of dihydroxy-dietliyl 
peroxide decompose quantitatively to acetaldehyde and other pro- 
ducts when injected into a gas chromatography column. The spectro- 
photometric determination of peroxides also involves the use of 
mineral acids133 which are known to initiate hydrolysis of hydroxy- 
hydroperoxides. Thus, it is fairly certain that such compounds arc 
frequently determined as their decomposition products. 

Habersbergerova and c o - w ~ r k e r s ~ ~ ~  used a method of peroxide 
analysis134 which differentiated between H,O, and organic per- 
oxides and concluded that the latter were produced in appreciable 
yield. Using paper chromatography, they identified the peroxide 
formed in methanol as hydroxymethyl-hydroperoxide and specific- 
ally excluded methyl hydroperoxide as a possible product. They 
found the yield of the hydroxymethyl-hydroperoxide to be strongly 
dose-rate dependent varying from 1 at high dose-rate to 15 at low 
values. 

In complete contradiction to these results are the findings of 
Ladygin135, who concluded that liydroxymethyl-kydroperoxide is 
absent in irradiated methanol and implied that methyl hydroper- 
oxide is a product. To further complicate the picture it has been 
s l i0wn~~6 that no peroxide is obtained when very dry methanol is 
irradiated. Addirion of water before irradiation produces an abrupt 
change at 0.3% by weight with G(H202) rising to 2.8, at which 
value it then remains constant, independent of ftwther increases in 
(H,O). Clearly the whole question of peroxide formation is com- 
plicated and more work is required to explain inconsistencies. 

XII. EFFECT OF ACID 

The addition of acid increases the yields of a number of products 
from irradiated alcohols and parallels the effect observed in the 
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radiolysis of water. Baxendalc and co-tvorkersll? studied thc effect 
of sulpliuric acid on methanol and found increases in G(HJ and 
G(CH,O) with increasing acid concentration. G( CH,) decreased while 
G ( C 0 )  and G(glyco1) remained constant. Yields were independent 
of concentration above lo-". Similar results were obtained by 
LichtinI3' at  1 0 - 2 ~  HzS04, who, however, also observed an increase 
in G(glyco1). This increase in thz glycol yield has recently been con- 
firmed by Seki and Imamura47 although in this case the concentra- 
tion of acid was ten times higher. These results are summarized in 
Table 28 and are given as the difference in the yield between acid 
and neutral radiolyses for each investigation. 

TABLE 28. Effect of acid on methanol radiolysis. 

Ref. AG (H2) AG (CH,O) AG (glycol) AG(CH,) AC (CO) [H,SO,] 

18 0.65 0.40 0.1 - 0.2 -0.03 10-2h~ 
37 0.37 046 0.7 1 0 -0.01 Io-'M 

47 0.72 1 -09 0.34 -0.03 0.02 10-'ar 

The agreement between the data sets is poor and it is difficult to 
arrive at a definite conclusion regarding the stoichiometry of the 
acid effect. I t  does, however, seem contrary to Baxendale and 
Mellows' suggestion, that the glycol yield does increase with acid 
concentration and that neither the methane nor the CO yield are 
dependent on this parameter. 

The results have been interpreted in terms of solvated electrons 
which do not lead to the production of hydrogen in the absence of 
acid, If it is assumed that the increase in G(HJ is accompanied by an 
equivalent increase in G(HCHO), a possible explanation is that these 
electrons are normally captured by the ion CH,OH+ (reaction 125). 

CH20H + + e- 3 CH20H' (125) 
I n  the presence of acid the methyl hydroxonium ion competes 

with the hydroxy-methyl ion for the electron (reaction 126) leaving 
the latter free to react with the substrate by proton transfer. 

(126) 
CH,OH+ -t CHSOH 3 CHnO + CH,OHZ+ (127) 

The hydrogen atom reacts with the substrate to produce a molecule 
of hydrogen and the hydroxy-methyl radical (reaction 128). The net 
result, at sufficiently high acid concentration, is the production of 
one rnolec1Je of hydrogen and one of formaldehyde per electron. 

CHSOHZ' + e--+ CHaOH I- H' 
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Thc  glycol yield, on the other hand, remains constant as reaction 
(129) is unaffected by the competition between reactions (i25) and 
(126). 

H' -I- CH30H + HZ f CH2OH' (128) 
2 CHZOH + (CH2OH)z (129) 

Reactions (125) and (126) are thought to occur in the spurs and the 
relatively high conccntration of acid required to produce an eflect 
supports this suggestion. 

This explanation, whilst very plausible, must be regarded with 
some doubt in view of the increase in G(glyco1) found in other ex- 
periments. Furthermore it has not been established with any cer- 
tainty that dG(H,) = AG(HCH0). 

Adams and Sedgwickz7 have found that the effect of acid on the 
radiolysis of ethanol is simiIar to that noted by Baxendale and 
Mellows for methanol. G(H,) increases with (H,SO,) but G(glyco1) 
remaim constant-G(CH,CHO) was not measured but was assumed 
to increase in parallel fashion to G(H,). I n  a more recent investiga- 
tion Ackerrnan and Basson13* found increases in both acetaldehyde 
and glycol with dG(H,) - 2dG(CH3CHO) - ZdG(glyco1). They 
also showed that the presence of acid complicated the analysis of 
glycol by gas chromatography and suggested that this might account 
for the difference between their work and the earlier studyz7. The 
results are summarized in Table 29. 

TABLE 29. Effect of acid on ethanol radiolysis. 

Ref. d G  (H2) AG (CH,CHO) AG (glycol) AG (CH,) Acid 

On the basis of these results it has been suggestedl38 that the 
earlier interprctationslOy O 7  of the acid effect require reformulation 
to account for the increase in G(g1ycol). The reactions involved are 
thought to occur in the spurs in agreement with the suggestion of 
Baxendale and Mellows and may be formulated as follows: The 
species originally present in the spurs are ethyl hydroxonium ions, 
hydroxy-ethyl radicals-both formed in reaction ( 130)---and sol- 
vated electrons and the following intraspur reactions are expected 
in the absence of acid (reactions 131-135) 
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CZHSOH' + CZH60H + CHSCHOH' + C,H,OH,+ (130) 
e-BOiV -I- e +- H (131) 

(132) 
(133) 
( 134) 
(135) 

The addition of acid will serve to increase the concentration of 
alkyl hydroxonium ions so that reaction (132) proceeds to the ex- 
clusion of reactions (131) and (133). Reaction (131) is a source of 
molecular hydrogen but as (132) is probably followed by (136) in 
the spurs which also produces hydrogen no net effect is expected. 

H + H + H Z  (136) 
On the other hand inhibition of reaction (133), which is a back 
reaction to alcohol, will lead to the production of additional hydro- 
gen atoms and hydroxy-methyl radicals. For each electron scavenged 
one molecule of hydrogen is produced via reaction (137) and two 
hydroxy-ethyl radicals are made available-one from the scavenging 
(:~f (133) and one from (137). 

H + CH3CH30H 3 H:: -I- CHSCHOH' (137) 
The rates of disproportionation (reaction 134) and dimerization 
(135) are approximately equalg2 so that for each electron scavenged 
one half molecule of aldehyde and one half molecule of glycol are 
produced in reasonable agreement with the experimental findings. 

The concept of an additional yield of solvated electrons, scavenged 
from the spurs, being responsible for the increased hydrogen yield 
is fundamental to all three investigations and the differences in 
interprctation hinge around which reaction is being interfered with 
by the acid. Ackerman and B a s ~ o n l ~ ~  believe it is reaction (133), 
Baxendale and Mellows18 suggest (125) (in the case of methanol) 
and Adams and Sedgwick2' prefer (138). 

CH3CHzOt4+ + e-sal\7 + (CH,CH,OH)* -+ CH,CHOH' -k H (138) 
Apart from the fact that the last two explanations do not account 
for the increased glycol yield, there also seems to be a case for s u p  
gesting that the ions involved in reactions (125) and (138) undergo 
reaction with the substrate before neutralization can take place233 35. 

Thus reactions (139) and (130), respectively, precede (125) and 
(138). This leaves (1 33) as the only reaction in the spurs which could 
lead to differences in product distribution on the addition of acid. 
This reaction and the effect of acid on it is analogous to that pro- 
posed to explain similar effects in the radiolysis of wate1-139. 

CHZOH + + CHSOH -+- CHZO -1- CH,OH,+ (131)) 

995 

e-.,,,lv + CsHGOHt++CtH60H 4- H' 
e-bL,lv -!- CH,CHOH'-+ C.#bO-+ C,HCOH 

2 CH,CHOH'+ CH3CHO + CZHbOH 
2 CH3CHOH' 3 (CH 3CHOH) 2 
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X111. O T H E R  CBMPOUNQS CONTAINING T H E  
HYDWOXYL GROUP 

Although, as pointed out in section I, very little work has been 
done on compounds, apart from aliphatic alcohols, containing the 
hydroxyl group, we shall deal with a few esceptions, very briefly, 
in this section. 

A. Polyhydric Alcohols 
The action of y-radiation of liquid ethylene glycol has been studied 

by Barker and co-workers140. A large number of products was deter- 
mined a t  a dose of 2.6 x 1021 eV/ml, the more important contrihu- 
tions being shown in Table 30. 

TABLE 30. Product yiclds in the radiolysis 
of‘ cthylene glycol. 

Product G-value 

Gly colaldehyde 
Acetaldehydc 
Formaldehyde 
2-Methyl- 1,3-diosolanc 
M e  tliaiiol 
Ethanol 
Glycerol 
Formic acid 
Acetic acid 
Ethylene glycol 

1.70 
2.30 
4.90 

15.90 
1.90 
0.77 
2.80 
3-70 
7.50 

-51.00 

Although it  is difficult to distinguish between .primary and 
secondary products at  this high rlosc, the high yield of 2-methyl- 1 ?3- 
dioxolane and the large value for ethylene glycol decomposition 
indicate a chain reaction. 

B. Aromatic Alcohols 
Van Sikle and RedekcrI4l have studied the radiolysis of various 

aromatic alcohols. Three dihydroxydiphenylmethanes and three 
related phenolic compounds were subjected to 1 MeV electron 
bombardment in the solid state (-70°C to -30°C). The principal 
product in all cases is a ‘polymer’ of the starting material. G(Po1ymer) 
ranges from 0.5-0.8 in all cases except o-hydroxy-benzyI alcohol 
which gave 2-7. Gaseous products, of which 90% is hydrogen, are 
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produced with G-values ranging fiom 0-06-0-27. The low product 
yields are characteristic cf aromatic compounds-the benzene ring 
exhibiting a protective eflect. 

C. Hydroxyl Acids 
Purc hydroxyl acids have not been irradiated except in conjunc- 

tion with electron paramagnetic resonance experiments142 but 
labelled calcium glycolate appears to be decomposed in high yield 
G - 170 under thc influcncc of its own /3 -~a r t i c l e s~~~ .  The products 
include formic and oxalic acids. In aqueous solutions the principal 
organic product is dimer, thus glycollic acid, CH,OHCOOH, gives 
tartaric acid, (CHOHCOOH), 144. This is 2resumably due to di- 
merization of CHOHCOOH and it seems that this class of com- 
pounds behaves vcry similarly- to the aliphatic alcohols. 
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1. INTRODUCTION 
A. General Remarks 

In polyfunctional compounds containing one or more hydroxyl 
groups, it is often necessary to protect these groups selectively, leav- 
ing the other functions available for reaction. The incipient hydroxyl 
groups in the product can then be regenerated at will. Several 
criteria are necessary for the satisfactory protection of specific 
hydroxyl groups. 

1. The protected derivative must be easily prepared in satisfactory 
yield, 

2. The reagent used must react selectively without affecting other 
portions of the molecule; it is often necessary to protect certain 
hydroxyl groups specifically, in the presence of other such groups 
which are left free for further reaction. 

3. The derivative formed must be stable to the sequence of chemi- 
cal reactions undergone by the protected molecule. 
4. The o ~ i g i ~ d  hydrcxyl Function may be regencrated in high 

yield without simultaneous attack elsewhere in the molecule. 

B. Limitations of Study 
I t  is intended to limit this discussion to a study of the protection of 

alcoholic and phenolic hydroxyl groups. Carboxylic acids, enols and 
the hydroxyl groups of inorganic acids will not be considered. 

Examples of the protection of these groups abound in the literature 
of organic chemistry and an examination of all, or even of a large 
proportion, of the reactions involved would extend much beyond 
the space available. I t  is, however, planncd to consider generally 
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the type of reactioiis involved in a diversity of compounds ranging 
from phenols and simple aliphatic polyols, such as glycol and 
glycerol, to the more complex polyols, such as carbohydrates and 
sterols. We shall differentiate between reactions involving isolated 
liydroxyl I'inctioiis and those in which two or more such functions 
are converted to a cyclic derivative. Differences in the reactivity of 
alcohols and phenols will be pointed out. The reactions of hydroxyl 
groups in polyols are analogous to those occurring in simple alcohols 
and phenols with the additional complication of neighbouring- 
group effects and the possibility of production of optical isomers at 
asymmetric centres. 

The intervention of steric and electronic factors often causes the 
differential reactivity of different hydroxyl groups in a polyol, en- 
abling the selective protection of such groups. A study of these 
differences in reactivity has been of great assistance in the elucida- 
tion of the configuration and conformation of many complex mole- 
cules. It has even, at  times, enabled an evaluation of the relative 
weight of steric and electronic factors in the reactions of compounds. 
Our illustration of the use of protecting groups will be then mainly 
from compounds with more than one hydroxyl group. This will 
afi'ord the possibility of discussing the general methods available for 
the protection of such groups, which are applicable also to simpler 
molecules, and enable an analysis of the additional problems in- 
volved in the more complicated cases. Study of the reactions of the 
alcoholic functions in carbohydrates and sterols has especially ad- 
vanced our knowledge of the importance of steric and electronic 
factors in the reactivity of molecules and their effect on the nature of 
the products obtained. 

C. Types of Protecting Groups 

Three princinal types of derivatives have been er-lnyed: (1) 
ethers and hemiacetals, (2) esters, (3) heterocyclic rings, including 
those containing, in addition to oxygen and carbon, such atoms as 
nitrogen, sulphur or boron. 

D. Indirect Protection 

It has, occasionally, been found expedient to convert a hydroxyl 
to a different functional group (e.g., ketone) which can be recon- 
verted to the required hydroxyl at the end of the sequence of re- 
actions. Complications may arise in this approach, since the tetra- 
gonal sj,-hybridized C-OH bond is converted to a trigonal s t Z  

7- --YAY 
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C=O bond. I n  the case of an asymmetric alcohol, the configuration 
of the final product may thus not be identical with that of the 
starting material. 

A number of articles have previously appeared dealing directly or 
indirectiy with part of the material of this chapter. They include 
studies of the reactivities of hydroxyl groups in steroids'. 3, and a 
meneral article on the protection of reactive groups3. Much relevant ? 
information in carbohydrate chemistry is available in the recent 
edition of an  encyclopaedic study of organic chemistry4. 

II. ETHERS AND CLYCBSIDES 

A. Alkyl Ethers 
I. Preparation 

(i) The most general approach to the forination of ethers is by 
reactior, of a nucleophilic oxygen with R-X, where X is a 'good 
leavifig-group' (halide, sulphonate, sulphate or sulphite being com- 
mon examples). 

(1) 
The  resonance-stabilized phenoxide ion is more readi!y obtained 

than the alkoxide ion and phenols are thus readily alkylated in 
alkaline solution with a variety of reagents (equation 2) : 

RO-  + MeX-ROMe + X- (2) 

Partial, selective methylation is possible if a two-phase system is 
used to remove the partially methylated product effectively from 
the methylating agent5. 

ROH + MeX+ROMe + X- + H+ 

Equation (2) may be considered in the form: 
(3) 

Thus the nuckophilic displacement of, e.g., primary sulphonate 
esters by methoxide ion may be used to prepare methyl ethers, as 
illustrated by a preparation of 5- 0-methyl-L-arabinose (3) 6. 

Recently, the methylation of alkoxide ions with alkyl halides 
(equation 2) has been extended to carbohydrate chemistry7* 8. In 
the presence of sodium hydride in aprotic solvents, oxygen anions of 
sugars are formed and react with halides to produce ethers. The 
3-0-lactyl ether (6)  of 2-amino-2-deoxy-~-glucose (muramic acid) 
which is an important constituent of bacterial cell walls, was first 
synthesized by such a process; the sodium salt of the 3-hydroxyl 
group was prepared in dioxan solution and reacted with ethyl 
z-iod~propionate~. 

MeO- f RX+ MeOR + X- 
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TsOH,C 
NaOMe- - 

MeOH 

OH 
(3) 

(5j 

This approach may be compared to a much older, less frequeiitly 
used, method of generating the alkoxide ion. Reaction of a carbo- 
hydrate with sodium in liquid ammonia, followed by treatment with 
methyl iodide in an inert solvent, afforded methyl etherslo. 

Xowever, owing to the lower stability of such alkoxide ions com- 
pared to their aromatic analogues, the most common approach to the 
methylation of carbohydrates has been to €0110~ equation (1). 
Treatment of an aqueous solution of the substance with alkali and 
dimethyl sulphate' 1, or dissolution in methyl iodide in the presence 
of silver oxidelz, was the commonly used method for methylating 
carbohydrates for many years. Dipolar, aprotic solvents such as 
N, N-dimethylforrnamide l 3  or dimethyl sulphoxide give more rapid 
reaction, and replacement of the silver oxide with barium oxide or 
barium hydroxide is often e G c a c i ~ u s ~ ~ .  The complete polymethylation 
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of a carbohydrate may be a long and tedious process involving 
many repetitions; it may be greatly facilitated by the use of aprotic 
solvents with metallic oxides or sodium hydroxide. 

Methylation of polyols containing protecting groups poses certain 
problems, e.g., esters arc not stable to strong, alkaline conditions, 
and acyl migration frequently occurs even under the mildly basic 
conditions of the Purdie method15. 

(ii) Phenols are readily methylated by diazomethane. Alcohols 
do not usually react with this reagent, although the more acidic 
anorneric hydroxyl group adjacent to the electron-withdrawing 
acetamido group in 2-acetamido-2-deoxy-~-glucose has been methyl- 
ated by it1G. Acid catalysts, however, such as boron trifhoride or 
ffuoroboric acid1’, convert diazomethane to a sufficiently reactive 
species to methylate alcohols. A possible advantage of this method 
in sugar chemistry is that in the small number of examples reported 
so far migration of ester groups has not occurred during the process 
of methylationl*. 

(iii) Ring-opening reactions. An industrial process for the pro- 
duction of glycol nionoethers employs the reaction of ethylene oxide 
with alcohols in the presence of catalysts. Epoxides are attacked by 
alkoxide ions (see section IV.A). 

This reaction is illustrated by the conversion of u-arabinose (7) 
via its 2-0-p-toluenesulphonate (8) and the 2,3-anhydro-~-ribo- 
pyranoside (9) to 3,4-di-O-methyl-~-xylose (12) (equation 7) 19. 

2. Reactions 

ethers arc -very stable compvunds which are unagected by 
most reaction conditions, although the OMe group may provide 
anchimeric assistance in displacement reactionszo; their removal 
requires strongly acidic media. This necessity for vigorous, acid 
conditions for regeneration of the hydroxyl group is more often a 
grave disadvantage in carbohydrate cherr..istry than it is, for ex- 
ample, in the preparation of aromatic derivatives. Since the ano- 
meric hydroxyl group of sugars is often protected as a gljjcoside, 
or other acid-labile derivative, the conditions used for the removal 
of the ethers must be such that other acid-labile bonds are not 
broken. Boron trichloride and boron tribromice are very powerful 
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HO G > H , O H  -% HO QMe 

OH 
(7) 

HO QMe 

L / 

OH 
(1 2) 

demethylating agents which can be used under very mild condi- 
tions21. Cleavage of methyl ethers by oxidation with anhydrous 
chro-mium trioxide in acetic acid to the corresponding formates, 
followed by alkaline hydrolysis, regenerates the alcchds in 5&6c)% 
yield". 

Methylation was the method used classically for the determination 
of the ring structure of monosaccharides, and has found frequent 
application in the linkage analysis of polysaccharides. The free 
hydroxyl groups in a polysaccharide are protected by methylation 
and the polymethyl ether is hydrolyscd to monosaccharide frag- 
ments. The free hydroxyl groups in these units correspond to the 
points of linkage which were not previously available for methylation. 

IsofirufyZ ethers are more readily hydrolysed than methyl ethers and 
have found some use in the flavone field23. BenqZ ethers24 afford the 
advantage that they can be cleaved selectively by hydrogenolysis 
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and the use of beiizyl bromidc with silver oxidc in N,N-dimethyl- 
formamidc results in benzylaiioii without dcacetylation". Ally1 
ethers may bc prepared and converted to prop-1- enyl ethers (by the 
action of potassium t-butoxide in dimcthyl sulphoxide) which are 
subsequently cleaved by mild acid hydrolysis26. 

B. Trityl Ethers 
Triphenylchloromethane (ti-ityl chloride) in pyridine solution 

reacts selectively with primary or unhindered secondary alcoholic 
groups27. The trityl group can be removed under miIdly acidic con- 
ditions or by catalytic hydrogenolysis. The followiiig is an example, 
among many, of the utilization of trityl ethers in steroid chemistry28. 

YOPEt $OpEt & -;;%&q 
HOAc-water 

"O . OH OH 

(a little) 

(15) 

The trityl ether linkage was stable to acetylating and deacetylating 
conditions, and oxidation of. 14 with N-bromoacetamide gave the 
3-ketone wi thu t  removal of the ether. Chrcmium trioxide in acetic 
acid, however, oxidized the 3-hydroxyl group with concomitant 
cleavage of the ether linkage. Trityl ethers do not appear to have 
been used for the protection of phenols. They have found frequent 
use in carbohydrate chern i~ t ry~~.  

C. Trimethylsilyl Ethers 

The advantage of the trimethylsilyl protecting group is its ready 
introduction by rapid, high-yield reactjons, and its selective removal 
under mildly acidic conditions. Phenols react with trimethylsilyl 
chloride30, while less reactive alcohols31 and  carbohydrate^^^ react 
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with trimethylsilyl chloride and hexamethyldisilazane in pyridine 
solution. The 6-0-ether linkage in methyl 2,3,4,6-tetra-O-trimethyl- 
silyl-K-o-glucopyranoside can be selectively methanolysed to regen- 
erate the 6-hydroxyl group33, thus providing a method of preparing 
6-0-substituted derivatives of methyl-a-D-glucopyranosidc in addi- 
tion to that utilizing the 6- 0-trityl etherZD. 

The volatility of these cthers has led to their widespread use in 
the gas-liquid chromatographic separation and identification of 
carbohydrates32. 

D. Tetrahydropyranyl Ethers 

The extremely useful tetrahydropyranyl (THP) ethers are pre- 
pared by the reaction of a hydroxyl group with 2,3-dihydropyran in 
the presence of an acid ~atalyst3~--3'. They have found frequent use 
for the protection of steroid alcohols, but limited use with aromatic 

A disadvantage of this method lies in the accompany- 
ing formation of an additional asymmetric centre, but this is usually 
not an insurmountable objection. Equation (9) is an illustration 
from the steroid field38. 

The ether was removed quantitatively from 19 by refluxing with 
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ethanol containing a little hydrogen chloride. Tetrahydropyranyl 
ethers can also be cleaved by dilute, aqueous acids at  room tempera- 
ture. The selective removal of a THP-group in the presence of an 
isopropylidene group has been achievedag. 

E. Glycosides of Sugars401 4l 

I n  the common ring form, the aldehydic or ketonic function present 
in sugars is converted to an extremely reactive hydroxyl group. The 
most widely employed method (although not the only one) for the 
protection of such a group is by the formation of glycosides. Such 
glycosides are, frequently, stabie to weak or anhydrous acids and to 
alkalies, but are hydrolysed by aqueous solutions of strong acids. 
The synthesis of glycosides is complicated by the necessity for stereo- 
selective control in conformity with the desired ring form (pyra- 
noid or furanoid) and anomeric configuration (a or /?). In  general, 
reducing sugars are converted to glycosides by treatment with an 
alcohol or phenoi in the presence of an acid catalyst. Alternatively, a 
reactive saccharide derivative can be prepared. I n  the presence of an 
acid acceptor, the substituent a t  C(l! is expelled and the carbonium 
ion formed reacts with the nucleophilic oxygen of the hydroxyl group 
of the reagcnt; in other cases a solvoIytic reaction may be involved. 

1. From reducing sugars 
The sugar is treated with a dilute solution of hydrogen chloride 

in a liquid aliphatic alcoho142. Cation exchange resins may con- 
veniently replace the mineral acid", and the use of benzyl alcohol 
affords the extremely useful benzyl glucosides. When the reaction 
conditions are such that equilibrium has been attained, the pre- 
ponderant product will have the most stable conformation with the 
least iitiiilber of lioiiljorided interactions, and its anomeric configura- 
tion and ring size will vary, accordingly, with the sugar converted. 
A number of methods have been employed to follow the course and 
separate the products of such reactions, the most sensitive being that 
of gas-liquid chromatography"'. 

2. From 0-acylgiycosyl halides 

The original 'Koenigs-Knorr reaction' consisted in treating a fully 
acetylated glycosyl halide with an alcohol, often dissolved in an 
inert, dry solvent in the presence of either silver carbonate or silver 
oxide ('acid acceptor'"). Later modifications included the addition 
of iodine, or silver perchlsrate**5, to speed the reaction and 'drierite' 



18. Protection of thc Hydrosyl Group 1011 

(anhydrous calcium sulphate) to maintain rigorously anhydrous 
conditions. The replacement of silver salts by mercuric salts, especi- 
ally mercuric cyanided69 47, ofterr leads to higher yields. 

I t  is generally considered that a carbonium ion is produced at the 
anomeric carbon atom of the sugar4*p 40, presumably stabilized by 
the participation of other groups, such as the ring oxygen or the 
2-acetoxy group when suitably orientated stereochemically. A typical 
example of the anchimeric assistance of the 2-acetoxy group is 
afforded by the glycosidation of tetra-0-a.cety1-x-D-gluco-pyranosyl 
bromide (20) or the corresponding derivative of D-mannose (23). 

- 

- f  

Br- (10) 

- +  

6r- 
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If the iiucleophilic attack by thc oxygen of the a!cohol occurs as 
indicated by (a), a @-D-glycopyranosidc (25) or cc-u-mannopyrano- 
side (26) is formed, as illustrated. 

If, however, attack (b) occurs, orthoesters are produccd, e.g., 

CH,OAc CH,OAc 

20- + (14) 
AcO 

0 0  0 0  
H , C ~ O R  H,C-xOR 

(27) (28) 

Aromatic glycosides can also bc pi-epared by heating a melt of the 
polyacetate in the presence of an acid catalyst such as p-toluenesul- 
phonic acid or zinc chloride Occasionally, aliphatic glycosides 
have been prepared by a rather similar method5I. 

3. Additional methods 

Glycosides have also been prepared from I ,!2-epoxides (e.g., 
Brigl's anhydride) 5 9 ,  by solvolysis reactions from glycosyl fluorides 53, 
and recently from 1 ,Z-orth~-acetates~~' and 1,2-unsaturated sugars54". 

ill. ESTERS 

A. With Organic Acids 
Un!iix?ered hydrox-yl groups are generzily esterifiecl under miid 

conditions; the reactions are often more facile than those employed 
in the preparation of ethers and excellent yields are usually obtained. 
Organic esters are stable to acids, but in contrast to ethers, they are 
cleaved by alkalies or by catalytic transesterification reactions. They 
are also stable to acylating conditions, to various oxidative processes, 
to catalytic hydrogenolysis (if not aromatic) and to the conditions of 
the Koenigs-Knorr reaction for the preparation of glycosides and 
disacc harides. 

The selectivity of ester-formation and hydrolysis is governed by 
both steric and electronic factors and is more evident when bulkier 
acyl groups, such as benzoyl or succinoyl, arc used. Secondary and 
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tertiary alcohols are less readily acylated than are primary alcohols. 
Phenols are less reactive than secondary alcohols, but aryl esters 
are saponified more rapidly than alkyl esters owing to the resonance- 
stabilization of the phenoxide ion produced. 

Strongly acid catalysts must be avoided during thc esterification 
of derivatives with acid-labile functions such as glycosides, acetals 
or anhydrides. On  the other ' hand, acid-catalysed acetylation 
(acetolysis) may be used to cleave an acid-labile function with 
simultaneous esterification, e.g., the acetolysis of 1,6-anhydrohexo- 
pyranoses gives the fully esterified hexose, while the acetolysis of 
polysaccharides affords mixtures of oligosaccharide polyacetates, the 
identity of which provides information on the types of interglyco- 
sidic linkages in the original polysa~charides~ G. 

1. Formates and trihaloacetates 

Formates ar,d trihaloacetates can be prepared from even very 
hindered hydroxyl groups, such as that at C,,!, in steroids and they 
are saponified rapidly under mildly basic conditions56. Tri-O-acetyl- 
2-trichloroacetyl-/3-~-glucopyranosy~ chloride has been prepared by 
the action of phosphorus pentachloride on penta-0-acetyl-P-D- 
glucopyranose. The trichloroacetyl group may be selectively re- 
moved by controlled ammonolysis to give 3,4,6-tri-O-acetyl-P-~- 
glucopyranosyl chloride5'. 

1. Acetates 

Acetates are the most commonly used esters for the protection of 
hydroxyl groups, and can be prepared in high yield from the 
hydroxyl function using acetyl chloride or acetic anhydride with a 
variety of catalysts such as pyridine, sodium acetate, zinc chloride, 
perchloric acid or p-toluenesulphonic acid. They have also been pre- 
pzred by ester-iiiterchaiige reactions, e.g., w i u  ethyl acetate in the 
presence of an acid catalyst59, when the less reactive phenolic 
hydroxyl is unaffected. Isopropenyl acetate, which converts ketones 
into enol acetates, can be used to acetylate less reactive hydroxyl 
groups such as 1 lp-hydroxyl of steroids". Apart from their alkaline- 
lability, acetates are cleaved reductively by lithium aluminium 
hydride. 

- . _ _  Ll. 

3. Benzoates 
Benzoates show similar properties to acetates, with rather more 

selectivity owing to the bulkier group involved. They are usually 
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prepared by the action of benzoyl chloride jn pyridine on the 
compound. 

4. Ester migration 
The utility of esters of organic acids for thc protection of hydroxyl 

groups in polyols is limited by the ability of ester groups to migrate 
from one hydroxyl to another without concomitant deacylation. 
Accordingly, reactions on polyols, in which some of the hydroxyl 
L croups are protected as esters, especiaIIy in alkaline media (e.g.. 
during ether formation), may not be clear-cut owing to the inter- 
vention of such migrations. Examples of this phenomenon were first 
noted with partially acetylated glyceryl estersGo-62, and many 
examples are ROW known in the carbohydrateG3 and inositol04 fields. 
The rearrangements are believed to occur intramolecularly via cyclic 
orthoacid intermediates and thermodynamic equilibrium is attained. 

RCOO OH 
I I  - 

P 

HO OCOR ~ Ho\ IR 
C I I  - 

-CH-CH- 0’ ‘0 -CH-CH- 
I 1  

-CH-CH- (15) 
There is a strong tendency for the ester migration to proceed from 

secondary alcohols to less-hindered, unprotected, primary alcoholic 
groups in the same molecule, as illustrated by the preparation of 
methyl 2,3,6-tri-O-acetyl-#l-~-ghcopyranoside (36) from the 2,3,4-tri- 
O-acetate (29) 65. Benzoyl groups migrate less readily than acetyl 

(31 1 
groups owing to the greater loss in resonance energy involved in 
formation of the orthoester intermediate. However, examples are 
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known of such benzoyl migrationsao> 07 .  Acyl migrations under 
and acidic'39, 7 0  conditions have also been reported. 

Ester groups vicinal to amino groups undergo an even more facile 
0 ->N acyl migration under neutral or mildly alkaline conditions, 
thereby producing hydroxyamides from 1,2-aminoesters. Reversal 
of this process requires strong acids, and the rate of the ensuing 
N -+O acyl migration is critically affected by the stereochemistry 
of the molecule71. 

R\ /OH 

OH NHCOR . 0' 'NH 
C 

ROC0 NH, 
I I  A 

I I  - - - - - I I  - 
-CH-CH- -CH-CH- -CH-CH- 

( 1  7 )  

An example fi-om the chemistry of lipids was provided during a 
synthesis of diliydr~sphingoniyelin~~: 

0 

C Ha( C H ?) ,C H - C H C H 2 0  P 0 C HiC H2Cl 
I I  I 
OH NHCORO 

(33) 

A typical example from carbohydrate chemistry is the following73: 

- 

CH,OAc CH,OAc 
solution in acetone or methanol. 

HCI 

hH, hHAC 

5. Sulphonate esters 

The most frequently encountered sulphonate esters are p-tohene- 
sulphonates (tosylates) and methanesulphonztes (mesylates) , pre- 
pared by the reaction of an alcohol or a phenol with the sulphonyl 
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chloride in the presence of' base (sodium hydroxide or pyridine) 74. 

Prolonged reaction a t  elevated temperatures in the presence of 
pyridinium chloride may lead to the displacement of primary sul- 
phonate by chloride The anomeric hydroxyl group in sugars 
is usually convcrted to a glycosyl chloride by a sidphonyl chloride 
in the presence of pyridine'G. 

Sulphonates are exceedingly stable to acid hydrolysis. Arylsul- 
phonates have high thermal stability and it is possible to oxidize 
the methyl groups of m- and p-cresol benzenesulphonates by selenium 
dioxidc at  200" to aldehydes without affecting the sulphonate ester 
group 7. 

a. Removal afsulphonate groups. (i) Sulphonatm are often stable in 
mildly basic media, e.g., during methylations using silver oxide. 

(ii) Isolated sulphonate esters, in molecules which do not afford 
the possibility of participation reactions, are saponified by boiling, 
aqueous alkali, with retention of configuration. Many reactions have 
been reported in carbohydrate chemistry in which the removal of 
sulphonate groups is facilitated by anchimeric a s~ i s t ance~~ ,  including 
ring contractions'8. A glycosidic methoxyl group may even parti- 
cipate in such desulphonoxylations, as in the alkaline conversion 
of methyl 2,3-O-isopropylidene-5- 0-p-bromobenzenesulphonyl-6-de- 
oxy-~-L-allofuranoside (36) to 6-deoxy-2,3-0-isopropylidene-5-0- 
methyl-D-talofuranose (37) in 81 yo yield79. 

(iii) Reductive desulphonylation, using, typically, 2-4"/b sodium 
amalgam or Raney-nickel, has been used extensively for cleaving 
tosylates, although the reaction may be complicated by the interven- 
tion of anhydride formation in the mildly basic conditions employed 
if facilitated by the stereochemical configuration of the molecule7'*. 

Reduction of primary sulphonates with lithium aluminium 
hydride usually results in desulphonoxylation and the production of 
the o-deoxy derivative. This reaction is the basis of a widely used 
synthesis of o-deoxy sugars. Iodide ion also replaces primary tosyl- 
ates by iodides which can be reduced by lithium aluminium hydride, 



18. Protcction of tlic Hydroxyl Group 1017 

thus affording the deoxy sugar from the tosylatc by a two-stage pro- 
cess. Secondary sulphonates are removed by, prcdominantly, 0-S 
bond fission, giving the alcoho174. Since this is a slower reaction, it 
is often possible to remove selectively a primary in the presence of a 
secondary tosylate (equation 21) so. 

A sulphonyloxy group trans to a vicinal acylamido group may be 
removed with participation of the amide nitrogen and formation 
of an epimine (aziridine) derivatives1. 

(iv) Sulphonate esters undergo typical S,Z-type dispIaccment 
reactions, accompanied by C-0 bond fission and inversion of con- 
figuration of the carbon atom bearing the original ester, with a 
variety of nucleophilic reagents: 

(22) 
n 2-3 R'-O-SO,R* --+ R'X + R~SO,O- 

The reactivity of the sulphonate group in such reactions, and the 
product, are critically dependent upon the type, and stereochemis- 
try, of the original sulphoiiate ester. Primary sulphonates are the 
most reactive, while sulphonates adjacent to the anomeric group in 
glycosides (i.e., 2- 0-sulphonyl-aldopyranosides and the 1-0-sulphon- 
ates in 1 - 0-sulphonyl-2-ketosides) are extremely ~nreactive7~. Re- 
placement of secondary sulphonates in sugars usually requires a 
high-boiling, aprotic solvent and favourable stereochemical and 
electronic factors82 -a3. The configurational changes accompanying 

C H G-LL 
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the anchimerically-assisted displacement of sulphoiiate esters have 
been studied extensively (for a review see Reference 84). 

Mesyl esters of equatorial secondary hydroxyl groups in pyranose 
rings and of a secondary hydroxyl group in a furanose ring were 
converted to ethers by reaction with sodium methoxide or ethoxide 
in dry dimethyl sulphoxide. The  reactions proceeded with retention 
of configuration, attributed to a reaction mechanism involving an 
initial, slow, nucleophilic attack by aikoxide ion on sulphur in the 
mesyl ester, followed by a rapid competition between the liberated 
carbohydrate oxide anior, and the excess alkoxide for the alkyl 
methylate produceds5. 

6. Tiglatesso 
In a search for a selective blocking group for the hydroxyl function 

which could be removed under mildly basic conditions without 
affecting other ester groups in the molecule, the use of tiglate esters 
was introduced into the steroid field. Primary hydroxyl groups can 
be selectively acylated with tigloyl chloride (cis-2-methyl-d “but- 
enoyl chloride) in pyridine. The  resulting tiglates can be cleaved by 
oxidation with osmium tetroxide-periodic acid to the extremely 
alkali-labile pyruvic eseers: 

0 CH, CH, 
II I I OSO,-HIO, 

8 hr, ambient 

Strophanthidol 3-acetate (44) 
as shown at the top of p. 1019. 

[ ? ;  ] O H  
ROC-C-CH, - ROH (23) 

was synthesized by the sequence 

7. Phenylcarbamatese7 
Phenyl isocyanate reacts quantitatively with the hydroxyl groups 

of iarbohydrates in either pyridine or neutral solvents such as ben- 
zene. No acetyl migration accompanies the esterification, and the 
phenylcarbamates are stable to acids. The alkali-lability of the esters 
is diminished by N-methylation, which occurs on treatment with 
methyl iodide and silver oxide in AV,N-dimethylformamide solution. 
The N-methylphenylcarbamoyl group is removed smoothly by 
reduction with lithium aluminium hydride. An attempt to utilize 
phenylcarbamate esters as selective hydroxyl-blocking groups for 
the preparation of methyl ethers was vitiated by the discovery that 
the phenylcarbamate group may migrate under the basic conditions 
employed for the methylation of carbohydrates. However, a successful 
synthesis of 2,4-di-O-methyl-~-ribose employed a phenylcarbamate 
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Tig-0 Tig-0 

HO 

protective groupa8. Methyl #h-ribopyranoside 2,4--plienylboronate 
(45) gave the 3-0-phenylcarbamate (46), from which the cyclic 
boronate ester was removed by treatment with propan- 1,3-diol. 

M e 0  OH W H O O H ,  OH 

OH OMe RO OH 

(47) 
R = -CONHPh 
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Methylation, and subsequent removal of the carbamatc and methyl 
glycoside gave the required 2,4-di-O-methyl ether (48). 

The lack of phenylcarbamatc migration in 47 may be attributed to 
an unsuitable stereochemical configuration precluding the formation 
of the intermediate cyclic product presumably implicated in any 
possible ester migration from C(3) to either Ccr) or C14). 

8. Carbalkoxy esters 
Carbometho:ry derivatives of phenols were prepared by the re- 

action of methyl chloroformate with a solution of the phenol in 
aqueous alkali, or by the addition of methyl chloroformate and di- 
methylamine to a solution of the phenol in benzenesg. Reaction of 
ethyl chloroformate and gyridine with reactive hydroxyl groups 
aEords carbethoxy esters”. The advantage of such carbalkoxy esters 
lies in their selectivity of formation and ease of removalg1. 

9. Carbonates 

Cyclic carbonates have found little use in the simultaneous pro- 
tection of two hydroxyl functions in phenols and steroids, but have 
been frequently employed in carbohydrate They are 
readily prepared by the reaction of polyols with phosgene in pyridine 
solution, or with chloroformic esters in aqueous alkali. Alternatively, 
cyclic carbonates may be conveniently prepared by transesterifica- 
tion of a diary1 carbonate or a cycIic aryl carbonate with a polyol 
a t  100-150” in a suitable solvent in the presence of an alkaline 
catalystg3. As esters, they are relatively stable to acids but are re- 
moved by mild alkalies. The ring formation enables the simultaneous 
protection of two hydroxyl groups and, also, the preparation of 
otherwise not easily accessible derivatives, e.g., of furanoid sugars. 
The 5-membered carbonate ring fused to a 5-membered furanoid 
sugar is more stable than a 5-membered ring fused to a 6-mcmbered 
pyranose ring system. D-Glucose affords the 1,2: 5,6-dicarbonate (49) 
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and D-mannose the 2,3: 5,6-dicarbonate (50) , the vicinal &orient- 
ated hydroxyl groups reacting preferentially9 4. 

a-D-Ribofuranosyl phosphate, and its 5-G-phosphate7 have been 
prepared from methyl 5-O-benzyl-~-ribofuranoside 2,3-carbonate 
b y  avoidance of neighbouring group participation in reactions at  the 
anomeric carbon atom". Carbonate esters of furanosyl halides may 
be prepared by the reaction of sugar carbonates with thionyl chlor- 
ide, or hydrogen bromide in acetic acidg6. 

D-Glucitol, D-mannitol and DL-galactitol give the 1,2: 3 , k  5,6-tri- 
carbonatesg7, the first two polyols reacting, at room temperature, in 
their preferred zig-zam conformation, in which the vicinal hydroxyl 
groups are suitably orientated for ring formation, whereas galactitol 
requires heat to facilitate an unfavourable conformational change 
to enable formation of the 3,4-carbonate. 

9 

10. Thiocarbonates9* 

action 
Tliiocarbonates may be prepared according to the general re- 

0 0 
II I1 

R ~ O H  + CICSR' - R~OCSR' + HCI (26) 

The (benzylthio) carbonyl group is stzble to concentrated hydro- 
chloric acid, and consequently 3-O-[(benzylthio) carbonyl]-@- 
glucopyranose can be prepared from the acid-labile 1,2: 5,6-di-0- 
isopropylidene-D-glucofuranose. Subsequent acylation affords 2,4,6- 
tri-0-esters, and the protecting thiocarbonate can be selectively 
removed by oxidation with peracetic acid. 

I I .  Orthoesters 

Unlike the esters eoiisidered previously, the cyclic orthoesters are 
stable to basic conditions but are readily hydrolysed by acids. The 
formation of orthoesters affords the possibility of two stereoisomers 
at the particular carbon atom involved, the selective formation of 
which can sometimes be controlled. For example, reaction of the 
steroid 51 with ethyl orthoformate gave the more dextrorotary 
isomer of 52 when pyridinium Eydrochloride was used as catalyst, 
while p-toluenesulphonic acid catalysed the formation of the other 
epimerg9. 

The 16a,I 7a-orthoester (56) was przpared from 55 and ethyl 
orthoformate using perchloric acid as catalyst (equation 28). 
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CH,OH CH,OH 
I 

--OH - 
* M ~ O H  + a 

few drops of (28) 0 aqueous HCI 0 
(55) (56) 

The 17~,21-orthoesters were invoked as an explanation of the 
acyl nigration ~bseilrcd when corticosterd I 7x-monoesters are 
refluxed with benzene in the presence of p-toluenesulphonic acid, 
2 I-monoesters being isolated in quantitative yield (compare eyua- 
tion (1 5), section IiI.A.4). 

Thc intermediate in equation (29) is, in fact, the protonated 
orthoacid rather than the orthoester. 

The most common carbohydrate orthoesters are 1,2-cyclic com- 
pounds formed by reaction of glycosyl halides with alcohols in the 
presence of hydrogen halide acceptorsloO (equation 14). Although 
they are more readify obtained from sugars having the trans relation- 
ship of the halide at C(l) and the acyl group at  Ci2), the use of hin- 
dered bases enables the preparation of 1,2-cyclic orthoesters from 
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- t i+  (29) 

4, 

CH,OCOR 
1 
c=o 
,(--OH 

cis-2-0-acyl-l-Iialo-deri~atives~~~. Nevertheless, a prior anomeriza- 
tion of the cK-halide to the less stable ,%halide, thus producing the 
required trans relationship, probably occurs, catalyscd by halide ion. 

Another method of preparing 1,2-orthoesters from cis-acylglycosyl 
halides in ethyl acetate solution, with lead carbonate and drierite, 
presumably iiivolves a double inversion a t  C(l)  with participation of 
the solvent54. 

OAc 

6-OEt 

Qio O\/ 

I 

Me Me 
I 

QB<=C 

- OEt - G""'. 
O\/ 0 

I 
Me 

OAc 

lY2-orthoesters can bc used for the preparation of glycosides and 
disaccharides (see section II.A.3). 

Cyclic orthoesters can be prepared from vicinal cis diols by acid- 
catalysed exchange with a trimethyl orthoester. In  this way, ribo- 
nucleosides were converted to the corresponding 2',3'-orthoformates, 
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orthoacetates and orthobenzoateslo2. Hydrolysis of the orthoesters 
with very dilute acid afforded a mixture of the 2- and 3-O-esters, thus 
giving an approach to the preparation of monoesters of vicinal diols. 

H o H 2 c ~  R‘ R*C(;ye), HoH2ceR’ (30; 

OX OH OH 

Me OR2 

(57)  (58)  

0. Esters of Inorganic Acids 
I .  Nitrate esters 

Nitric acid-acetic anhydride mixtures esterify alcohols rapidly, 
and the nitrates formed are generally stable to mild acids and mild 
alkalies. They are unaffected by chromium trioxide-acetic acid, 
Wolf-Kishner reduction, lead tetracetate and peracids, silver oxide- 
methyl iodide, acetylation and acetalation conditions. Although 
reasonably stable to acids, acetolysis, using 10% sulphuric acid in 
acetic anhydride, replaces nitrates by acetates. Vigorously alkaline 
conditions, e.g., ethanolic potassium hydroxide, give N-0 and 
C-0 bond fission, leading to ketones which are further degraded 
under the alkaline conditionslo3. The best method of denitration is 
by use of reducing agents, e.g., iron or zinc dust iD- boiling acetic 
acid, aqueous, alcoholic sodium sulphide, lithium aluminium 
hydride, hydrazine or catalytic hydrogenolysisl03. Sodium nitrite 
removes certain secondary nitrates selectively, e.g., methyl 4,S-O- 
benzylidene-a-D-glucopyranosicle 2,3-dinitrate gives the 3-nitrate 
e s tdo4 .  The use of the nonparticipating nitrate a t  Ccz) of an aldo- 
pyranosyl chloride cnabled the preparation of an a-linked disaccha- 
ride, isomaltoselo5, and the derived trisaccharide panose”J6. The 
protecting nitrate group was removed from the products by hydro- 
genolysis in the presence of a palladium-charcoal catalyst. Nitrate 
esters were utilized as protecting groups in the conversion of preg- 
nandiol (3a,6a)-20-one (59) to 17a-methyl-testosterone (63) lo7.  

2. Sutphates 
Sulphate esters have been used for the protection of phenolsloe. 

Although many sulphate esters of ciirbohydrates have been syn- 
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thesized because of their intrinsic interest as natural materials or 
degradation products of naturally occurring polymcrslOD, they have 

found little utility as protecting groups. Migration of sulphate ester 
groups, presumably via cyclic intermediates, has been reportedllO. 

3. Borates and phenylboronates 
Sugar and alditol borates are known only in solution, but their 

formation is readily followed by the changes in optical rotation and 
conductivity observed when polyols are dissolved in boric acid or 
borate solutions1l13 lI2. Borate complexes have been employed as 
protecting groups for the synthesis of a number of carbohydrate 
derivatives, such as 2,6-di-U-benzoyl-~-glucose~~~ and 3,6-di-0- 
methyl-D-glucosell*. The corresponding phenylboronates are more 
stable esters which are decomposed, however, by water or alcohols. 
They are prepared from polyols by reaction with phenylboronic 
acid under dehydrating conditions115. Sugar alcohols react much 
more rapidly than do monosaccharides. Cyclic phenylboronate 
formation enables the simultaneous protection of two hydroxyl 
groups in a moIecule which sometimes cannot similarly be protected 
by any other reagent (see also section 111.7). For example, methyl- 
P-D-rihopyranoside affords the 2,4-phenylboronate (46) in 90% 
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yield, and this is a usefd prccursor of 3-0-acyl esters of ~ - r i b o s e ~ ~ .  
The six-membered boronate rings arc gencrally more stable than 
their five-membered counterparts; in thc case of the ribopyranoside 
(46), this is explained as due to the coordination of 0(3) to boron. 
Benzyl-P-D-xylopyranoside 2,4-phenyl boronate (64) is more reactive 
than the or-anomer in Koenigs-Knorr reactions' lG. This has been 
explained as being due to the intramolecular hydrogen bonding of 
the free hydroxyl group, thereby enhancing the nucleophilic char- 
acter of the oxygen (but contrast an opposite effict of hydrogcn 
bonding on the methylation of phenols in section V). 

0 - H - - - -  OCH,Ph 

0 

I 
Ph 

(64) 

§elective methylation of phenolic 'or enolic liydroxyl groups in 
Aavones or flavonols is possible after protecting other hydroxyl 
groups as borate complexes117. 

BV. MISCELLANEQWS HETEROCYCLIC RINGS 

A. Oxides 
Epoxides and cyclic anhydrideslla-lzo can be prepared by re- 

actions involving the intermolecular displacement of il 'good leaviiig- 
group' by a neighbouring nucleophilic oxygen atom, usually in the 
presence of base: 

Phenyl p-D-glucoside (65),  for example, is thus converted by alkali 
to 1,6-anhydro-~-~-glucose (67) l18. 

The  acid- or base-catalysed hydrolysis of epoxides and cyclic an- 
hydrides replaces the ring with a diol. The ease of formation and 
hydrolysis of these rings, and the configuration of the products, 
depend upon stereochemical factors. For example, by cyclization 
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H /OH 
CH,OH CH,-O’ 

HO 
0 

CH,-O 

OH 

(67) 

and subsequent hydrolysis, a tosylate (68) of D-arabiiiosc is converted 
to D-ribose (69) via an epoxide intermediate1?‘: 

(69) 

Epoxide migrations when ncighbouring hydroxyl groups are suit- 
ably disposed sterically further complicate the results of such 
cyclization, ring-opening sequences l19. The acid hydrolysis of epox- 
ides and anhydrides requires conditions which hydrolyse simul- 
taneously other acid-labile groups such as acetals and glycosides, 
while the base-catalysed hydrolyses remove esters. From the above, 
it is obvious that such cyclization reactions generally do not offer 
suitable means of protection of hydroxyl groups in polyols. However, 
1,6-anliydrosugars have been employed in the synthesis of a number 
of &saccharides, inducing cellohiosc and lactose122. 

B. kactones 

Occasionally, lactone formation has been utilized for the simul- 
taneous protection of hydroxyl and carboxyl functions. The lactonc 
(70) of D-glucuronic acid, for example, forms a convenient starting 
material for the preparation of many de r i~a t ives~~3-12~~  while the 
lactone(41) was utilized for the preparation of the steroid derivative 
44 (equation 24). 
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C. Oxazol ines~~~ 

Syntheses of derivatives of 2-amino 1,3-diols have been achieved 
by simuitaneous protection of one hydroxyl and the amino group 
as a heterocyclic ring, leaving the other group free for reaction1273 l2* 
(equation 34). 

OH OH 
I I 

R*CH- CH -CH R3 R2C H-CH-C H R3 
I I  > I 1  
OH NHCOR' O N  / '$ 

L 

OH O H  
I 

R'CH-CH - &HR3 R2 CH-C H -CHR3 
I I  > I 1  

R'COO NH,'. OH NHCOR' 

(34) 

The oxazoliric ring- is stabilized when K1 is an electron-attl-actiiiS 
group such as dichloroacetyl or aryl. Mildly acid conditions open 
the ring to an aniinoester which undergoes acyl migration to an 
amidoalcohol in basic media. The process of ring-closure to an 
oxazoline may involve inversion of configuration of the carbon atom 
beaiing the hydroxyl function involved in the cyclization, while the 
acid-catalysed ring-opening and 0 +N acyl migration reactions 
proceed with preservation of c o n f i g u r a t i ~ n ~ ~ ~ ~  130. Ethers131, glyco- 
sides and d isa~char ides l~~ of amino sugars have been prepared from 
oxazoline derivatives. 

V. CYCLIC 4-CETALSlmr i?i 

A. Preparation 
Two contiguous hydroxyl groups may be condensed with alde- 

hydic or ketonic reagents to give cyclic derivatives, generally by 
acid-catalysed reactions (see equation 35). 

Acetal-exchange reactions, e.g., using 2,2-diethoxypropane, may 
also aflord acetals (see cquation 36). 
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In  the general scactions depicted in equations (35) and (36) 
equilibria are attained; the actual product will be governed by 
energy considerations, and, in general, the acetal with the pre- 
ferred. conformation of lowest energy will be formed. 

A variety of acid-catalysts have been employed, often with the 

V v 
C-OH c-0 

H+ 
+ EtO ’R2 / R’ - 1 >:: + 2 EtOH (36) 

C-OH c-0 
A A 

addition of dehydrating agents to remove the water formed (equa- 
tion 35) and thus to shift the equilibrium to the side of acetal forma- 
tion. Various acid-type dehydrating agents, such as phosphorous 
pentoxide, sulphuric acid, zinc chloride and cupric sulphate, are 
useful activatorP4. Sometimes, acetals can be prepared in neutral 
media in the presence of a strong, neutral desiccant, e.g., calcium 
carbidelas. The water formed may be removed by means of azeo- 
tropic distillation136~ 137. 

When the groups R1 and Re are different, an additional asym- 
metric centre may be introduced into the product. The acid- 
catalysed equilibrium generally produces the isomer with thc more 

HOH,C 

HO- M e 0  

Meo OMe 

(71) 

H 1 
+ ?h 

Me 

?h* 

Me 

(72) 173) 
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stable structurc. However, in alkaline media, a mixture of diastero- 
isomers can be prepared and separated. Equilibration of each of these 
compounds under acid conditions produccs the more stable 
isomer138. 

Reaction of' methyl 2,3-di-O-methyl a-D-ghcopyranoside (71) 
with benzylidene bromide and potassium t-butoxide afforded both 
isomers of the acetal with equatorial 72 and axial 73 phenyl groups, 
which could be separated. The thermodynamically less stable 
isomer 73 was converted to 72 by treatment with acid reagents. 

In reactions producing five-membered acetal rings, the difference 
in stability between the diastereomers is larger and it is thus pos- 
sible to isolate two separate acetals even under acid-catalysed COP 

ditions of condensation. The absolute configurations of the diastere- 
omeric acetals have been determined by n.m.r. spectroscopy, thc 
chemical shift of the acetal-proton depending upon its ex0 72 or 
endo 73 configuration with respect to the bicyclic ring ~ y s t e m ~ 3 ~ .  

Acetals are stable to many reagents and reaction conditions, in- 
cluding metalation, alkaline saponification, esterification and de- 
esterification, oxidation and reduction, and thus provide useful pro- 
tection of hydroxyl fimctions. They are generally stable to Koenigs- 
Knorr conditions and there are indications that the presence of an  
acetal ring increases the nucleophilicity of the oxygen of an adjacent 
hydroxyl group, thus facilitating the condensation of this hydroxyl 
with acylglycosyl halides in the Koenigs-Knorr 

Acetals of phenols have rarely been prepared, although the iso- 
propylidene derivative of catechol is known; it is unusual in being 
cxtremely stable to Various empirical rules have been pro- 
posed for the prediction of the type of ring formed preferentially 
(size 2nd configuration) in polyhydroxyl compounds132. Ketones 
usually tend to produce five-membered acetal ( 1,3-dioxolanc) rings 
(74) rather than six-membered (1,3-dioxanc) rings (75), possibly 
owing to the fact that one of thc alkyl groups must necessarily occupy 
an axial position on the six-membered ring. 

141. 

R' 

(74) (75) 

Egthro- or cis-diols react preferentially with acetone in the pres- 
ence of acids. Whenever possible a furanose ring is formed, probably 
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duc to the lower strain encountered in two fused five-membered 
rings as compared with thc fusion of a five- with six-membered 
ring. Thus, D-glucose gives 1,2 : 5,6-di-O-isopropylidene-cr-~-gluco- 
furanose (76) 1*3, while D-mannose gives the 2,3: 5,6-diacetal (77) 14* 

(compare section IIL4.9). 

Glucosides, which do not have vicinal cis hydroxyl groups, do not 
form isopropylidene derivatives except under forcing cocditions14 5, 

while the pyranosides derived from mannose and lyxose readily give 
the 2,3-acetals. Similarly, the pyranosides derived from arabinose, 
galactose and altrose afford 3,4-acetals with acetone. 

Tri-0-isopropylidene derivatives of inositols in which one of the 
five-membered acetal rings is trans-fused to the six-membered cyclo- 
hexane ring, can also be p r ~ d u c e d l ~ ~ .  The  third acetal (derived 
from contiguous trans-hydroxyl groups) is introduced more slowly 
and hydrolysed more readily. Such a tl-am-cydization occurs only 
with cyclitol derivatives which already contain two acetal rings, 
and has been explained as being due to distortion of the cyclohexane 
ring by the two acetal groups previously attached; this distortion 
facilitates the closer approach of the two trans-hydroxyl groups to 
each other. 

The  sterol 78 reacted with acetone in the presence of zinc chloride 
to afford a five-membered acetal79 which was stable to acetylation 
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and tosvlation of the 3-/3-hydroxyl group, and was hydrolysed by 
50% aqueous acetic acid147. 

Acetone condenses with two viciiia.1 hydroxyl groups of glycerol, 
leaving the third (primary) hydroxyl group free, thus affording a 
facile synthesis of 1 -acyl g lycer ide~l~~.  Benzaldehyde, on. the other 
hand, gives l,3-benzylideiie-glycero11*9. The secondary hydroxyl 
group can be converted to the benzyl ether. After removal of the 
benzylidene protecting group by mild, acid hydrolysis, acylation, 
followed by catalytic hydrogenolysis, affords lY3-diacyl glycerides. 
Alternatively, acylation of 1,3-benzylidene-g1ycerol followed by selec- 
tive acid hydrolysis of the acetal group affords 2-acyl glycerides. 
Owing to the facile acyl migrations of ester groups in derivatives of 
glycerol, it is preferable to cleave the acetal by a two-stage process: 
glycerol 1,3-diborate is first prepared by treatment of the acetal with 
boric acid in triethyl borate at  temperatures above 100"; the isolated 
borate ester is then decomposed by the addition of water, without 
accompanying acyl migration. 

The 16a, 17a-acetals of the general structure 80 were prepared 
from the ketone or aldehyde using cataIytic amounts of aqueous 
(70%) perchloric acid as catalyst150. 

The bis-methylenedioxy spiro ring system in S2, prepared from 
hydrocortisone 81, was stable to alkaline, reducing and acylating 
conditions1 51. 

CH,OH & &;2 o&H 

0 

(81 1 / (80) 

t 

,0-CH, 

...O'CH2 

0" &- (82) 
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B. Cleavage of Acetals 

Acetals are usually hydrolysed by dilute, aqucous acid, their 
stability being controlled, inter alia, by the nature of R1 and R2 
(equation 39) 152. 

(39) 

HOCHR3 HOC\HR3 

HOC/HRS 

(CR'), 
\ 

R' (CR4), ~-- R'COR' -I- 

R' 0-CHR' 
>c,+ / 

The general order of ease of acid hydrolysis of acetals is p-meth- 
oxybenzyiidene > benzylidene > isopropylidene > ethylidene > 
rne th~lene '~~.  The methylene acetals are extremely stable to hydro- 
lytic conditions, but can be degraded smoothly by acetolysis. 

The 17a,21-methylene acetal in compmr?d 84 was stable to all 
attempts of hydroly~is'~~. 

(3 h i ,  reflux) 

(83) 

Acctal rings have also been cleave& by boron trichloridelj5, 
bromine in ether'", and aqueous trifluoroacetic acidl57. A novel 
reaction of 4,6-O-benzylidene acetals of hexopyranosides is the 
oxidation by N-bromosuccinimide under free radical conditions to 
produce 6-bromo-4-benzoates in good yield158 (equation 41). 

The differential stability of acetals towards acids has been ex- 
ploited for the selective removal of acetals in the presence of one 
another. Since the exocyclic acetonides are more readily hydrolysed 
than those fused to a sugar ring, it is possible, for example, to 
hydrolyse 1,2: 5,6-di-O-isopropylidene-~-~-glucof~ira1~ose (76) to the 
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1,2-acetal. Similarly, 2: 3,5: 6-di-O-isopropylidene-~-mannofuranose 
(77) affords the 2,3-acetal upon partial, acid, hydrolysis159. 

The benzylidene residue in 1,4-anhydro-3,5-U-benzylidene-6- 
chloro-6-deoxy-~-glucitol is removed during steam distillation to 
give 1,4,3: 6-dianhydro-~-glucitol as the major product, and 1,4- 
anhydro-6-chIoro-6-deoxy-~-glucitol as the minor product l60. As it 
was suspected that the acidity of the water due to dissolved carbon 
dioxide (pH 5.5) might have been sufficient to hydrolyse the acetal, 
excess potassium hydroxide was added during the steam distillation, 
but, again, the benzylidene group was removed. This is a rare case 
of an alkali-labile acetal. Benzylidene acetals, owing to the aromatic 
substituent, are also removed by catalytic hydrogenolysis. 

Migration of acetal functions is rare, but the formation of 1,6-di- 
0-benzoyl-2,3 : 4,5-di- C)-isopropylidene-~-galactitol from the more 
strained 2,3 : 5,6-di-O-isopropylidene-~-galactitol by treatment with 
benzoyl chloride in pyridine at elevated temperatures has been 
attributed to this effect6*. Reaction of 1,Z: 5,6-di-O-isopropylidene- 
a-D-glucofuranose (76) with phosphorus pentachloride gave 6- 
chloro-6-deoxy- 1,2: 3,5-di-O-isopropylidene-~-~-glucofuranose (90), 
as a result of a S,i mechanism of chlorination1';'. 

An isolated hydroxyl group adjacent to a thiol has been protected 
by cycIization to a hemithioketal, enabling selective reaction of the 
3-hydroxyl group (equation 4.3). The thioketal could be cleaved by 
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dilute acids, Raney-nickel and acidic or basic solvolysis in thc 
presence of mercuric salts162. 

Compound 92 was produced by refluxing the steroid 91 with 
acetone for 8 hours in the presence of p-toluenesuiphonic acid. 
Alternatively, heniithioketals can be prepared by treating the thio- 
alcohol with a ketone for 20 hours a t  room temperature in the pres- 
ence of zinc chloride and sodium sulphate. 

VII. SELECTWE REACTIVITY QF HYDRQXYL GROUPS 

As pointed out several times previously, steric and electronic factors 
influence the reactivity of hydrosyl groups towards a variety of re- 
agents and it is often possible to cxploit their effects to enablc the 
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protection of specific hydroxyl groups in polyols. The bulky tri- 
phenylchloromethane reacts peferentially under mild conditions 
with primary alcoholic groups (see section 1I.C). Primary, and un- 
hindered secondary, alcoholic groups in steroids are often acylated 
while the more hindered secondary (and tertiary) alcoholic groups 
do not react: there are differences in the rates of hydrolysis of the 
esters formedIo3. 

I n  hexopyranosides, the primary hydroxyl group is the most 
reactive in base-catalyscd esterification and etherification re- 
actions164. Conformational effects appear to have great influence 
on the reactivity of secondary alcoholic groups. The 4-hydroxyl in 
the more stable (C 1) conformation of D-galactopyranosides (axial) 
is the least reactive to acylating conditions165. Its lower reactivity 
was also utilized €or the preparation of 3- 0-glycosyl derivatives 
(disaccharides) of D-galactoselGG and 2-acetamido-2-deoxy-~-galac- 
tosel67 starting from a protected glycoside in which both the 3- and 
4-hydroxyl groups were free. 

The intervention of influences other than those due to axial or 
equatorial conformations is illustrated in the selective acylation of 
methyl a-D-mannopyranoside (93) to methyl 2,3,6-tri-O-beiizoyl-v.- 
D-mannopyranoside (94) 1 G 5 .  

HOHZC PhOCOHzC OCOPh 

OMe 
HO 

OMe 

The axial 2-hydroxyl group is esterified preferentially to tlic 
cpzratorial 4-hydroxyl group. The large C(5,:substituent d::creased the 
reactivity of the 4-hydroxyl group which is also less than might be 
expected in glucopyranosides where this hydroxyl group is equatori- 
ally orientated in the stable (C 1) conformation. Furthermore, there 
is enhanced reactivity of the 2-hydroxyl group in methyl a-D-hexo- 
pyranosidesl68, attributed to the formation of an intramoleculzr 
hydrogen bond to the l-methoxyl group109. This enhanced reactivity 
is apparently lacking in the P-anomers of D-glucose and u-galactose 
in which hydrogen-bond formation to the oxygen at C(l) may be 
expected not to be favoured on stereochemical grouiidsl70. Hydrogen 
bonding, on the other hand, does not readily explain the enhanced 
reactivity of the C(z)  oxygen in u-u-mannopyranosides unless it is 
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postulated that tlicre is hydrogen bonding to the carbonyl oxygen 
of the benzoyloxy group introduced at C,?, or to the ring oxygen. 
However, treatment of methyl 4,6-O-ethyhdene-cc-~-mannopyrano- 
side (95) with 1 mole of p-toluenesulphonyl chloride gives reaction 
predominantly with the 3-hydroxyl group, the axial hydroxyl a t  C,, 
remaining free171 (equation 45). 

OH 
M e / t o O T  & (45) 

M ' T Z *  f OMe 

OMe 
(95) (96) 

In  this case, hydrogen bonding to the oxygen of the acetal ring 
may be invoked to explain the enhanced reactivity of the 3-hydroxyl 
group, as well as the more ready accessibility of the equatorial, 
rather than the axial, hydroxyl group. 

I t  may be noted, in contrast, that the lower reactivity of an alco- 
holic group adjacent to an aldehydic function in a phenol was 
attributed to hydrogen bonding to the oxygen of the 
Orcyl aldehyde'(97rR = H) 
aldehyde (97; R = CH,). 

was methylated selectively to everninic 

p J 2  

The primary hydroxyl groups of m-galactitol are extremely 
reactive and may be esterified preferentially by treatment with 50% 
acetic acid at  80" 173. 

Equatorial hydroxyl groups in cyclitols are tosylated in preference 
to axial hydroxyl groups146. 

Advantage may be taken of the selective reactivity of ainines and 
alcohols in various media to enable the preparation of N-acylamino 
alcohols or amino esters. In  general, in acid media the protonated 
amine is stable to acylation while in aqueous alkaline media the 
amine is acylated and alcoholic groups are unaffected. Thus, the 
perchloric acid-catalysed acetylation of alcohols is rapid and sdec- 
t i~e17~,  and, on the other hand, there are many examples known 
of the N-acylation of amiiio alcohols, 1iydroxya.mino acids and amino 
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sugars in aqueous or aqueous alcoholic media in the presence of 
alkali. Similarly, the choice of reaction conditions cnables the selec- 
tive N- or 0-sulphonation of amino alcoliols17~. 

WD. INDIRECT PWOTECTlON BY C O N V E R S I O N  
TO KETONIC DERIVATIVES 

It is possible in some cases to oxidize selectively a desired hydroxyl 
group in a polyol to a ketone: the ketonic group can be protected by 
specific reagents, if necessary, leaving the other hydroxyl groups free 
for further reaction. The original hydroxyl group is then rcgenerated 
by reduction of the ketone. A process analogous to the above scheme 
was employed in a synthesis of 1,3-diacyl glycerides17G: 

CH,OCOC,,H31 
I 

I 
CH,OCOR 

CH,OCOCj,H31 CH,OCOC15HjI 
I 

I I 
CI CH,OH 

f CHOH (46) 
I 1. RCOCI 
c=o c=o 2. Raney-Nickel 

(98) (99? (1 00) 

Oxidations of secondary alcohols to ketones have been performed 
by a variety of chemical reagents and also by several micro- 
organisms. 

A. Chemical Oxidations 
Air or oxygen, in the presence of rare metal catalysts, e.g., platinic 

oxide or palladium, oxidize preferentially primary or more reactive 
secondary alcoholic groups 7 9  178. Manganese dioxide oxidizes 
allylic, as opposed to saturated, alcohols1i9. 

A large number of different chemical reagents have been developed 
for the nonspecific oxidation of hydroxyl groups in polyols (cf Rcfer- 
ence 180 and loc. cit.). These reagents suRer from the disadvantage 
that all other hydroxyl groups in the molecule, apart fi-om those 
required to be oxidized, must be prcviously protected. 

R. Biochemical Oxidations 
Various strains of Acetobacter oxidize certain sccondary alcoholic 

groups in polyols to ketones173. The groups oxidized are determined 
by their configuration; the original ruIes suggested for the prediction 
of the products of such oxidation reactionslal have been variously 
rnodified18?. Induced enzymes have been isolated from I’seudonzot2as 
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ttsslostei-om' whicli osidize the 3-, or the 3- and 17-hydroxyl groups in 
stei-oids1s3. 

D-Galactosc oxidasc is unusual in that i t  oxidizes the primary 
hydroxyl group of D-galactose to an  aldehyde*84. 

Sucrose is oxidized by Agrobarterium tumefaciens in the glucopyran- 
ose ringls5 to '3 keto-sucrose' while lactose and maltose are oxidized 
in the nonreducing moiety1sc. 

Reduction of the ketone to regenerate the alcoholic function is 
complicated by the possible production of two c'liastereoisomers. 
Consequently, recovery of a compound with the alcoholic group 
having its original stereochemistry may not always be feasible, or its 
overall yield may be low. On the other hand, the sequence 
>CHOH -+ >C=O -+ >CHOH may be of value i s  converting a 

secondary alcohol to its less easily accessible dia~tereoisomer~~ '. 

V1111. CONCLUDING REMARKS 

We have attempted to summarize and evaluate the more common 
methods available for the protection of hydroxyl groups in various 
classes of organic compounds. The main types of protecting agents 
used have been classified and more recent advances especially 
stressed. The influence of electronic and stereochemical factors upon 
the reactions have been discussed. The large number and diversity 
of such protecting groups (of which we have. dealt with only a por- 
tion) are a reflection of the necessity for different approaches for 
various purposes, rendering the preparation of a universal protecting 
agent an impossibility. 
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1. INTRODUCTION 

Many hydroxyl compounds are thermally unstable and/or involatile, 
which makes them less than ideal substances for mass spectrometry. 
Ncvertheless, not only are they now routinely characterized by their 
mass spectra, but they have also provided some of the impetus for 
the development of new techniques of ion formation and analysis. 
Their study has helped initiate and maintain an interest in the 
relationship between stereochemistry and ionic fragmentation and 
OH compounds have provided important test cases for the quasi- 
equilibrium theory of mass spectra. The fact that so many compounds 
of natural origin possess one or more hydroxyl groups and the well- 
known advantages of mass spectrometry for the analysis of small 
amounts of such materials has stimulated interest in the mass spectra 
of hydroxyl compounds and of the numerous derivatives used as pro- 
tecting groups for this functionality. Skeletal rearrangements in- 
volving the hydroxyl group and the energetics and structures of ions 
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involved in some fragmentations of hydroxyl compounds have also 
been the subject of significant investigations. 

This review is addrcssed both to the orgaiiic chemist who might 
use mass spectrometry in dealing with known or unknown hydroxyl 
compounds and to the mass spectroscopist whose interest lies in the 
mechanisms, kinetics and energetics of fragmentation. To this end 
principles and interpretations are emphasized and although refer- 
ences to spectral data for various types of hydroxyl compounds 
are given, some structural problems might be best solved by ab 
initio consideration of the mass spectrometric characteristics of 
hydroxyl compounds. Especial attention has been given to relating 
the established body of data on this subject to the newer coiicepts 
emerging from a more rigorous physical approach to organic mass 
spectrometry. Literature coverage extends through 1968. The 
nomenclature used to indicate metastable transitions, the position 
of the bond broken and whether cleavage is homolytic or heterolytic 
is that of Budzikiewicz, Djerassi and Williamsl. 

II .  GENERAL CHARACTERtSTlCS O F  T H E  MASS SPECTRA 
O F  OH COMPOUNDS 

The results discussed in this section are, for the most part, well 
estabhhed and are covered in several recent compendia on mass 
~pectrornetry~-~. For these reasons the treatment is as brief as pos- 
sible, consistent with the relevance of these results to the succeeding 
discussion and with the desirability of a unified treatment of the 
whole subject. 

Early work on hydroxyl compounds was hampered by their in- 
volatility and their tendency to undergo thermal dehydration and 
decomposition. These difficulties have been largely overcome. For 
instance, by inserting the sample directly into the ion source, which 
may be cooled co operate at ca 60°, involatile and/or unstable sub- 
stances give reproducible electron impact spectra. Alternatively, a 
stable volatile derivative of the hydroxyl compound may be em- 
ployed (section VII) or some method of ion formation other than 
electron impact may be wed (section VIII). With the improvements 
noted above, electron impact is suitable €or most mono- and even 
for many poly-hydroxy compounds and unless otherwise stated a11 
the spectra discussed were obtained by this method. 

Perhaps the most characteristic fragmentation of aliphatic alcohols 
is simple cleavage of an a-bond with loss of a radical, illustrated 
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below. The long-recognized importaiice of product ion stability ex- 
plains this cleavage in the charge localized form (1) of the molecular 

R’ 

I R3’ 
R3 

I e. R 2 ,  + 
R*-C-0-H --+ C=O-H + Ria 

(1 1 R’, R2, R3 = alkyl, substituted alkyl, or H 

ion. The formation of stable fragments by valency expansion a t  
oxygen is a unifying feature underlining a good deal of the mass 
spectrometry of OH compounds. The results of a systematic study5 
on a variety of primary, secondary and tertiary aliphatic alcohols 
allow these generalizations: (i) alkyl radicals are more readily lost 
than hydrogen, (ii) a-cleavage is most important in tertiary and 
least important in primary aicohols and (iii) larger primary radicals 
are more readily lost than smaller. While these observations are 
readily rationalized in terms of the stabilities of thc ionic and 
neutral products, some of the difficulties in assessing relative rates 
of fragmentations by comparing 70 eV spectra are apparent from 
the results5 for 2-methyl-3-heptanol which can lose either a primary 
butyl or a secondary propyl radical by a-cleavage. The former gives 
the more abundant product ion, but further loss of water from 
(M - i-Pr) + gives the base peak in the spectrum. It seems from this 
result that the nature of the radical lost is more important than its 
size. Unfortunately, the early studies on alcohols5--? could not make 
use of the direct insertion technique and the importance of low 
energy spectra was not then fully recognized. Recently there has 
been interest in the factors controlling the relative rates of radical 
loss upon electron impact. Especially notable are the observed lower 
activation energies for loss of the smaller n-alkyl radicals from 
phenyl alkanesg, acetalsO and ketoneslO in spite of the greater abund- 
ance of the ions formed by loss of the larger radicals in 70 eV spectra. 
It is not known if alcohols also show this behaviour and there is a 
need for detailed investigation of radical loss from simple alcohols*. 

In  the more complex OH compounds commonly encountered, 
a-cleavage is still a notable feature, although other groups in the 

* Added in Proof. In a recent study [J. Kossanyi, J. P. Morizur, B. Furth, J. Wie- 
man, A. M. Duffield and C. Djerassi, Org. Mass SPectrom., 1, 777 (1968)l it was 
found that the larger alkyl group was lost preferentially fram aliphatic 1,2-glycols 
at both high and low electron beam energies. This paper also contains data on 
a-cleavage, dehydration and hydrogen transfer processes in 1 ,Z-glycols which 
supplement the present discussion. 
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molecule may enhance or retard particular a-cleavages. Thus in 
1,2-glycols, cleavage of the bond between the hydroxylated carbons 
is particularly favoured11, while in aryl-substituted hydroxyl com- 
pounds (excluding phenols in which cc-cleavage cannot occur) the 
benzylic bond and that cc to the hydroxyl may be coincident, as in 
2-phenylethanol derivatives1,. These compounds, in contrast to 
benzyl alcohol derivative~l~, give abundant ions by loss of HOCH,' 
or its derivatives (loss of HOCH,' from benzyl alcohol is a multi- 
step process13). In cyclic alcohols too, a-cleavage is very important 
although some other cleavage is also necessary to give fragment ions. 
The major fragment ion in the spectrum of cyclopentanol (2), for 
example, arises as shown1". 

+OH 

&fH2 -C,H,' + 6- (2) L 

The ability of the OH group to direct fragmentation in competi- 
tion with other groups in multi-functional compounds has been the 
subject of some discussion. Although such a concept necessarily has 
qualitative significance only, the suggestion has been made that OH 
is a poorer directing group than the amino group3 but is better than 
the enone function in steroid~'~. Even in the absence of other groups, 
fragmentation by a-cleavage to the OH functionality can some- 
times be negligible. I n  the fatty alcohols, for instance, ease of loss 
of water greatly outweighs a-cleavage and most fragment ions arise 
by loss of olefin molecules or alkyl radicals from the (M-H,O) + ion, 
while chain branching can provide additional sites for simple cleav- 
ages unrelated to the presence of the heteroatom. Long chain alco- 
hols have been of interest because of their occurrence in such natural 
products as waxes and lipids and details of their mass spectra are 
available16. a-Cleavage with charge retention by the hydrocarbon 
fragment is normally a minor process but may be important whcn a 
particularly stable ion can be formed. Also of minor importance, 
are cleavages of the p, y, 6, . . . bonds since neither the ionic nor the 
neutral fragments are expected to possess any special stability, 
although the possibility has been raised39 that the formation of a 
cyclic oxonium product may account for the slightly enhanced 
tendency for &cleavage. 

In  addition to a-cleavage, a second fragmentation which is char- 
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acteristic of hydroxyl compounds of most typcs is the loss of watcr 
from the molecular ion. Although the problem of thermal dehydra- 
tion has largely been overcome, it is not always easy, even in com- 
pounds for which electron impact dehydration is confirmed by the 
presence of an appropriate metastable peak, to establish that the 
thermal process is not also operative. The tendency for the molecular 
ion (ionized on oxygen) to increase its valency explains the transfer 
of hydrogen to oxygen while the associated elimination of a neutral 
molecule is energetically favourable. I t  is now well established that 
loss of water occurs as a 1,4-elimination in acyclic compounds17* l* 

and as a 1,4- or 1,3-process in cyclic compoundsl"21 but details of 
the stereochemistry of these processes is an area of active interest 
(section V). 

between the spectra of alcohols and 
1-olefins poses a question concerning the structure of the (iM-H,O) + 

species formed from alcohols. Carbon-carbon bond formation may 
occur to give the corresponding ionized cycloalkane or H migration 
may accompany dehydration, so yielding the molecular ion of an 
~ l e f i n ~ ~ ,  18. iMeyerson and Leitch18 have suggested from the variation 
with electron beam energy of the label distribution in fragment ions 
formed from the (M-H20) + ion of n-hexanol, that this ion represents 
a mixture of structures. They also note that the distinction between 
a cyclic and an olefinic (M-H,O) + structure can be expected to be 
blurred by the tendency for the former to isomerize. There is indeed 
evidence that at least some of the fragmenting forms of cycloalkane 
molecular ions have open chain structures22. Moreover, the various 
isomeric alkenes are difficult to distinguish by mass spectrometry 
and their spectra closely resemble those of the cycloalkanes22. 

I n  polyhydroxy compounds loss of water frequently invoives H 
from a second 0-H rather than a G-H bond. This is even true of 
some 1,2-gly~ols~~b although there is evidence in some acyclic glycols 
that the more usual larger transition states are preferredz?. Cyclo- 
hexane polyols have been studied by three groupsi4. Scveral mech- 
anisms of dehydration operate and the occurrence of a variety of 
skeletal and hydrogen rearrangements has also been reportedz4. 
The importance of the loss of water from cyclic alcohols is partly 
due to the fact that the major competitive process, a-cleavage, fre- 
quently cannot give fi-agment ions directly. Among the simple mono- 
cyclic alcohols, cyclohexanol and cyclolieptanol lose water most 
readily, a fact which Natalis suggests is related to their ability to take 
up an axial or pseudoaxial configuration2j. The elimination of water 

The striking similarities2* 

c XI c--r\1\1 
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from acyclic alcohols is relatively morc important in the primary 
than in the secondary and tertiary series5, sincc in the latter cases 
the high frequency factor ( : d e  infm) a-cleavage process gives more 
stable product ions. Electron impact induced dehydration of phenols 
is of no importance. 

Because of the above possibilities for formation of stable fragment 
ions, and because of thc limited effectiveness of charge stabilization 
in the molecuIar ions of OH cornpounds (with the notable exception 
of phenols), it is not surprising that alcohols are characterized by 
low abundancc molecular ions (and phenols by abundant mole- 
cular ions). I n  a high molecular weight alcohol the molecular ion 
will frequently not be detectable and this is an important reason for 
the widespread Lse o€ alcohol derivatives for mass spectroscopy 
(section VII). The problem may also be overcome by employing 
field ionization (section VIII) or by introducing a group of low 
ionization potential into the molecule-see next section. 

Hydroxyl compounds also fragment by a variety of other char- 
acteristic routes, some of which will be mentioned here. Several 
types of hydrogen rearrangement have been identified in the spectra 

of alcohols, notably those resulting in formation of CH3-OH, 
(m/e 33) and H 3 0 +  (m/e 19)2-49 26. These rathw complex processes 
involve, once again, che formation of trivalent oxonium ions, al- 
though it has been noted? that the stability of the radical which is 
lost may provide much of the driving force for reaction. Some 
deuterium labelling has been performed27 to establish the origin of 
the transferred hydrogens, but no specific site seems to be implicated 
-this probably means that hydrogen scrambling in thc alkyl chain 
is fast relative to the rearrangement (compare section 111). Several 
hydrogen rearrangements which occur in particular cyclic and 
aromatic alcohols are discussed in section IV. Further fragmentation 
of ions formed by dehydration and a-cleavage accounts for many 
abundant ions in alcohol mass spectra. For instance, the (M-46) + ion, 
previously suggested3 to arise by concerted loss of H,O and C2H4 
via a six-membered transition state, must, from metastable peak 
data2, be formed at least in part by ethylcnc loss from the 
(M-H,O) + ion. 

Two simple fragmentations not yet considered are loss of OH' 
and loss of H' from the OH group. The latter process can be dis- 
missed immediately since it involves the formation of a monovalent 
oxygen ion; the (M-1)+ ions observed5 in secondary and primary 

-i 
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alcohols niust therefore be due to cc-cleavage. The loss of OH' is of 
some importance in cyclic and acyclic tertiary alcohols and in tlie 
latter compounds it may give a more abundant ion than does loss 
of H,O. In t-butanol (3) both the increased stability of the t-butyl 

c\", 

CH3 ? *  CH3 

H,C-C + (10%) 
/ [H3C-!7H 1 1 

H,C, t 

H3C 
,C=OH (100%) 

cation and tlie limitation of dehydration to 1,2-processes combine 
to make OH' elimination important relative to loss of water. 
a-Cleavage nevertheless remains the dominant process. OH' elim- 
ination is not observed in phenols and even in benzyl alcohol13, 
where the extremely stabk C,H,+ ion results, it is not a major 
process. 

Some comments on phenols can usefully be made here since their 
behaviour provides exceptions to many of the above generalizations 
(they give abundant molecular ions, and do not undergo a-cleavage 
or dehydration). Their most significant fragmentation is loss of COY 
presumably following keto-enol tautomerism and possibly giving a 
cyclic product ionz--*. Loss of CHO' is aIso a major process and it 
has been suggested" that the stability of the ionic product, perhaps 
the cyclopentadieiie cation, relative to the stability of the (M-CO) + 

ion may account for the importance of the process in spite of the 
relative instability of the radical eliminated. The hydrogen lost as 
CHO' may come from the hydroxyl grovp alone, but if so, labelling 
showsB8 that hydrogen scrambling must occur prior to fragmenta- 
tion. Substituted phenols show spectra which can differ considerably 
from that of phenol itself since ring expansion (alkyl substituents), 
proximity effects and fragmentation through the substituent can bc 
involved . 

Ill. THEORETICAL BASES FOR T H E  BEHAVlOWR OF 
OH COMPOUNDS UPON ELECTRON IMPACT 

With the data of section I1 as a backdrop, it will now be useful to 
examine more closeIy some of the concepts used so far. The develop- 
ing physical approach2!'? 30 (as opposed to the cmpirical approach) 
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to the mass spectra of organic compounds is, for several reasons, 
particularly appropriate to OH compounds. First, the two major 
fragmentation processes in alcohols, a-cleavage and dehydration, 
are representative of high and low frequency factor processes. 
Secondly, a great deal of deuterium- and 13C-labelling of OH com- 
pounds has been done and, thirdly, theoretical calculations of 
electron impact spectra from quasi-equilibrium theory31 (QET) are 
available. Finally, methods of ion formation other than electron 
impact have been quite widely used. The importance of each of 
these four features will be obvious later in  this section. Two addi- 
tional desiderata for application of the physical approach are 
spectral daia taken a t  low electron beam energies and adequate 
ionization and appearance potential (IP and AP) data on typical 
compounds. Currently, the available data for OH compounds are 
limited in both these respects. 

Before dealing with ion structures and energies, it is reasonable to 
consider only the kinetics of fragmentation and to draw some con- 
clusions on how relative abundances of product ions vary with con- 
ditions used in obtaining spectra. The QET 31, used here as a basis 
for discussion of rate processes, has unquestioned value in explaining, 
at  least quaiitatively, the mass spectra of organic compounds. Mass 
spectra arise from the unimolecular fragmentations of molecular and 
fragment ions. These processes are normally competitive and each 
has a rate which depends on the nature and internaI energy ( E )  of 
the species reacting and the potential surface over which it moves 
(the surface defines the activation energy, Ex, while the relationship 
between the reactant and the transition state geometries can 
be expressed as a 'frequency factor', 11) .  A given decomposition 
has a rate constant k, which is most simply expre~sed~~a ,  b as 
k = v[(E - E,)/E]s-l where S is the number of effective harmonic 
oscillators in the decomposing ion. 

There is considerable evidence, both from theoretical  calculation^^^ 
and fiom low eV studies", 33, that the frequency factor for a typical 
simple cleavage is high and approaches the bond vibrational fre- 
quency, while that for a rearrangement is low. (The validity of this 
statement is not limited to unimolccular ionic reactions3") The  
secorrd basic parameter controlling rates, the activation energy, is 
normally lowered when bond breaking is accompanied by bond 
making, a situation which obtains during hydrogen and skeletal 
rearrangements and results in their having low activation energies 
which may (partly at least) offset their low frequency factors35. The  
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combination of low Ea and v, typical of rearrangements, results in a 
much slower rise of k with E than is found for simple fragmentations. 

Since it is low energy ions which undergo metastable decomposi- 
tions, the fi-equent observation of metastablc loss of water from 
alcohols and the usual absence of metastable peaks corresponding to 
a-cleavage, implies that the former process has the lower activation 
energy*. Appearance potential data for n-pi-opan01~~3. 36 confirm 
this. I n  alcohols, a-cleavages are expected to have high frequency 
factors while loss of water should have a low frequency factor. 
Theoretical results32= agree with this assignment. The preceding 
factors account for the dominance of a-cleavage over hydration in 
most acyclic alcohols run a t  70 eV since, as Eincreases, k tends to v. 
They also suggest that the elimination of water should become 
relatively more important in ions of low energy. What little low eV 
work has been done on alcohols is in agreement with this expecta- 
tionz5, 37. Finally, since activation energies reflect product (ion and 
neutral) stabilities it is not surprising that in primary alcohols, 
where the stability of the a-cleavage ionic product is at  a minimum, 
dehydration competes more successfully than it does in secondary 
and tertiary alcoholss. 

Another important consequence of the QET postulates and the 
effects of E, and Y on reaction rates is that hydrogen scrambling, a 
low E,/low v process, will be most extensive in ions of long lifetime 
(i.e. low internal energy) z9. Hence a rapid process such as a-cleavage 
can hardly be accompanied by hydrogen randomization though 
this may be extensive or complete during slower fragmentations. 
This conclusion can be discussed with reference to the spectra of 
some labelled acyclic alcohols. Dehydration of n-hexanol for instance, 
while almost completely specific, does involve to a small extent 
(ca 10%) the loss of a hydrogen atom originating at some site other 
than C, l79 18. While it has been recognized that this may be a 
consequence of partial H/D scrambling1', apparently the expecta- 
tion that scrambling should be more extensive in metastable ions 
and in daughter ions at low eV has not been tested. I n  agreement 
with expectation are the observations (i) that simple a-cleavage in 
n-butanol occurs without scrambling, while formation of the second- 
ary C,H,+ and C3H,+ ions is accompanied by considerable H/D 
exchange 27n and (ii) that loss of water from even-electron fragment 

Ir- Although not a rearrangement, bond breaking and making are probably 
synchronous during a-cleavage of alcohols and this must lower the activation 
energy for this process somewhat. 
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ions is often far less spccific than fi-om molecular ioiis1Sl O*. 3-Ph~11yl- 
1-propanol providcs a good example of the iiicreasc in scrambling 
within a molecular ion on increasing the ion lifetime. Nibbcring 
and de Boers9 showed that hydrogen exchange involving the 
hydrosyl group, the two ortho hydrogen atoms and the y-methylene 
group must occur in this compound but their results show that in 
fragment ions this exchange is incomplete. Their metastable ion data, 
which include identical metastable peak profiles for the 7-d, and the 
ortho-d, compounds at low eV, indicate conzplete scrambling under 
thcse conditions. 

The ideas advanced above also havc obvious rclevance to the 
abundance of the molecular ions of hydroxyl compounds. Frequently, 
even in the absence of such non-mans spectrometric factors as 
thermal dehydration, molecular ions arc not distinguishable. In 
theory, molecular ion abundances can be increased by collecting 
ions sooner or by transferring less energy to the ion upon formation. 
The  former method is limited by various practical considerations 
(accelerating voltage, source residencc time) though both factors 
operate to produce the abundant molecular ions whicli characterize 
field ionization spectra (section VIII) .  A unique and potentially 
valuable methodAo of increasing the molecular ion abundance 
depends on the introduction of a group of low IP into the molecule, 
so increasing the fraction of molecular ions with insufficient energy 
to undergo a ~ y  fragmentation at a fast enough rate (>lo5)  sc that 
appreciable dccornposition occurs in the short interval (typically 
30 psec) the molecular ion spends in the mass spectronicter. This 
method cannot be applied if tlicre are importanc fragmentations 
which require vibrational energy only (as distinct fi-om a particular 
charged or  radical site) but it has been successful in providing a 
mclecular ion of measurable abuiidance in a disaccharide which 
otherwise gave no fragments in the inolecular ion region.11. 

Another aspect of the kinetics of mass spectrometric proccsses, 
and one of great mechanistic interest, conccrns thc cvaluation of 
substituent effects on sate data"". Sincc only a limited amount of 
work has been done outside of aromatic systems, these rcmarks are 
limited to aromatics and particular intcrcst rocuscs 011 phenols. In  
many series of compounds correlations Ixtwcen rates of fragmenta- 
tion (more specifically, fragment and parent ion abundances) and 
Hammett G values exist-at the time of writing, however, there is 
considerable d i s c u s s i ~ n ~ ~ ~  4 3  on the reasons for these correlations 
and the conclusions they pcrmit. I n  particular, the variety of factors 
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influencing rate data and the difficulties in  separating individual 
contributions have bcen emphasizedZD, 43n. An OH substituent on an 
aromatic nucleus causes a considerable reduction in the Imization 
potential (phenol and benzcne have IP’s of 8.50 eV and 9.25 eV 
respectivelyda) and may thcrefore considerably increase the mole- 
cular relative to the fragment ion abundance by increasing the 
fraction of molecular ions with insufficient energy to fragment. The 
electron-donating ability of the p-OH substituent (recognized in its 
G ~ a l u c ~ ~  of -0.37) will also frequently have a major effect on 
activation enerzy and hence on the fragmentation rate. 

Finally in this consideration of kinetics, some discussion of the 
validity of the QET as specifically applied to alcohols is called for. 
Detailed calculations of electron impact and photoionization spectra 
c,f simple alcohols have becn attemptcd by several worker~32~~ 3(i, 

and although there has been somc disagreement on the relative 
importances of some processes, adequate agreement witti measured 
spectra is reportcd (serious errors introduced by using too large a 
value for the number of harmonic oscillators are coriected in the 
revised QET 31b). Features of the calculated results and ancillary 
measurements include (i) the much lower energy requirement for 
1,3-dehydration (PrOH) than for 1,2-dehydration (i-PrOH) and 
the consequent greater importance of dehydration in the former 
compound, (ii) the relatively low energy requirement for or-cleavage, 
(iii) the high energy requirement for OH’ loss, (iv) and the low 
frequency factors for loss of CH, and H,O. 

A novel test of QET, as applied to simple alcohols, has been 
carricd out by Lindholm and  collaborator^^^. By charge exchange 
using atomic ions of differcnt recombination energies, molecular 
ions of particular internal energies could be formed. The resulting 
spcctra, averaged over the assumed molecular ion energy distribu- 
tions for electron impact, gave calculated spectra which agreed well 
with measured electron impact spectra a d  satisfactorily with 
spectra calculated using the QET. The possibility of fragmentation 
from isolatcd electronic states is particularly important in simple 
molecules and metastable and appearance potential data indicate 
that such a process apparently occurs in ethanol (loss of OH’ has a 
high AP and yet it gives a metastable ionp1’). Fragmentation from sep- 
arate clectronic states is, however, readily incorporated into the QET. 

A major aspect of the physical approach to mass spectrometry 
concerns ion structures. In  treating this topic it is first necessary to 
discuss the primary processes undergone by- OH compounds upon 
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electron impact and the structures of the resulting molecular ions. 
The ionization potential of an aliphatic alcohol is the energy re- 
quired to remove the least strongly bound electron-one of the lone 
pair electrons on oxygen-a process which requires some 10 eV 44. 

To qilote Al-Joboury and Turner48, ‘there is no doubt that the first 
ionization potential of. . . aliphatic alcohols . . . measures the e n e r e  
required to remove an electron from a 2p-orbital practically con- 
fined to the oxygen atom’. When an alcohol is bombarded with 
70 eV electrons the possibility of an electron transferring all its 
energy to the alcohol is remote (ionization cross-sections vary 
inversely with the energy of the state which is formed49). Neverthe- 
less, the amount of energy transferred averages ca 15 eV (5 eV in 
excess of the first ionization potential) which is sufficient to remove 
a t  random any of the bonding or lone pair electrons in the primary 
ionization process. I t  is a postulate of the QET that the resulting 
molecular ims have time, prior to fragmentation, to interconvert 
electronic and vibrational energy by crossing of potential energy 
surfaces and for vibrational excess energy to be statistically distri- 
buted through all the bonds of the ion. It has become accepted 
practice to visualize the molecuIar ion as that species in which the 
low-lying electronic levels are occupied (frequmtly a species in 
which the charge may be considered as localized on a heteroatom or 
multiple bond) and to consider fragments as arising from decom- 
position of this ion”. While a complete theoretical justification of 
this simplified picture is not possible i t  has been shown that the 
charge localization concept is not inconsistent with QET 43a. More- 
over, its practical usefulness as a means of interpreting and predicting 
fragmentations in many compounds, including OH compounds, is 
very well established. 

While the methods for establishing ion structures in mass spectro- 
metry necessarily differ from those applicable in solution chemistry, 
therc have been rapid recent advances29 in the use of techniques 
which give structural information, and one can look forward to the 
accumulation of logically consistent bodies of data on individual 
ions (which, perhaps, is all that ‘structure’ means). The structurally 
relevant data include ionic heats of formation, modes of formation 
and fragmentation (in particular quantitative metastable/parent/ 
daughter ion abundance ratios), kinetic energy release in metastable 
fragmentations, and substituent effects on fragmentation rates. I n  
the remainder of this section applications of these methods to the 
solution of problems involving OH compounds are illustrated. 
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One  such problem, alrcady mentioned in section 11, concerns the 
structure of thc (M-H,O) +ion from alcohols and whether or not it is 
identical with the molecular ion of the corrcsponding olefin. (In 
general, it is easier to provide evidence that two ions do or do not 
have the same structure than it is to argue for a particular structure.) 
Several studiessz on terpenols and the corresponding terpenes have 
noted the presence of many common metastable ions (similarities 
involve shape as well as position) and these results point strongly to 
identical (M-H,O)+ and olefin molecular ion structures. I t  may be 
noted that the terpene alcohols provide a particularly difficult 
problem of ion structure which has been discussed in some detail523. 
Similarities in metastable and daughter ion profiles point to complex 
skeletal reorganizations which give common molecular ions in these 
compounds522a. 

The  use of data from energetics in establishing ion structures re- 
quires care, since structurally identical ions may be formed with 
different amounts of internal energy at  their appearance potentials, 
and hence behave differently. For instance, the C,H,O + ion formed 
by a McLafferty rearrangement from a series of alkyl phenyl ethers 
has a heat of formation which is considerably greater than that of 
the phenol molecular ions3. While this may mean that the two ions 
are structurally distinctG3 it need not, since the fi-agment ion may 
be formed at its appearance potential with considerable excess 
energyZ9*. A consideration of the fragmentations undergone by the 
C,H,O+ ion should be valuable. I n  particuIar, in several related 
cases including the tropolone/phenol pair5*, ions formed by frag- 
mentation showed greater daughter and metastable ion abundances 
relative to parent ions than did the isomeric rnolecular ions, which 
is consistent with common structures but higher average internal 
energies in the fragment ions (as might be expected). The phenol/ 
phenetole pair examined in this way54, showed the opposite behavi- 
our, but this result is still not inconsistent with forrnatjon of structur- 
ally identical ions since the amount of internal energy carried off 
by the neutral fragment depends on its number of degrees of freedom 
(see below) and with the loss of relatively large neutral fragments 
from high energy ions this effect could offset the effect of the threshold 
excess energy. 

A complex ion structure problem, which has been tackled by 
energetics and by metastable and labelling studies, concerns the 

* Added in praaJ: Recent evidence (F. W. McLafferty and L. J. SchifT, Org. Mass 
Sprchrn.,  2, i 5 7  (1969)) points to structurally identical ions. 
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C,H50 1- ions formed from primary and seconclary alcohols and 
other compounds. A priinary structural aiicl/or mcrgy division is 
establishcd between those C,H,O + ions which Cragment to give 
H 3 0  1- ions accompanied by a 'metastablc peak' and those which 
do nots5. This distinction is reinforced by the fact that the latter 
also fail to release kinetic energyzG in eliminating CH,l (narrow 
metastable peaks are observed). The H,O-r ions which are formed 
fiom C,H,O+ ions in a variety of compounds have similar cnergies 
(AH, 160 & 5 kcal/molc) and dcutcrium labelling results imply a 
symmetrical, therefore protonated cthylenc oxide, structure for their 
C,H,O + precursors5 '. Rccent 13C-labelling rcsults, however, show 
a more complicated situation Ivith apparently two distinct C,H,O A 
ions fragmenting to give H 3 0 ~  j*. Thc use of the relative abundances 
of two metastable transitions to characterize the fragmenting ion(s) 
indicated varying proportions of the protonated ethylene oxide 
(C,H,O+) structure or a single structure with different internal 
energies depending upon its source55. 

Even a cursory treatment of some ion structure problems shows 
the great importance of metastable peaks in mass spectra. They 
have, of course, long been valuable in establishing fragmentation 
sequences but now their shapes, abundances and positions have 
taken on new importance as indicators both of molecular and ionic 
structures. The  useful correlation between metastable ion abundance 
and the occurrence of bond forming reactions"g. 037 has been 
mentioned. The kinetic energy rclcased during a nictastable transi- 
tion can be calculated from its widthz6 and structural distinctions 
are possiblc on this basis, for example, m- and!-iiitrophcnols lose NO 
with release of 0-0 and 0-74 eV respectivelyc0. I n  a series of' secondary 
alcoholsG1, the relative metastable to parent ion abundances for the 
reactions C,H,O-- -> H 3 0 +  and C,H,Of --f C H 3 0 +  are inversely 
proportional to the number of degrees of freedom in the secondary 
alcohol. This result points to the uptake of intcrnal energy by the 
alcohol which is independent of its size and dependent only on the 
OH function, while subsequent commoii ion formation occurs with 
loss of a fraction of the total internai cncrgy which is proportional 
to the size of the neutral fragment lost. Thcse results agree with the 
QET postulate of equilibration of vibratioiial cncrgy and are also 
of some interest from the point of view of the charge localization 
approximation. A final observation concerning metastable ions in 
OH compounds was the recent disccvery of an  anoniolous metastable 
ion in methanolG3. This compound has recently becn the subject of 
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a searching investigation63 and thc reader is referred to the original 
article for details oS thc thcrmocliemical, kinetic and ion structural 
information obtained. 

IV. SKELETAL, ANQ HYDROGEN REARRAN6EMENTS35 

The notable tendency of tlic molecular ions of alcohols to form 2 

third bond to oxygen can be indulged by means of skeletal re- 
arrangeinent or by the simple cleavages and Irydrogcn migrations 
already noted in scctioii 11. Other propcrties of the OH group, in- 
cluding its ability to migrate as a nucleophile and the possibility 
of its displacement as a radical, also allow skelctal rearrangement. 

Limiting the discussion t~ skeletal rearrangements which directly 
involvc the OH group in the bond breaking and making sequences 
which constitute rearrangements, three types can be distinguished. 
They are (i) OH migration, (ii) OH displacement and (iii) forma- 
tion of new bonds to the hydroxyl oxygen. Migration of a nucleo- 
philic group in both odd- and even-electron ions with concomitant 
loss of a radical or a neutral molecule is a well-documented pro- 
c e ~ s ~ ~ .  OH compares well with othcr nuclcophiles as a migrating 
group6.*, and provided a suitable positive site is available and a 
stablc neutral molecule is eliminated, the reaction can give abundant 
fragment ions. The base peak in the spectrum of 4, for example, 
arises by the rearrangemcnt shownc4. The detailed mechanisms of 

40 . 
CH -C -CH,CO -i- ,LY t PhCHOH 

[ y r  7 1' -Br* ___, 
P hC HC H,COI-I Ph-CH+ d\oH 

(4) - 

the corresponding proccsses in odd-electron ions are less clear3 5. 

A possibl; repre~entationz~a of one such rcarrangement in thc cyclo- 
hexane diol 5 is illustrated. Hcre and in the OH migrations which 

I 
OH 

(5) 

occur in sugarsG5, G G  and in acyclic polyolsG7 the importance of form- 
ing stable products is pramount. The OH group in aryl ketoximes 
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can mivate to give the corresponding phenol molecular ion68 and 
OH migration to the metai atom is known in substituted ferro- 
cenesGD. A final and rather complex example of OH migration is the 
carefully studied70 molecular ion isomerization which occurs in 
hydroxycyclohexanoiies (e.g., 6) and related compounds. 

? 

I 
C,H,O,+ 

or C,H,02+ 

Skeletal rearrangements which involve the displacement of OH' 
from an aromatic ring may be considered within a general re- 
arrangement type which includes various intramolecular aromatic 
substitutions35. I t  is of particular interest that the loss of OIi' from 7 

proceeds morc slowly than the loss of many other radicalsi1, reflect- 
ing the strength of the C-0 bond in phenols and the relative in- 
stability of OH'. 

Examples of the formation of a new bond to the oxygen of an 01-1 
group occur in phenolic compounds. The hashish constituent 8 
shows an abundant ion corresponding to the loss of a methyl radical 
from the retro Diels-Alder product (u)  and this is best accounted 
for by the rearrangement a- tb  which converts a vinylic to an allylic 
methyl group i 2 .  Deuterium labelling data are consistent with the 
mechanism shown. A variety of C-0 bond forminv reactions have 
also been noted in 1 -hydrvxynaphthalenes containing acetyl or 
benzoyl groups at  C(s) 73. 

Turning to skeletal rearrangements in which the OH group is not 
itself involved in the bond breaking/bond making sequence, just a 
few points will be made. First, the OH group can have an important 

9 
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k [ C5Hl1+3$]-- j C 5 H ; 9 - J  j 
i" (8) 

I ,OH 
\ 

CH3 

chai-ge-stabilizing role in  radical-induced migrations and so con- 
tribute considerably to the driving force for rearrangement, as in 
the example i1Iu~trated~~: 

Ph 

(9) 

Secondly, ring expansion processes which primarily involve the 
carbon skeleton, may occur prior to or during fragmentation of the 
molecular ions of OH compounds and will considerably zffect their 
spectra. However, in spite of intensive investigation of ring expan- 
sion in benzyl alcoho113c~ 7 5  and related compounds1*"- 3O including 
the use of energetic data and labelling studies, it has not been 
decisively established under what conditions and to what extent 
ring expansion occurs. 

While skcle tal rearraiigcmeiits are d' moderate importance in 



I062 12. Graham Cooks 

OH compounds thcniselves, some of their derivatives, especially the 
triniethylsilyl ethers, display a variety of very important reavangc- 
meiit reactions. Several examples and furthcr discussion can be 
found elsewhere35. One of the reasons for the moderate extent $0 
which skeletal rearrangements occur in 013 compounds is the fact 
that hydrogen rearrangement is often able to compete successfully. 
Examples of hydrogen and double hydrogen migration in hydroxyl 
compounds are numerous and they may be divided into two types. 
Firstiy, those involving migration of a hydrogen atom to the OH 
group and second, those in which the hydroxyl hydrogen atom 
migrates to some other position. The former type has been dis- 
cussed in some detail by Natalis", especially as regards the 

4- 

CH,-OH, and H,O+ ions. Studies by the same authorz5 on the 
low energy spectra of alcohols reveal the increased importance of 
hydrogen rearrangements under these conditions. The loss of water, 
of' course, involves hydrogen migration to oxygen although the new 
bond is formed in the neutral and not in thc ion. I n  simple mono- 
functional OH compounds only the first type of hydrogen tramfer, 
including that involved in dehydration, is energetically accessible 
in view of the tendency to maintain oxygen in the uncharged bivalent 
or charged trivalent state. In more corn-plex molecules, however, 
the hydrogcn of the OH group can rearrange with concomitant 
formation of a C=O bond. This rearrangement apparently involves 
a six-membered transition state in the rnolecuIar ion of compound 

(M-CHO)+ - I 
C,H,--C=C-CH=CH -CH=CH-CH 
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10 76 and in the rearranged form (c) of the molecular ion of the 
polyacetylene I1 77. Both rearrangements are formally of the Mc- 
Lafferty type and numerous analogous processes have been sug- 
ges ted *. 

Hydrogen migration from the OH group, presumably by ketoniza- 
tion3, must also occur prior to the decarbonylation of phenols. 
(Decarbonylation may involve recyc l i~a t ion~~ in which case a 
skeletal rearrangement is also involved.) A notable instance of 
hydrogen migration from the OH group is to be found in a,@-un- 
saturate.d alcohols which apparently undergo a double hydrogen 
rearrangement upon electron impact to give the corresponding 
ketone molecular ions (e.g., 12 4 3 )  37,  79. The rearrangement has [a]!--;.-- 30 +-[a] t 

(12) (13) 

been investigated by deuterium labelling37s 79  which supports the 
mechanism shown, although many fragment ions arising from the 
ketonic form of the molecular ion show some randomization of the 
label. This is not surprising since, given time, hydrogen randomiza- 
tion in alkyl ketones is known to O C C U F * ~  (indeed, it could even in- 
volve a mechanism which includes the above reaction and its reverse 
reaction). Unfortunately, in neither study of ally1 alcohols37* 79  are 
low eV spectra of the deuterated compoiinds recorded nor are 
hydrogen scrambling processes considered in detail. 

Just as with skeletal rearrangements, some hydrogen migrations 
in OH compounds depend upon, but do not directly involve, the 
OH group. An instructive case which occurs in the sesquiterpenol 
widdrol (P4), has been confirmed by high resolution and deuterium . .  
labelling78". Other examples are to- be found in the fragmentations 

+OH 
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of simple cyclic alcoho1s"v as already illustratcd in section 11. 
Finally, a good example of the complexity of hydrogen rearrange- 
ments possible in OH compounds is provided by the spectra of some 
terpcnols and their deuterated derivativesa2. 

V. STEIREQCHEbllSTWY A N D  T H E  
ELIMINATION O F  WATER 

It has already been noted that loss of water from acyclic alcohols 
occurs preferentially as a 1,4-elimination and has a relatively low 
frequency factor. A low activation energy for a mass spectrometric 
elimination often requires concerted bond formation and cleavage 
and hence a cyclic transition state35. This explains the 1,4.-eiimination 
mechanism, while the low frequency factor arises from the low 
probability of the acyclic molecular ion taking up a cyclic con- 
formation in which interaction between OH and the C,,,H can 
occur. I n  cyclic molecular ions (which may or may not result from 
ionization of cyclic alcohols, the possibility of ring opening consti- 
tuting a notable complication in the use of mass spectroscopy for 
stereochemical assignments) much of the conformational choice open 
to acyclics is lost. Among the (few) conformations open to a par- 
ticular stereoisomer the orientation of OH relative to suitable H 
atoms may allow several modes of dehydration each with varying 
energy requirements. These modes and their energy requirements 
will generally differ in epimers and may allow stereochemica1 
assignments by mass spectrometry. Generally onIy the most rapid 
mode of dehydration for a particular epimer will be of interest*. 

I n  a concise and valuable review on stereoisomeric effects in mass 
spectrometry, Meyerson and Weitkamps3 point out several advan- 
tages in using ions of low internal energy (formed by using low 
energy electrons and low source temperatures or by photoionization) 
to distinguish stereoisomers. These are (i) interconversion of epimers 
is minimized, (ii) proccsses other than that of lowest energy are 
relatively less important and (iii) further decomposition of the 
diagnostic primary fragment ions is reduced. Maximum differences 

* In  a stercoisomer in which H and OH can take up an optimum relationship, 
the activation energy for dehydration will approximate that found in acyclic 
alcohols but the frequency factor may be much higher. Dehydration should there- 
fore be correspondingly more important and the k versus E curve should resemble 
that for a simple cleavage. A variable eV experiment might help to distinguish 
the basically different ratc characteristics espected for dchydrations of cyclic and 
acyclic alcohols. 
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in rates of fragmentation of epimers therefore rcsiilt. Considerable 
efforts have been made to reduce source temperatures in this type 
of study, but less attention has been given to low energy experiments. 
It is worth noting that, when deuterium labelling is used to establish 
the mechanism of a dehydration thc process may, at  low eV, appear 
less specific than it actually is due to hydrogen/deutcrium scrambling 
in the ions of longer !ifetimeag. O n  the other hand, at  higher beam 
energies other modes of dehydration might well obscure the mech- 
anism of the process of interest. 

Because of the constraints imposed by cyclic systems both 1,4- 
and 1,3-dehydrations are commonly observed (on the other hand 
when labelling data suggests a 1,2-elimination a thermal process 
should be suspected). Almost all the relevant mass spectrometric- 
stereochemical studies on water elimination from alcohols deal with 
cyclohexane derivatives and their major features have been dis- 
cussed by lMeyerson and Weitkampe3. In essence, (i) the relative 
thermochemical stabilities of the isomers are not D f  major import- 
ance as was originally thoughts4, rather (ii) the orientation of H and 
OH are critical and only an axial OH can normally approach a 
hydrogen atom (that a t  C(3) in the chair and at  C(#) in the boat 
conformation) closely enough to allow dehydrstion. (iii) The ques- 
tion of the structure of the (M-H,O)-I- ion(s) has not been resolvcd, 
although Meyerson and Weitkamp note that C-C bond forma- 
tionlS* 8 5  during 1,4-elimination is not the only reasonable possi- 
bility, and (iv) the degree of substitution at  C(B) and is important, 
it having been shown20 that the normally dominant 1,4-process can 
be less important than the 1,3-elimination if C(31 is made tertiary 
and C(4) secondary. 

I n  an  important study Green and Schwab21 were able to separate 
the contributions of cyclic and acyclic molecular ions to the 
(M-H,O) + ion of cyclohexanol. In agreement with previous findings 
they showed that 1,4-dehydration is considerably more important 
than 1,3-dehydratioii, and they also found this to be true of the loss 
of HC1 from cyclohexyl chloride. They then studied the 1,4-proccsses 
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in detail, using the specifically deuterated compounds 15-17. Com- 
pound 15 did not lose DCl while loss of DC1 from 16 accounted for 
the total contribution of the 1,4-process. This stereospecific cis- 
elimination was also observed in cyclohexanol althoush the import- 
ance of or-cleavage in alcohols led to some contribution (-40%) 
from dehydration of the acyclic molecular iong1. The results of this 
paper are of interest for the information they provide on ion structures 
as well as for their stereochemical importance. 

Following the pioneering communication of Biemann and SeiblS4 
on the use of mass spectral elimination reactions as indicators of 
stereochemistry, the work of the Russian school of Zaretskii, Wulfson 
and collaboratorss6 has been among the most significant in this field, 
and in  treating a variety of steroidal systems these authors have 
given the solution of real stereochemical problems due weight. They 
use (M-H,O) +/M+ abundances as a measure of the rate of dehydra- 
tior, but the value of this parameter in assigning stereochemistry in 
the absence of the spectra of both epimersS7 has perhaps been over- 
stated, and has drawn some ~riticism'~. When both isomers are 
available, however, the axial OH compound is readily distinguished. 
The (M-H,O) +/M+ abundance ratio for epimeric axial and 
equatorial OH compounds can differlg by a factor of 100 although 
values of 1 to 20 are more common (the greater abundance ratio 
belonging to the axial OH epimer). Frequently the observed differ- 
ences outweigh the inaccuracies inherent in the use of the abundance 
ratio as a measure of the rate of dehydration*. 

In addition to the Russian workers a number of other g r o ~ p s ~ ~ ~ ~ ~ - ~ ~  
have also investigated sterols, although in several of these studies 
undue weight has apparently been given to the nature of the ring 
fusions as opposed to the axial c'r equatorial orientation of the 
hydroxyl group. By investigating the dehydration of the cven- 
electron (M-@H,)+ ion in some sterolsgo thermal effects could be 
excluded and again the importance of the relative orientation of the 
OH group was confirmed. The terpenols are another group of 
natural products the stereochemistry of which has been investigated 
by mass spectrometry. Useful results, in accord with the more rapid 
lGss of the axial hydroxyl as water, have been obtained5"$ 837 g3. 

I n  summary this approach to stereochemistry appears to have 
considerable potential and with more extensive use of milder con- 
ditions, especially photoionization, differences between stereo- 

* The limitations of relative ion abundances as measurcs of fragmentation rates 
have been discussed ekewhereG4s 83. 
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isomers morc pronounced than those which are now usual should be 
obtained routinely. 

VI. COMPOUNDS O F  NATURAL ORIGIN 

Terpenes, steroids, saccharides, alkaloids, vitamins, natural colour- 
ing matters, drug metabolites and many other natural compounds 
frequently contain OH groups. I n  many instances thc OH moiety 
is directly attached to a ring, sometimes an aromatic ring. 

Mass spectrometry is of course well established as a structural tool 
in this field, although in some of the above classes of compound the 
OH group is hardly significant in determining the fi-agmentation 
pattern whik in others, such as sugars, it is usually derivatized prior 
to mass spectroscopy. Below, the spectra of specific compounds and 
examples of structural determination are discussed. Since so much 
work has been done, the choice of material for discussion is some- 
what arbitrary although emphasis is given to c a m  where the mass 
spectra were studied in depth, for instance, by exact mass measure- 
ments, labelling techniques and the use of metastable transitions. 
For a general discussion of the elucidation of structure by mzss 
spectrometry, Spiteller’s chapters3 is notable. 

Several vitamins containing OH groups have been the objects of 
recent mass spectrometric studies. DeJongh and co-workers have 
made detailed s t ~ i d i c s ~ ~ ~  950n’the B, group including their metabolites, 
analogues and derivatives, and have used deuterium labelling and exact 
mass measurements to substantiate fragmentation mechanisms. As 
is typical of heteroaromatics the molecular ions are intense and even 
in pyridoxol (18) which has three OH groups, the molecular ion is 
the base peak”. I n  this compound, which is fairly typical of the 
group, a few major fragment ions dominate the spectrum. They arf: 
due to elimination of small neutral molecules, often formed as 3 

result of interactions between substituents. This makes mass spectro- 
nietry an ideal method for distinguishing the various compounds 
of the B, group even at the microgram levels which are encountered 
in metabolic studies. ‘The similarities between the observed frag- 
mentations and those occurring in simple benzene derivatives have 
been emphasizedD”* 95. 

The trimethylsilyl derivatives of the B, group have been investi- 
gated by Vetter and co-workerss6 who have also studied both the 
TMS derivatives and the free vitamins of the A and K groups9’i 98. 

The unsaturated side chain is responsible for the abundant molecular 
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ion in all-bm2s vitamin A (19) and its isomers, although, with the 
exception of a large fragment ion formed by cleavage alpha to thc 
OH group in retm vitamin A* (20), the fragment ions of both 19 and 
20 are of limited value in structural recognition. Vitamins of the I< 

CIi,OH 

FCH."" (20) 

group were most conveniently analysed as the TMS derivatives of 
the corresponding quinols9*. 

Vitamin B,, a quaternary ammonium compound, decomposes 

products can be used to deduce their structures and that of the 
vitaminD9. The same procedure can be applied to analogues of the 
vitamin"". The spectra of a variety of ring-open tertiary amine 
derivatives of thiamine have been recordedloo. 

An enorixous variety of oxygenated aromatic compounds, in- 
dudin9 phenolics, occur in nature; mass spectrometry is useful in 
their structural determination and the spectra of the underivatized 
compounds display abundant molecular ions. Frcqucntly, howevcr, 
the OH group is not of primary importance in the fragmentation 
sequence. This is apparent from a study of some oxygenated 
iiaphthoquinoneslO1 in which fragmentation is directed by the keto 
group. Even loss of CO from the phenolic moiety is not important, 
the only notable features attributable to the OH group being 
hydrogen migration during formation of the benzoyl ionlol. Similar 
remarks apply to the spectra of naturally occurring acridones, which 
also undergo a characteristic hydrogen rearrangement from the OH 
group102, and to the naphthaquinone pigments found in sea 
urchinsl03. These latter compounds often contain acetyl in addition 
to hydroxyl substituents and fragmentation occurs preferentially 

* The bond aIpha to the 013 group is aIso vinylic to a doubIe bond in all-tram 
vitamin A (19) but it is allylic in rctro vitamin A (20). The variation in the ease of 
a-cleavage follows. 

tl, L A L w A i i d y  P I _ ^  ,, in thc ion zource but the spectra of the decomposition 
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through the former. I n  none of the above c o m p o u i i d ~ ~ ~ ~ - ~ ~ ~  is 
dehydration of the molecular ion of much significance, although it 
does give rise to fairly abundant fra,ment ions in those querceta- 
getin derivatives (21) which contain ortho OH and OCH, groups104. 

RO R = H, CH, or C2H, 
OH 0 

(21 1 
Tlic mcchanism of this dehydration has not been established. In 
addition to the study of Bowie and Cameronso-' several o t l i e r ~ ~ ~ ~ - - ' ~ ~  
have also dealt with the mass spectra of flavonoid compounds. 
These compounds may carry OH subsiituents on aromatic and/or 
alicyclic rings and in some compounds, for example the 3,4-diols 
stuciied by Drewes1o5, dehydration may be significant. An attempts1 
to relate the rate of dehydration to the stereochemistry of these diols 
failed, perhaps because steps were not taken to lower the internal 
energies of the molecular ions. Dehydration yielded abundant frag- 
ment ions in the 4-hydroxy series-compound 22 showed a 60% 
relative abundance (M-18)+ ion and a 3% molecular ion-in 
marked contrast to the 3-liydroxy compounds where 23, for examplc, 

OH 
(22) (23) 

displayed a 0.6% (M-18) + ion and a 490/6 molecular Although 
not specifically commented upon by the author105, this striking and 
structurally diagnostic difference is obviously related to the possi- 
bility of abstraction of a tertiary hydrogen atom in the 1,3-dehydra- 
tion of 22, while in 23 either an aromatic hydrogen must be lost 
or a 1,2-elimination must occur and neither is likely. The results of 
Pclter and co-workerslo7 are in accord with the above observations 
on the elimination of water, although these workers supposed that 
dehydration of the 3,4-diols involves only the two hydroxyf groups. 
The passivity of the phenolic hydroxyl groups in initiating frag- 
mentations is also evident from their results107. 
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A series of compounds isolated from COI ;?er resins also carry Ijoth 
phenolic and alcoholic hydroxyl groups aild they includc, for in- 
stance, the glycol 24 lo*. The only fragrncntations of significance in 
24 are cleavage alpha to the secondary alcohol, assisted by the fact 

H 

that this is also a benzylic and an allylic bond, and thosc proccsscs 
involving furtlier decomposition of this ion. I n  spite of having four 
OH groups, the molecular ion is easily recognizable. 

Recent typical investigations of other phenolic natural products 
have covered hashish constituentsi3> lo9 benzofuran and xanthone 
derivatives fi-om lichens1 lo, aphid pigments* l, and the tetrahydro- 
protoberbine alkaloidsll 2. The retro Diels-Alder reaction is of major 
importance in these fused ring systems but the mass spectra give no 
direct indication of the presence of the OH groups (however, deriva- 
iization and the conscquent change in M+ allows easy determination 
of the number of phenolic hydroxyl groups). Although many classes 
of alkaloids contain hydroxyl groups, their mass spcctra have been 
adequately discussed elscwherc I 3. 

The advances in technique which now permit the study of thc 
mass spectra of relatively unstable compounds obtained from com- 
plex mixtures in small amounts are worthy of emphasis. For in- 
stance, the spectra of some polyhydroxy lipid constituents of low 
molecular weight have been measured at  40-55" by the direct inser- 
tion technique23. Structural studies on the polyacetylenes, including 
those containing alcoholic substituents, have also benefited from the 
application of mass spectrometryi7. The combined gas chromato- 
graphy-mass spectrometry technique has found especially wide 
application in studies of this type. 

Extensive reference has already been made (section V) to one 
aspect of the mass spectra of sterols-the loss of water. Fragmentation 
of these compounds may be initiated by cleavage alpha to thc OH 
group. This is especially notable for C,,,,-hydroxyl s u b s t i t ~ e n t s ~ ~  but 
is important €or hydroxyl substituents at  other positions in rings C 
and D 857 1 1 4 2  115 and it may allow determination of the position of 
the substitucnt. Further details on other aspects of the much-studied 
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mass spectra of sterols may be found in the rcfcrences listed by the 
above authors86-"9 llal* 11s or an earlier rcviewllG may be consulted. 

The final group OC natural products to be discussed here are the 
terpenols. Of coiisiderable interest are the monoterpene sex attrac- 
tants studied by Silverstein and Rodin"'. Compound 25, for instance, 

(25) 

showed a molecular ion and (M-H,O) f and (M-H,O-CH,) -1. frag- 
ment ions, in addition to the base peak a t  m/e 85 formed by cleavagc 
of the doubly activated bond indicated. The  g.l.c./m.s. method of 
separation and structural elucidation is virtua!ly the only practicable 
method for compounds such as the phenomes in view of the com- 
plex mixtures, small quantities and high volatilities encountered. 
Several studies have been made on monoterper,ols from other 
sources5** Isomcrization of thc molecular ion and/or the 
(M-H,O) + ion in these compounds can lead to difficulties in dis- 
tinguishing structural isomers. However, the polar OH group con- 
siderably influences the fragmentation and makes for far morc 
unique spectra than are obtaiiicd from the parent terpenes. Conse- 
quently secondary and tertiary alcohols are often easily distinguished 
from each other, while isomeric secondary (or tertiary) terpenols are 
sometimes distinguishable. The aromatic alcohols are naturally 
particularly easy to charactcrize 62h. Several investigators have 
studied sesquiterpe~iols~~", pentacyclic triterpenols"*g l o  and ster- 
oidal triterpenolsl". 

V11. DEWlVAflVES OF OH COMPOUNDS 

Because of the difficulties which have been encountered in obtaining 
spectra of hydroxyl and polyhydroxyl compounds a great deal of 
attention has been given to the spectra of their derivatives. In this 
section the trimethylsilyl ethers and acetates, together with several 
other derivatives on which less, work has been done, are discussed. 
The analogies between the behaviour of the derivatives and that of 
the parent hydroxyl compounds is emphasized. Especially interest- 
in9 are processes corresponding to the three major characteristics 
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(a-clcavagc, tlie elimination of watcr and OH migration) of the 
parcnt OH compounds. Other aspects of the spcctra of the deriva- 
tivcs which are important in structural elucidztion are also noted. 

The TMS derivatives of alcohols are easily preparedlzl, stable 
and volatile. Although the molecular ion may be absent, especially 
in the polyol derivatives, the (M-CH,) + ion is very characteristic 
and can be used for molecular weight determination. Two other 
features, which in certain circumstances are disadvantageous, arc 
the sharp increase in molecular weight on derivatization and the 
propensity of these derivatives to undergo skelctal rearrangements, 
some of which may be difficult to predict. I n  addition to the loss of 
CH,', a-cleavage can also lead to C-C bond fission in T M S  ethers. 
This process gives low abundance fragment ions in the lower acyclic 
compounds122 and much more abundant ions in the derivatives of 
long chain hydro~yes te rs~~~3- '2~  where it allows determination of the 
position of tlie oxygen substituent. or-Cleavage is also one of the more 
notablc features of the spectra of the parent long chain hydroxyl 
esters12 5 - 1 2  7 . The position(s) of the doubie bond(s) in long chain 
olefins may be determined from the pronounced tendency for a- 
cleavage between the oxygenated carbon atoms of the TlMS deriva- 
tives of thc corresponding glycols1"". 

I t  has been reportedle8 that one mode of fragmentation of di- 
saccharides is direct cleavage of the glycosidic bond, a process which 
is in competition with the or-cleavage modes leading to ring opening 
and to the (M-CH,)+ ion. Mass spectrometry has considerable 
potential value in structural studies on oligosaccharides. The TMS 
derivative of an antibiotic tcti-asaccharide129 gave a good spectrum 
which included a barely distinguishable molecular ion (m/e 1401) 
and a more abundant (M-CH,) + ion. Major fragmentation again 
occurred at  the weak glycosidic bonds129. The TMS derivatives of 
diglycerides derived from phospholipids are suitable compounds for 
structural determination by mass spe~ t romet ry l~~ .  Monoglycerides 
have also been investigated as their TMS derivatives 131. 

The elimination of trimethylsilanol, which corresponds to the 
loss of water from alcohols, is an important aspect of the behaviour, 
upon electron impact, of TMS ethers, especially those of high 
molecular weight. For example, the spectrum of the TA4S ether of 
the antibiotic filipin132 is dominated in the high mass region by 
fragments 90 mass units apart. Successive losses of trimethylsilanol 
from the (M-CH,) + ion are observed in disaccharide derivativesl28 
and the same molecule is lost from the molecular and fragment ions 
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of hydroxyester125 and sugar lactone133 derivatives. Investigations 
on the mechanism of loss of trimethyMano1 do not yet permit firm 
conclusions and are hampered by the fact that the simple acyclic 
trimethylsilyl ethers do not undergo this process122. Dickman and 
.Ejerassi134, using TMS derivatives of deuterium labelled sterols, 
found that the mechanism apparently is not anzlogous to that found 
for loss of water from the corresponding alcohol, 40% being lost 
by a 1,2-elimination and a t  least some of the remainder by a 1,3- 
process. Although the site of hydrogen abstraction was not investi- 
mated, the loss of trimetliylsilanol from glycol derivatives increases ? 
in relative importance as the electron beam cnergy is decreased135, 
an observation in accord with the anticipated low frequency factor 
€01- this process. 

The skeletal rearrangements occurring in trimethylsilyl ethers 
have been the subject of considerable study and have been dis- 
cussed c~l lec t ive ly~~.  They are far less pronounced in the derivatives 
of simple acyclic alcohols122 than in those of simple d i o l ~ l ~ ~ ,  in 
which one TMS group can provide a positively charged migration 
terminus while the other can act as the migrating group. I n  
polyfunctional trimethylsilyl compounds complex rearrangements 
U L L U L  -96,  I.?, l Z 3 7  l Z 6 .  I t  is also noteworthy that migration of the intact 
rrimethylsilyloxyl group to a carbonium ion or other positively 
charged site is a reaction of considerable importance in sugar deriva- 
tivesGGI 128  and this behaviour parallels known rearrangements of 
the hydi*oxyl group. The transfer of a trimethylsilyl group from a 
distan 'site to a carbonyl function is a notable phenomenon in the 
mass spectral behaviour of TMS derivatives of hydroxy 13G. 

Exactly analogous hydrogen transfers via many-membered cyclic 
transition states occur in the parent hydroxyl compounds, the similar- 
ities extending to the ensuing fragmentations of the rearranged mole- 
cular ions'"> 137, one of these subsequent processes being the 
elimination of a CH,OH/CH,OSi(CH,) group. 

Parallels are also exhibited between thc beliaviour of the acetates 
and the parent hydroxyl compounds. In  additioii to fragmentations 
characteristic of the ester group, both the elimination of acetic acid 
and migration of the acetoxy group take place. The acetates have 
been employed in attempts to make stereochemical assignments by 
the method used for alcohols (discussed in section V). Loss of acetic 
acid from some steroids has bcen found13* to be much more pro- 
nounced when the acetate is axial than when it is equatorial, while 
in  other investigations differences in rate were not significant8j. A 
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complication not encountered in the dehydration of alcohols, is that 
loss of acetic acid takes place by two competitive meclianisn--s17~ 8 2 ,  8 5  

involving hydrogen transfer to one or.other of the oxygen atoms of 
the acetate. These alternative processes are illustrated for n-butyl- 
acetate (26); possible ion structures are also show11 but these are by 

(26) 

no means established. Tlie former process is frequently the more 
important while thc latter can involve a 1,3- as well as a 1,4- 
eliminations5. Because of the complexity of the R/I+-HOCOCH, 
reaction it cannot yet form the basis for stereochemical correlations 
and the observation made by several that acetic acid 
eliminatiorl is more pronounced than is the loss of water from the 
corresponding alcohol can have but limited significance. The occur- 
rence of acetoxyl migrations to carbonium ion centresfiG, 6 7 9  lgl and 
the usefulness of acetates as derivatives which allow structural studies 
on such natural products as glucosides142 and di~accliarides '~~ merits 
attention. 

Among the many other OH derivatives which have been studied 
by mass spectrometry, the methoxy16'j and i~opropyl idenel~~ sub- 
stituents have been useful in the investigation of carbohydrates. For 
the investigation of sugars there is no one derivative of prcference- 
the characteristics of TMS cthers and acetates have already bcen 
discussed, while inethoxyl derivatives also have advantages, including 
their low molecular weights and thc absence of prominent rearrange- 
ments other than methoxyl migration to a carbonium ion centre; 
isopropylidene derivatives are of interest for the information they 
can yield on ~tereochemistryl~~". 

Stereospecific elimination of methanol from a number of methyl- 
ated cyclic diols and triols has bcen briefly reportedl4'I. The useful- 
ness of a substituent containing an aromatic ring in increasing the 
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iiiolccular ion abundance is the reason for recent interest in tri- 
plienylmetliyl ethers145 and o-aminobenzoates1*IG as alcohol deriva- 
tives. Boronates may have some future as derivatives of diols €or 
mass spectrometric investigation1". 

Vlll. NEW TECHNIQUES FOR ION FORMATION 
AND ANALYSIS 

The fact that electron impact (EI) is a less than ideal method for the 
ionization of alcohols has led to considerable interest in alternative 
methods. One of these alternatives is photoionization (PI) which 
has been referred to above and will be commented on briefly here. 
PI has the considerable advantage over EI that ionization is effected 
in the absence of a hot metal filament and, furthermore, the energy 
imparted to the ion commonly corresponds to that supplied by low 
energy electron beams. These advantages emphasize its potential 
for stereochemical studies but only a little work of this type has been 
reportedlg. Overall PI and EI differ relatively little in the processes 
which they initiate and in the energies, and hence in the relative 
rates of decomposition of the ionic species they produce. 

Radically different kinetics and/or reactions are involved in field 
ionization (FI), negative ion spectroscopy (NI or EA*), and in ion- 
molecule reactions. Ionization prior to ion-molecule reactions may be 
produced by many methods, including PI, EI and FI, and the iech- 
niques used to study these reactions may also vary considerably. 
The types of ion-molecule rextions undergone by alcohols are 
directly related to the properties of the OH group and they will be 
indicated briefly before FL and EA spectra are dealt with. 

Charge exchange between an ionized atomic or molecular pro- 
jectile and a neutral molecule was the method of ionization used by 
Lindholm and his group in their ~ t u d i e s " ~ ~  on ion-molecule re- 
actions in alcohols. Reactions between the projectile and a neutral 
molecule or between ionized and un-ionized molecules result in new 
ionic species which are readily detected after beiilg accelerated and 
separated according to their masses. Futrell and his c o l l e a g ~ e s ~ ~ ~ ~  149 

employed a conventional electron impact ion source in their study 
of ion-molecule reactions in alcohols. They followed the effect of 
such parameters as source pressure on the yields of particular ion- 
molecule reaction products. The new technique of ion cyclotron 

* From the German 'ElektronenAnlagerung'. This is thc most interesting of the 
several processes wherebj; negative ions are formed. 

- 
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resonancelBo can also employ electronimpact as the method of ioniza- 
tion but tlie use of ion resonance allows the reactions of particular 
ions to be followed with amazing specificity. The ion-molecule 
reactions occurring in methanol have been studied in great detail 
by this method151. Whatever the experimental approach, the large 
cross-section for proton transfer reactions is the most characteristic 
feature of ion-molecule processes in alcohols. This tendency to form 
protonated alcohols is in accord with the basic drive for the alcohol 
molecular ion to form a third bond to oxygen (section 11). Aggre- 
gates such as (ROH);ROH,f are also 152. Among many 
others the following proton and hydride transfers are typical: 

CHCOH+ + CH3OH + CHnO 4- CH,OH,+ " 8 ,  1'1 

CH,CHOH+ + CH,CH,OH -+ CHaCHO + CH,CH,OH,+ 148 

CH,+ + CHaOH + C H I  + CHZOH+ 153 

References to other studies on ion-molecule reactions are made by 
the authors cited ab0ve~~b9 1 4 9 9  151 and many aspects of the technique 
have been reviewed1". The use of tandem mass spectrometers149 
increases the power of the conventional ion source studies but tlie 
future should see the dominance of ion cyclotron resonance. 

Negatively charged ions are formed upon electron impactlB5 but 
have not taken on a significance remotely comparable to that of the 
corresponding positive ions. This is largely due to lower ion yields 
(by a 10-3 to factor) but even when spectra are obtained they 
frequently show no ions in the molecular ion region and difficulties 
are experienced in the theoretical interpretation of the spectra 
because of the many types of processes involved. This last fact 
is of considerable practical importance since under different con- 
ditions varying contributioiis to the observed spectra are made by 
three major processes155; (i) resonance capture of an electron, 
AB + e -+ AB'-, (ii) dissociative resonance capture, AB + e -->A- 
+ B' and (iii) ion pair formation, AB + e + A- + B +  + e. 
Alcohols are one of the few classes of compound in which negative 
ion spectrometry has been useful, the stability of the alkoxyl anion 
often resulting in an easily observable (M-H)- ion. Probably all 
three of the above processes contribute to the (M-H) - 0 b s e r v e d ~ ~ ~ ~ l ~ 7  
using 'normal' mass spectrometric conditions, i.e. 70 eV and 
-10-6 nim source pressure (the slow electrons necessary for reson- 
ance capture are generated during positive ion formation). I n  order 
to increase the cross-section for electron capture (EA) and so obtain 
more useful and less complex spectra, von Ardenne and co-workerslB* 
have introduccd tlie use of a gas discharge source in which the slow 
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electrons required for resonance capture are readily formed by 
ionization of argon which is present at  a much greater concentra- 
tion mm) than is the sample mm). Using this method, 
negative molecular ions are recorded for many more classes of com- 
pound but sensitivity remains low and instrumental modifications 
are necessary. Another disadvantage of the EA technique and indeed 
of most negative ion experiments, is the frequent occurrencc of ion- 
molecule reactions which create new difficulties in recognizing mole- 
cular ions. Nevertheless alcohols and even some polyhydroxyl com- 
p o u n d ~ ~ ~ ~  do give molecular ions and/or (M-H)- ions using von 
Ardenne's approach, which has consequently found some use in the 
solution of structural problems. For example, the observation of 
the (M-H)- ion (base peak) at m/e 317 was of valuc in deducing 
the structure of' compound 27 lGn. 

H O W  

(27) 

Field ionizationlel differs radically from other methods of ioniza- 
tion and because of the characteristics described below it is rapidly 
increasing in importance, especially as a complementary technique 
to EL The kinetics involved in FI spectra are complex since ions 
are formed by a variety of processes which include102 (i) molecular 
ion formation by tunnelling of an electron through the potential 
barrier of the molecule which is lowered by the strong field, (ii) for- 
mation of a molecular ion in an excited state above its dissociation 
limit, (iii) various field-assisted fragmentations of the molecular ion, 
including a statistical process involving energy fluctuation in the 
ion but with the dissociation energy lowered by the field, (iv) statis- 
tical processes in a zero field region which correspcmd to the 
fragmentation mechanisms operative in electron impact spectra. 
Furthermore, adsorbed molecules, as opposed to gaseous molecules, 
may be ionized by field desorptionlG3. I n  spite of this complexity, two 

characterize FI mass spectrometry: (i) low excitation 
energies are involved and consequently molecular ions are abundant 
and fragment ions very weak indeed, and (ii) the acceleration given 
ions by the field means that ions are examined sooner than usual in 
EI and PI spectra, consequently metastable ions are formed after 
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10-8-10-0 sec (whereas in other methods 10-0-10-5 sec elapse) and 
they are very intense. On  the other hand fragment ions must be 
formed within 10-14-10-12 sec if they are not to be recorded as 'fast' 
metastable ions, and this is why their abundances are comparable to 
or even lower than those of the various types of metastable ions. 

The formation of abundant molecular ions is an obvious advan- 
tage of FI for the study of alcohols. This fact in addition to full use 
of the 'fast' and normal metastable ions, allows terpenols to be char- 
acterized readily165. Especially importa.nt is the fact that rearrange- 
ments and multi-step fragmentations are easily distinguished from 
simple bond cleavages since the slower rearrangement (and multi- 
step) processes give intense metastable peaks but low abundance 
daughter ions and vice versalGG. Another striking application of FI 
was that of Bruiinde and colleagues107 who obtained spectra on 
some very unstable compounds including diacetone alcohol and 
several diols. The illustrations in their paper should be consulted to 
appreciate the remarkable improvement of FI spectra over EI 
spectra in these cases. As expected, the major daughter ions in the 
FI spectra of alcohols include those formed by a-cleavagelGsp lG7, 

while the (M-H,O) + ion tends to occur as an abundant metastable 
ion1Gs* los. Among the disadvantages of field ionization are poor 
reproducibility'61, the occurrence of gas-phase ion-molecule re- 
actions, particularly proton transfer in alcohols, and the formation 
of a condensed phase which can lead to ion clusters such as 
(CH,OH),CH,OH +' lGia. The above features, together with more 
detail, are to be found in a study of aliphatic alcohols by Beckey and 
Schulzel6* and in a Russian studylG9 of methanol, ethanol and their 
labelled derivatives. 

Added in prooy? Recent work in several areas covered by this review 
has been intensive; very little can be refcrenced here. Brown and 
c011eagues~7~ have obtained evidence for a concerted 6-centre de- 
hydration accompanied, in the same molecular ion, by a stepwise 
7-centre dehydration. Reversible hydrogen transfer to the ionized 
hydroxyl group is associated with the latter process. Green1'' has 
continued his detailed inquiries into the stereochemistry of mass 
spectral elimination reactions using the dehydration of alcohols as a 
model system. Ionization efficiency curves Lave been used172 in an 
approach to the stereochemistry of sterols. Evidence has been 
obtained for the occurrence of the hydroxylated cyclopropane ion 
in the spectrum of t -b~tanol l7~.  Neighbouring group participations 
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have been discovered in the mass spectra of some azulylethanois and 
their derivative~l7~. There has been a continuing interest in keto-enol 
tautomerism arid in the fragmentation of e n 0 1 s l ~ ~ ~  170. Finally, the 
determination of the mass spectra of some tri-, tetra- and penta- 
saccharide derivativesl77, illustrates the continuing extension of the 
technique in applications involving hydroxylated. natural products. 
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1. INTRODUCTION 

When an alkali is added to a mixture of water and an alcohol ROH, 
two anjon bases, the hydroxide and alkoxide ions, are present at  
equilibrium: 

OH- + ROH + RO- + HZO (1)  

Since this equilibrium reaction is a proton transfer, the equilibrium 
is usually attained instantaneously'. 

These equilibria have been iieglccted in many studies, especially 
those dealing with reaction kinetics and synthcscs in which aqueous 
alcohols containing alkali have frequently bcen employed as media. 
There a r t  many reasons for this neglect. For example, the (apparent) 
rate constants based on the measurement of the decrease in the total 
conccntration of alkali in tliesc mcdia do not drift with timc more 
than in pure solvents and excellent Arrhenius plots are usually 
obtained although the rate constants are usually greatly influenced 
by equilibrium reaction (1). Alkoxide ions often react much faster 
than the hydroxide ion (see section VI), and thus practically only 
one product may be formed. Also, only one of the two concurrent 
reactions may lead to a new product as is the case in certain ester 
hydrolyses. In all these cases, howcver, the rate constants arc appar- 
ent quantities influenced by equilibrium reaction (1) and differ from 
the true ratc constants. 

O n  the other hand, the properties of hydroxide and alkoxide 
ions a x  wry simiiar. For example, they are all strong bases, and 
titration of their mixtures with an acid gives the sum of their con- 
centrations. Both kinds of lyate ion influencc also other measure- 
ments, as, for example, e,m.f. and conductometric measurements. 
The standard potentials and equivalent conductivities vary with 
solvent composition and arc not known and must be estimated in 
some way if they are to be used to determine the equilibrium con- 
stants of reaction (1). Only in the case of acidic alcohols such as 
2,2,2-trifluoroethanol are accurate determinations of the position 
of equilibrium reaction ( I )  possible at present. The kinetic method 
to be described below has one advantage over other methods; the 
ratios of the products of substitution reactions give direct information 
about the simultaneous existence of different lyatc ions. 
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The purposc of the present article is to discuss the magnitudes of 
the cquilibrium constants and to clariry what effects equilibrium 
rzhction (1) has on the products, rate constants and other data of 
chemical reactions, and also to discuss the relative reactivities of 
hydroxide and alkoxide ions. This last problem is closely connected 
with the determination of the equilibrium constants of reaction (1). 
Attention will be mainly centred on the equilibria between metlioxide 
and hydroxide and between ethoxide and hydroxide ions. 

I I .  DIRECT EVIDENCE FOR THE EXISTENCE OF 

The existence of these equilibria in aqueous methanol and aqueous 
ethanol is seen in many ways: 

(i) A solution ofsodium hydroxide in an alcohol has the properties 
of a solution of the corresponding sodium alkoxide in the alcohol 
and substitution reactions in both solutions lead to the introduction 
of an alkoxy group; the rate constants of the reactions are usually 
the same in the former and in the latter solution. (It is somewhat 
misleading, as is sometimes done, to speak of 'alcoholic sodium 
hydroxide'.) 

(ii) Addition of sodium alkoxide to water leads to its conversion 
to the hydroxide. 

(iii) Substitution reactions in solutions of alkali in aqueous alcohols 
lead to the formation of mixtures of hydroxy and alkoxy compounds, 
and the influence of the lyate ion equilibrium reaction (1) is seen on 
inspection of the reaction products (this was done for the first time 
by Lobry de 3ruyn and Steger2). For substitution reactions, a product 
composition quantity Bh, can be defined (see section IV.A.S), which 
is a constant at low alcohol contents when the solvent composition 
is varied, and this constancy can be explained only in terms of 
equilibrium reaction (1). 

(iv) The conductances of sodium hydroxide and sodium alkoxide 
are nearly equal in an aqueous alcoho13~ 'I, which indicates that the 
conducting ions are the same in both cases. 

(v) Rate constants for the disappearance of total alkali in substi- 
tution reactions increase when small amounts of water are added to 
methanol and decrease when small amounts of water are added to 
ethanol; this discrepancy disappears when the respective equilibria 
(reaction 1) are taken into consideration (see section IV.A.l). 

HYDROXIDE-ALKOXIDE EQUILIBRIA 
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111. EXPRESSIONS FOR T H E  EQUILIBRIUM CONSTANTS 

A. Hydroxide-Alkoxide Equilibria 
The thermodynamic equilibrium constant for reaction (1) is given 

bY 

where the subscript 'h' refers to the hydroxide ion, on the left in 
equation ( l ) ,  and the subscript 'a' refers to the alkoxide ion, aHaO and 
anon are the activities of water and alcohol with respect to the pure 
liquids as standard states, and the (degenerates) activity coefficients 
fno- andfon- are unity in infinitely dilute solutions in pure water. 
The terms in square brackets in expression (2) denote molar con- 
centrations. I n  methanol-water and in ethanol-water mixtures sub- 
scripts m and e,  respectively, may replace the subscript a. 

If, as a first approximation, we take fRo- and foH- to vary 
similarly with solvent romposition, we can use instead of equation 
(2) the expression 

(3) 
%&O[RO -3 
%OEI [OH -1 

Kha = 

However, the activity coefficients of the lyate ions seem not to vary 
similarly with solvent composition and thus Kl,, can vary considerably 
wher, the solvent is varied". 

A third type of expression that at  present seems to be the most 
useful in practical work (see section V.D) is: 

where xHz0 and xROII are the mole fractions of' water and alcohol, 
respectively. 

5. Acid Dissociation Constants of Alcohols 
The determination of the acid dissociation constant of an alcohol 

in water means, in principle, that the equilibrium constant of 
resction (1) in this solvent has been determined. In  water we have 
the autoprotolysis reaction 

(5) 
and thus we can write for dilute aqueous solutions of the alcohol 

ROH -k HZO +RO- f HAO' 
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and therefore 

where K,,. is the ioiiic product of watcr. In  equation (6) the con- 
centration of water has been set equal to mi ty  and the standard 
state for each of the other species (also for ROH) is a hypothetical 
one molar concentration with unit activity coefficient. The pK, of 
water is hence -log Kw/[H20] = 15-74 (at 25") (Tabk 3). 

Inspection of equations (4) and (6)  reveals that K;, is the ratio 
of the acid dissociation constant of the alcohol to that of water in an 
aqueous solvent of low alcohol content (Kia is the ratio in any 
solvent"). 

IV. HYDROXIDE-ALKQXODE EQUlLllBWlA IN 
WEACTIO N KIN ETlCS 

A. Substitution Reactions 

Many papers have been puulished where results concerning sub- 
stitution reactions in alkaline aqueous alcohols are presented2, 6 -28.  

Some of these have been discussed previously by the writer'". 

1. Reaction rates 

and alcoholysis of methyl iodide in an aqueous 
Let us take a simplc example, the simultaneous alkaline hydrolysis 

Me1 -+ OH--+ MeOH + I- (8)  
(9) Me1 4- RO- -+ MeOR 1- I -  

Tlie ratcs of product formation are: 

d [Me OH] = k:[h/reZ][OH-] = k+---- ' o H - l [ ~ ~ e ~ ~ [ a l k a l i ~  

= k:[MeI][RO-] = A:------- CRo-l [MeIJ[alkali] d [ MeOR] 

(10) 

(11) 

dt [alkali] 

d t  [alkali] 

where [alkali] = [OH-] + [RO-1. The expressions 

and 

= k: s,, h- =lip,------- [OH-] 
'' [alkali] 

'I "[alkali] 
= k: S, 

[KO -1 k, = ko--- 

remain constant as the reaction proceeds because of the rapid 
establishment of equilibrium (reaction 1) (on the assumption, how- 
ever, that thc true rate constants kP, and h-0, remain constant and that 
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the reaction is not capable of altering thc ratio [H,O]/[ROI-I] to 
an appreciable extcnt, ix., the concentrations of the reacting species 
are low). Thc constants k,, and k:, are apparent rate ccnstants 
as they contain the ‘base fractions’ s,, = [OH-]/[alkali] and 
s, = [RO -1 /[alkali]. 

If we add the rate equations (lo) and (1 I ) ,  wc see that the total 
rate of product formation, i.e., total rate of disappearance of alkali 
or methyl iodide is 

= k[MeI] [alkali] 
and thus k = k, -+ kl, 
is the apparent ratc constant of second order calculated from the 
consumption of methyl iodide or total alkali. It shows good constancy 
although it  is an apparent quantity and relatcs to both the hydroxy- 
lation and alkoxylation rcactions. 

If we divide equation (1 0) by equation (1 1) , we get 

i.e., the products are formed in constant ratio. Thus 

(see also References 2, 14, 29, 30). If we know the product ratios 
(in this case from gas-chromatographic analyses) and the rate constants 
for the disappearance of the total alkali (from titrations with acid) , we 
can evaluate the values of k:, and k,, by expressions (15) and (1 7)14. 
This is a procedure of formal kinetics only and does not involve any 
extraneous assumptions. However, if we wish to evaluate k: and kz, 
we need an estimate of K;,,. 

The above discussion is, of course, applicable to all alkaline 
solvolysis reactions in alcohol-water mixtures and usually also to 
other reactions that lead to different hydrolysis and alcoholysis 
products. 

Experimental (apparent) values of the rate constants are plotted 
together with estimated values of the ‘true’ rate constants in 
Figures 1 and 2. I t  will be seen that the value of the apparent com- 
posite constant I; decreases on adding water to ethmol and increases 
on adding water to methanol. This behaviour was first observed by 
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-.- 
0 0.2 0.4 0.6 0.8 I .o 

MeOH 
FIGURE 1. Plots of logarithms of the rate constants of methyl iodide against solvent 
composition in alkalinc methanol-watcr mixtures at 25" 14. The 'true' constants 
ki and kk were calculated assuming that KLm = 4-5. X denotes the mole fraction. 

Lobry de Bruyn and Steger2 and is typical of S,2 and S,-Ar re- 
a c t i o n ~ ~ ~ $  la. The differcnce between aqueous methanol and aqueous 
ethanol is only a p p a r ~ n t ~ ~ ,  lo* l1, 14, and disappears when the 
estimated values of the true rate constants are plotted. The values 
of k", and kz initially increase on adding water to alcohol, which is 
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tn 
0 

RGURE 2. Logarithms of the rate constants of the reactions of methyl iodide in 
alkaline ethanol-water mixtures at  25" 14. The 'true' constants k: and kz were 

calculated assuming that Kle = 0.65. X denotes the mole fraction. 

contrary to predictions based on the Hughes-Ingold theory of 
solvent action31. 

I t  may be mentioned that Riklis' has reported that the rate 
constant of alkaline solvolysis of 1-chloro-2-nitrobenzene decreases 
on adding water to methanol, but this finding has proved to be 
erroneouss? ll. 
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2. Thermodynamic functions of activation 
Excellent Arrhenius plots are usually obtained when logk, or 

log k, is plotted against 1 / 7'. These plots give values of the energies 
of activation, E, and Ea, and of the frequency factors, A,  and A,, 
respectively. As the rate constants are apparent quantities, so also, of 
course, are the derived quantities. The true energies of activation 
(i.e., those not influenced by equilibrium reaction ( 1 ) )  are denoted 
by and E," and the true frequency factors by A: and A:. 

a. Energies of actiuahn. I t  can be shown32* 1 4 9  3 3  that the apparent 
and true energies of activation are related by the equations 

(18) El, = E: - S, AH1,a 

where AH,,, is the heat of the equilibrium reaction (1). The base 
fractions s,, and s, (equations 12 and 13) vary from zero to unity 
when going from one pure solvent to the other. Thus the differences 
between the true and apparent energies of activation vary linearly 
as the base fractions and do not exceed AH,, in magnitude. As AH,, 
is negative (see section V.D), Eh increases relative to EE with dc- 
creasing water content and En decreases relative to E: with de- 
creasing alcohol content. 

b. Frequency factar.7. We have the following  relationship^^^^ l4  

between the apparent and true frequency factors: 

sn 

R T  In A,, = In AP, + In sh - 

sh In A ,  = In A: + Ins, 1- ~ R T  
As AHhn is negative, the plot of In A,, against solvent composition 
passes through a l4 (provided A; does not vary too 
much with solvent composition) and tends to - a3 at very low water 
contents where s,, approaches zero. Similarly, In A, tends to -a3 at 
low alcohol contents but there are no maximal4. 

c. Linearity o f  apparent Arrheniusplots. The deviations o f  the apparent 
Arrhenius plots from linearity are usually extremely small. On  the 
assumption that the true energies of activation and AH,, do not vary 
with temperature, we obiainl" 
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which is a maximum when sIl =: s;, =: i/2. As AH,,, is only a few 
kilocalories, the measurements must be extehded over a wide 
temperature range (of the order of 100 dcgrces) to cstablish a cur- 
vature due to the hydroxide-alkoxide equilibrium (and this demon- 
stration may be impossible even then because of the natural curvature 
of plots of the true rate constants k: and k:). 

Also the apparent composite rate constants k = k,l 4- k ,  usually 
yield linear Arrhenius plots. 

3. Reaction products 

We can gather the known concentrations in equation (16) to- 
gether and, takins also equation (17) into consideration, obtain an 
expression which is here denoted by B;1a149 19: 

The product composition quantity BLa can thus be computed if the 
solvent composition and the ratio of the r e a c t h  products are known. 
For reactions of other substrates, the concentrations [MeOR] and 
[MeOH] in Bka must, of course, be replaced by the concentrations 
of the respective products of alkoxylation and hydroxylation. 

Values of B;,% remain usually relatively constant as the solvent 
concentration ratio {H,O]/[ROH] is varied. If we assume that kP, 
and k: vary similarly with solvent composition, this constancy 
indicates a relatively good constancy of K,',,, (cf also Tablc 2, 
section V.B). 

The quantities Bk, are valuable in many ways: 
(i) As Bka varies relatively little with solvent composition, pro- 

duct ratios at  different alcohol contents can easily be compared if 
the values of Ilka have been computed. 

(ii) As the values of Bila are derived from the product ratios, the 
rate constants need not be known (the reactions may, for example, 
be too fast to permit accurate rate measurements as in the reactions 
of picryl AuorideZO). 

(iii) If the values of Il;lz1 €or the reactions of a substrate in aqueous 
mixtures of various alcohols are extrapolated to pure water, the 
values of k: are obtained from expression (23) provided the values of 
Kin and the value oC ki are known19$ 20. Thus the reactivities of 
several alkoxide ions can be compared in the same sofvent, even 
when the reactions are very fast20* 3 4 9  36. 

(iv) Values of the slope a: in the Bransted relations log k: = a:p& 
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+ ,8 are obtained fiom plots of log Biln aaaiiist pK, (Figure 5, 
section VI) without any rate constant dcterminations. 

(v) From equation (23) we obtain'.' 

? 

Thus the plot of 10g-B;~~ against 1/T should be (and usually is) 
linear. Such plots give information about differences in the energies 
of activationl-s. 

A quantity analogous to Bila can be defined for S,-2 and S,Ar 
solvolysis reactions in alcohol-water mixtures which also lead to two 
different products. For solvolyses of picryl fluoride this quantity 
varies with solvent composition in the same way as BAz for aikaiine 
solvolyses2°. It may be mentioned in this connection that Grunwald 
and M ' i n ~ t e i n ~ ~  have proposed the use of the 80% ethanol-water 
mixture as a reference soIvent for reactivity correIations. Their 
method should be used only for compounds that solvolyse by a rate- 
determining- ionization, and not for compounds which solvolyse by a 
bimolecular mechanism. 

B. Alkaline Ester Hydrolyses 

Aqueous alcohols have been very popular media in  studies of 
the alkaline hydrolysis of estersz9$ 32-349 ;7 -5 * .  The hydroxide- 
alkoxide equilibria have been taken into consideration in some 

333 35-40z 4 1 - - Q 7 ~  5 2 .  The papers of SeIman3% 39 must be 
mentioned as they contain an early clcar demonstration of the 
influence of the equilibrium reactions ( 1). 

The formal treatment of these reactions is in many respects similar 
to that of the substitution reactions since the reactions lead to two 
products, an ester (transestcrification) and an alcohol: 

(25j 

(26) 

The reversibility of the transesterification is an additional compIi- 
cating factor. In the case of methyl acetatc in aqueous methanol and 
ethyl acetate in aqueous ethanol, the products of the alcoholysis 
reactions are the initial reactants. 

Only the reaction with hydroxide ion leads to consumption of 
alkali; the alcoholysis reaction must he followed by other means 
(e.g., by using I4C as tracer as done by Bender and G1asson47). 

If k,', and klI' are the apparent rate constants of the reactions of 

R 1 C 0 2 R 2  + R 3 0 -  $ R 1 C 0 2 R 3  + R 2 0 -  

R1C02R'  + OH-+ R'COZ- -t R'OH 
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two different esters with hydroxide ion in the s m t  alcohol-water 
mixture, then (cf equation 12) 

Hence, if no transesterification leading to a new ester occurs or if the 
transesterification is slow and can be neglected, the measured rates 
of disappearance of alkali give directly the true ratio kE’/k;’’. When, 
for exampk, ethyl formate and ethyl acetate react in an alkaline 
aqueous ethanol, equation (27) gives directly the ratio of the true 
rate constants of the reactions with hydroxide ion in the solvent 
employed43. 

If the transesterification reaction gives an  ester different from that 
initially present, the new compound will react with the hydroxide 
ion at  a different rate. If the new compound is rapidly formed, the 
measured rate constant will vary with time as two esters are simul- 
taneously present or the measured rate of hydrolysis may be that of 
the new ester. 

Thus, when the rate constants of the reactions of different esters 
in an aqueous alcohol are compared, the absence of complications 
due to the transesterification reactions must be confirmed. This is not 
often done. However, one should bear in mind that the alcoholysis 
reaction is usually faster than the hydrolysis reaction (see section VI). 

The most detailed study of the alkaline hydrolysis reactions of a n  
ester (ethyl acetate) in alcohol-water mixtures is that of Tommila, 
Koivisto and co-workers3 z. These writers discussed also the influence 
of the hydroxide-alkoxide equilibria on the reactions and found 
maxima due to these equilibria in the plots of log A,, against solvent 
composition. 

Solvent effects other than those caused by the lyate ion equilibrium 
are usually quite prominent in ester hydrolysis reactions and may 
completely mask the influence of the e q ~ i l i b r i u m ’ ~ ~  32, i.e., ki and 
rate constants derived from the disappearance of alkali may vary 
with solvent in a roughly similar way. The same is true for the 
Arrhenius parameters, at least for the reactions in aqueous mixtures 
of alcohols less acidic than methanolL4. 

C. Himinations and Other Reactions that Lead to Only One Product 
In reactions where only one product is formed in the presexe of 

hydroxide and alkoxide ions, the anionic bases usually attack a 
hydrogen atom and their d a t i v e  reactivities might he expected to 
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parallel the thcrmodynaniic basicitics more closcly than thc nucleo- 
philicities of the bases50' 60.  As the products are the same, regardless 
of the base that effects the reaction, it is very difficult or impossible 
to devise an experimental method to measure the individual rate 
constants of the reactions with hydroxide and alkoxide ions59. Thus 
only overall rate constants are obtained, and if the reactivities of 
various substrates are to be compared, i t  is best to avoid using aqueous 
alcohols as solvents. Also, since the nucleophiles must have basic 
properties to be effective, it is not possible to study the influence of 
solvent on the reactions of non-basic reference anions53 (cf section 

BuckIey, England and McLennan59 studied the E2 climination of 
hydrogen bromide from P-phenylethyl bromide and ethylene di- 
bromide, and also the ElcB-like elimination reactions of chloroform 
and ethylene chlorohydrin in alkaline aqueous methanol and ethanol. 
According to M'instein and LucasG1, the initial proton transfer is 
from oxygen rather than from carbon in the latter reactions and the 
reactions are intramolecular displacement reactions: 

V.C). 

(28j - 
CHZCICH20H + 8' T-. CHZCICHZO- 4 BH 

CH,CICH,O- ___t CH,CH, + CI- (29) 

where B- is either a hydroxide or an alkoxide ion. These reactions 
have been extensively studied in aqucous alcohols also by Warner 
and co-workers62 - G  1. The decomposition of diacetone alcohol by 
alkali is also of' the ElcB type65. This reaction in aqueous alcohols 
has bcen studicd by Akerlof 

Thc rate constants of E2 elimination reactions often increase when 
water is added to methanol and decrease when water is added to 
ethan01~~. However, it has been found0? that the reaction of DDT is 
slower in alkaline 95y0 methanol-water than in alkaline non- 
aqueous methanol. 

Reactions that also lead to only one product are those of nitro- 
paraffins with bases6s. The reaction velocity is determined by the 
rate of transfer of a proton from the a-carbon atom of the nitro- 
paraffin to the base to give the anion of the aci-form as the product: 

RCH,NO, -t B- - > RCH=N, + BH (30) 

Jones and co-workersG8 cstirnated the variation of the hydroxide- 
methoxide equilibrium constant (K,,,,,) with solvent composition 

\ /  
0 

+,o- 
0- 
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from studies of neutrdization of nitrocthanc and they presciited the 
results in graphical form. 

V. EVALUATION QF HYDROXIDE-ALKOXIDE 
EQUILIBRIUM CONSTANTS 

Methods that have been employcd by different workers to study the 
hydroxide-alkoxide equilibria are solubility measurements"? So, con- 
ductivity measurements3~ 70% il, cryoscopic measurementsi0, qualita- 
tive i.r.-spectroscopic  measurement^'^^ tl1ermodynamicdistillations~3, 
e.m.f. measureinents74~ 75, measurements with indicators4* 76-78 

and reaction kineticmeasurementslo, 11, 1 4 ,  17 -22 ,  2 5 ,  07,  0 8 ,  42 ,  4 6 ,  6 8 ,  

Since thesc methods have been reviewed elsewhere by the present 
writer14, only the most important features will be considered. 
T h e  main emphasis will be on methanol-watcr and ethanol- 
water mixtures. I t  may be noted that it is always necessary to make 
certain assumptions concerning thc constancy or variation with 
solvent composition of some properties in these determinations. 

A. Electrochemical Methods 
Koskikalii07~ measured the c.m.f. of the cell 

H, 1 MOCH3, MCl I AgCl, Ag, 
where M = Li, Na or I\: (a cell without any liquid junction po- 
tentials) ernpIoying methanol-water mixtures as soIvents. He derived 
the equation 

where KcsI, is the 
w;,.ter mixtures: 

(measured) apparent ionic product in the mcthanol- 

Kcs1) = ([H30+] + [CH,OH,+])([OH-] + [h4e0-]) (32) 

and K; is the ionic product of water in these mixtures. As the 
variation of the values of K; with solvent composition is not known, 
Xoskikallio assumed that at low methanol contents K; varies in the 
same way as the dissociation constant of acetic acid and obtained the 
value 7.7 €or the equilibrium constant in aqueous methanol (at 
25 "). If, in addition, the dissociation constants of propionic, butyric 
and benzoic acids are employed, the constants plotted in Figure 3 arc 
obtained 1 4  - mole fractions instead of activities were employed when 

= [H,O+]([OH-] + [MeO-1) 
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hi.% MeOH 
FIGURE 3. Values of log KL,,, and Khm in mctlianol-water mixtures as computed by 
the method of Ko~kikal l io~~.  The ionic product of water was assumed to vary as 
the dissociation constant of acetic acid (0 and e), propionic acid (a), butyric 

acid ( A )  and benzoic acid (u). 
computing the values of K;,m from equation (31). The plots of 
log KA, pass through a common point, \vlicrc K:,,n = 4.5 and 
K,,,, = 2.7, in pure water (at 25"). 

Ballinger and Long" determined values of pK,  for several alcohols 
in water at 25" (see also Table 3) by a conductometric method. 
Since the equilibrium reaction (1) leads to the replacemme of 
hydroxide ion with an  equivalent conductivity of about 190 by an 
alkoxide ion with an equivalent conductivity around 30, the change 



1102 Juhzni Pvlurto 

in conductivity is large". This method works well with thc acidic 
alcohols. However, in the case of methanol and ethanol, considerable 
amounts of the alcohol must be added to water before sufficient 
changes in conductivity occur, and the soivent is then no longer 
pure water. With methanol the necessary viscosity correction amounts 
to over 80% of the observed conductivity effect'l. As a consequence, 
the ionization constants found for methanol and ethanol are much 
less accurate than those obtained for more acidic alcohols. The 
values obtained for methanol are Kllm = 1-04., Kiln = 1.6, and those 
obtained for ethanol are K,,, = 0.2 and K,'l, = 0.7 a t  25" 1 4 ,  71. 

B.  indicator Methods 
Hine and Hine 7 6  determined spectrophotometrically the acidities 

of various hydroxylic compounds in 2-propanol employing 4-nitro- 
diphenylamine as indicator. They reported values of the equilibrium 
constants K, = [RO-] /[ROH] [2-PrO-] relating to the equilibria 
ROH -+ 2-Pro- + 2-PrOH + RO-. Values of KLa referring to 
2-propanol as solvent at  27" that were computed from the values of 
K, are given in Table 1. 

TABLE 1. Values of KLa for some alcohols in 
2-propanol at  27" 14* 7 6 .  

Alcohol 

2-Propanol 
1 -Propano1 
2-Methyl- 1 -propano1 
1 -Butanol 
Ethanol 
IVatcr 
Ally1 alcohol 
Uenzyl alcohol 
Methanol 
1,2-Ethanediol 
1,2,3-Propanetrioi 

0.063 
ca 0.4 
ca 0.4 
ca 0.5 

0.79 
1 .oo 
2.3 
3.2 
3.3 

36 
146 

Caldin and Long4 studied spectrophotometrically the hydroxide- 
ethoxide equilibrium in water-ethanol mixtures containing from 
12.6 to 47.0 wt% water. They employed trinitrotoluene as an  
indicator. If BH denotes the indicator, the following equilibria also 
prevail in these mixtures: 

BH 4- EtO- + B- 3- EtOH (33) 
BH + OH- + B -  - .  HZO (34) 
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Tlie ratio or tlie corrcspondiug cquilibrium constants is equal to the 
equilibrium constant of the hydroxide-etboxide reaction I t  was 
assumed that the equilibrium constant of reaction (33) has the same 
value in aqueous ethanol as in pure ethanol. 

Values of K,,, reported by Caldin and Long for the hydroxide- 
ethoxide equilibrium in ethanol-water and vaiues of K;,,, computed 
by the present authorla from these are given in Table 2. I t  is seen 

TABLE 2. Values of Kha and KLe for 
aqueous ethanol at 25" based on data 

of Caldin and Long4 1 14. 

c 

0.54 12.6 1 *o 
24.2 0.91 0-70 
28.8 0.7 1 0.63 
38.8 0.37 0.44 
47.0 0.32 0.47 

100.0 (0.2) - 

0.0 (2.0) 

Mean 0.56 

that Kht varies systematically (the plot of Kl,, against the reciprccal 
of the dielectric constant is almost linear4), but KLG varies little and 
irregularly about, an average value of 0.56. This constancy may be 
purely fortuitous, although it may also be noted that some kinetic 
data yield values of better constancy for BL3. (equation 23) or  K,',,, 
than for the corresponding quantities that relate to solvent activities 
instead of concentrations. 

C. Reaction Kinetic Method 
It is easy to show that1'* 

and that 

If either k: or k: In an alcohol-water mixture is known, Kkn can 
Le calculated from one of 'd'ese equations. Usually neither value is 
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known and the value of the constant in pure water or alcohol must 
be used instead, or the variation of k: or of kg with solvent com- 
position must be estimated in some way. For the determination of 
KLa, it is best to use reactions for which k: and kz vary as little as 
possible with solvent; Ss2 and SXAr substitutions are useful reactions. 
Ester hydrolyses and ionic reactions have also been used, but the 
true rate constants of these reactions usually vary greatly with solvent 
composition and this fact may partly cxplain why widely differing 
results have been obtained by the kinetic method. 

The following values of K,'lm have been derived1* from data for 
Ss2 or SsAr reactions with hydroxide ion in aqueous methanol at 
25" on the assumption that k: is constant: KAm = 2-5 (from the 
reaction of methyl iodide) and 4.1 (from the reaction of 2,4-dinitro- 
anisole). The following values were derived for K;lc in aqueous 
ethanol at 25" from the reactions with ethoxide IS: 0.79 
(methyl iodide), 0-69 ( 1,2-dinitrobenzene), 0.91 (lY4-dinitroben- 
zene), 0.9 (1-chloro- and 1 -bromo-2,4-dinitrobenzene) and 0.58 
(l-Auoro-2,4-dinitrobenzene). No visible colour formation occurred 
due to the iMeiseiiheimer reaction (in the reactions of the aromatic 
compounds)cf zl. Some workerslop 68  have reported their results in 
graphical form. 

The next step to refine the kinetic method is to estimate the vari- 
ation of the true rate constants with solvent composition. One way 
to do this is to use suitable reference reactionsl09 1 7 9  io .  I t  is 
assumed that kz varies with solvent in the same manner as the rate 
constants of related reactions with a nuckophile which is not in- 
volved in a lyate ion equilibrium. I t  Is seen in  Figure 4 that the 
slopes of curves 1-3 are initially similar at low water contents; the 
nucleophiles in these reactions are practically completely in the 
form of naphthoxide or thiophenoxide ions. On the other hand, 
curves 4-8 have nearly equal negative slopes. If it is assumed that 
the values of k t  for the latter reactions vary similarly as those for the 
reactions with naphthoxide and thiophenoxide ions (curve 9 in 
Figure 4), the value 0.66 is obtained for KLc at 25" 17. 

The kinetic method would be expected to give the most accurate 
results when KAa has a very low or a very high value. As an example 
of the former type, we may mention the hydroxide-2-propoxide 
equilibrium. Thc value of k, (or k )  usually falls much more rapidly 
on adding water to 2-propanol than on adding water to ethanol, 
and thus the variation of kz with solvent composition influences 
the value of K;la less in the former case. Data for reactions of 



1.2 

I .O 

C + 
rn 
0 

0.8 

- 

0.6 

0.4 

20. Hydroside-Alkoxide Ion Equilibria 1105 

0.4 0.6 0.8 1.0 
&+OH 

FIGURE 4. Apparent rate constants (ka or k )  in cthanol-water mixturesi7. 
X dcnotcs the molc fraction. 

1. EtI f B-naphthoxidc ion at 50", 11 = 2.8 iD. 
2. 2,4-Dinitrochlorobcnzene f- C,H,S- at 0', 11 = - 1 lo. 

3. Me1 +- C,H,S- a t  0", 11 = 1 lo. 

4. 2,4-Dinitrochlorohenzenc +- (EtO- -i- OH-) at 25": tl = 2 ' 0 .  

5. Me1 + EtO- a t  25", n = 4 14. 
6. 1,2-Dinitrobenzene + EtO- at  25", n = 5 15. 
7. EtI + (EtO- + OH-) at 25", ti = 4 2. 

8. 1,4-Dinitrobenzenc i- EtO- at 25", n -i 4 15. 
9. Plot of fog k: for reaction 5 (see text). 
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l-fluoro-2,4-dinitrobcnzene in aqueous 2-propanol lead to the value 
0-043 for 

On the other hand, addition of small amounts of acidic alcohols 
at 25" at a mole fraction of 2-propanol of 0.5. 

TABLE 3. Values of pK,, and Kip (equation 4) for somc alcohols and phenols at 25". 

2 -Me thyl-2 -p ropanol 
2-Butanol 
2-Propanol 
2-Methyl- 1 -propano1 
1-Propanol 
1-Butanol 
Ethanol 
Water 
Ally! alcohol 
Benzyl alcohol 
Methanol 
2-Phenoxyethanol 
1,3-Propanediol 
1,4-Butaxiediol 
1,2-Ethanediol 
lY2-Propanediol 
2-Methoxyethanol 
1 ,2,3-Propanetriol 
2-Chloroethanol 
Pcntaerythri to1 
2-Propyn- 1-01 
D-Manni to1 
2,2,3,3-Tetrafluoro- 1 - 

pro panol 
2,2,2-TriRuoroe than01 
2,2,2-Trichloroethanol 
1 -Phenyl-2,2,2-tri fluoro- 

Phenol 
1,1,1,3,3,3-HesaAuoro- 

4-Nitrophenol 
Perfluoro-2-methyl-2- 

propanol 
2,4-Dinitrophenol 
Picric acid 

ethanol 

2-propanol 

2 1 9  
17.6 
17.1 
16.1 
16.1 
16.1 
15.93 
15.74 
15.52 
15.4 
15.09 
15.1 
15.1 
15-1 
15.1 (14.8") 
14.9 
14.8 
14-40 
14.3 1 
14.10 
13-55 
13.29 

12-74 
12-35 
12-25 

1 1 .gob 
9.97 

9.3 
7.15 

5.4 
4-02 
0.33 

,(5.10-,' 
0.0 1 
0.043 
0.4 
0.4 
0.4 
0.65 

1.7 
2 
4.5 
4 
4 
4 
4(9") 
7 
9 
22 
27 
44 
155 
282 

1000 
2200 
3120 

6900 
594,000 

2.8. lo6 
3.9.108 

2.2.10'0 
5.2.1011 
2-6-1016 

(1) 

19,83 
19 

19,83 
19 
19 
19 
14 

71 
19 
14 
19 
19 
19 
71 
19 
71 
71 
71 
71 
71 

84, 19 

71 
71 
71 

85 
86 

87,88 
89 

88 
90 
91 

As computed from the dissociation constant givcn in Kcference 71. 
SCC Keferencc 85 for the acidities of other trifluoromcthyl carbinols and tllc corres- 

ponding ketone hydretes. 
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such as 2,2,2-trifluoroethanol to water, results in a rapid decrease 
in hydroxide ion concentration and consequently the apparent rate 
constant k,, of the hydroxide reaction decreases. Thus accurate values 
of the equilibrium constants are obtained (Table 3). However, in 
these cases the constants can be evaluated more easily by other 
methods such as conductometry. 

If KLa is measured at  several temperatures, an estimate is obtained 
for the heat of the equilibrium reaction ( I ) ,  AH,,. The estimates of 
AH,,, for aqueous methanol and ethanol obtained from data for 
several reactions are all close to -3-5 kcal/mole 14. Values of this 
magnitude have been derived for proton transfer reactions of similar 
type from n.m.r. datal. The value of OH,,, decreases (its absolute 
value increases) with decreasing pK, of the alcohol (see Table 3).  

I t  has been found22 that pressures up to 2500 atm influence the 
hydroxide-methoxide equilibrium only slightly, 

B. Values of Hydroxide-Alkoxide Equilibrium Constants for Various 
Alcohols and Phenols 
Values of pK,  and Ki, for several alcohols and phenols are given 

in Table 3. To facilitate the use of these data in studies of reactivity 
correlations, compounds of very low and very marked acidity have 
been included. The values reported for methanol and ethanol are 
the 'best values' chosen on the basis of the discussion in the preceding 
sections. 

The .falues of Kka for the acidic compounds were obtained from 
the pK, values using the relationship log KIa = 15-74 - pK, and 
are thus to be considered relatively accurate. They refer to water as 
solvent. The values of for the less acidic alcohols are more or 
less accurate estimates by the aid of which kinetic data for various 
reactions in aqueous alcohols can be explained and also optimum 
conditions sought for syntheses. I t  is the opinion of the writer that 
it is at present unnecessary to introduce activities of water and 
alcohols and to use the solvent-dependent values of KlIa instead of 
the values of K;,, as thc latter vary only slightly with solvent com- 
position. One numerical value of Kiln serves to define the hydroxide- 
alkoxide equilibria in mixtures of an alcohol with water (at constant 
temperature) with as high an accuracy as is attainable at  present. 

The value of Ki,  for 2-methyl-2-propanol (t-hutyl alcohol) is very 
low. Thus, even small amounts of water in this alcohol effect hydroly- 
sis of the alkoxide. Reactions with 2-methyl-2-propoxidc must 
therefore be carried out under strictly anhydrous conditions. 
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If K;,a = 1, thc alcohol in question is as strong a n  acid as water, 
and the respectivc base fraction of thc alkoxide, s:, (and also k<, on the 
assumption of constancy of k:), decreases linearly with increasing 
mole fraction of water. This seems to be approximately the case in 
aqueous cthanol; in aqueous methanol the equilibrium favours the 
methoxide ion to somc extent. However, many substrates seem to 
react only with an alkoxide ion because this is usually more reactive 
than the hydroxide ion (see section VI). Examples are the reactions 
of 1 -fluoro-2,4-dinitrobenzene in alcohol-water mixtures. The re- 
action of this compound in water that contains only 0.5% methanol 
leads to an equimolar ratio of 2,4-dinitroanisole and 2,4-dinitro- 
phenol a t  0" 33. Considerable amounts of water in alcohols can thus 
be tolerated in syntheses of many alkoxy-substituted compounds 
(provided that the reaction mixture is not heated too much so that 
the alkoxyl group is replaced by a liydroxyl group). 

Sodium or potassium methoxide and ethoxide have sometimes 
been used to dry the respective alcohols, but, in view of the position 
of equilibrium reaction (1) in these alcohols, this is a very inefficient 
method4. The efficacy of magnesium alkoxides for this purpose is 
due to the insolubility of magnesium hydroxide in alcohols. Thus 
hydroxide ions formed by equilibrium reaction (1) are removed from 
solution, and as the equilibrium is disturbed, more water reacts with 
alkoxide and water is progressively removed4. The equilibrium can 
be disturbed also by adding an ester to the solution as only the 
hydroxide reaction consumes alkali". 

The hydroxide-phenoxide equilibrium lies almost entirely on the 
side of the phenoxidc ion. If an alcohol-water mixture contains 
alkali and phenol, the alkoxide-phenoxide equilibrium must also 
be taken into consideration. At least in the case of the less acidic 
alcohols these equilibria lie very far on the side of the phenoxide ion. 
Iiowever, the alkoxide ion may react so much faster than the phen- 
oxide ion with some substrates that the alkoxide reaction must also 
be taken into considerationso. 

I n  solutions of alkali in mixtures of water and highly halogenated 
alcohols, the equilibrium favours the halogenoalkoxide ion to a 
marked degree. I n  the case of the chlorinated aliphatic alcohols, the 
hydrolysis of the alkoxide ions must also be considered (e.g., the 
reaction of 2-chloroethanol with alkali gives ethylene oxide). The 
fluoroalkoxides hydrolyse much more slowly and their solutions may 
usually be considered stableG3. Since trifluoroethanol is relatively 
acidic, sohtions ofphenoxides in trifluoroethanol contain appreciable 
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(37) 
I t  may be noted in this connection that the presence of amines or 

other basic compounds in an aqueous alcohol may lead to con- 
siderable amounts of hydroxide arid alkoxidc ions in equilibriuni 
with each other, and this can result in undesirable side 82. 

In alkaline mixtures of two alcohols, two alkoxide ions are in 
equilibrium. Rough estimates of the equilibrium constants can be 
derived from the data in Table 3. As estimated from the rate 
constants for the alkaline transetherification reactions of 2,4-dini- 
trophenyl alkyl ethers in binary mixtures of alcohols at 25", the 
equilibrium constant for the methoxide-ethoxide equilibrium 

MeO-  + EtOH + MeOH -1- EtO- (38) 
is about 0.23, that for the methoxide-1-propoxide equilibrium 
about 0.20, and for the ethoxide-1-propoxide equilibrium 1.0, in 
mixtures of the rcspectivc These constants do not vary 
with temperature, and hence the heats A H  of the alkoxide conversion 
reactions are practically zero1.1. 

TabIe 4 gives values of KL,,, and K;lc at several ternpcratures. As 

amounts of trifluorocthoxide ion81: 
PhO- -t CF3CHC0H F' PhOH + CF,CHzO- 

TAGLE 4. Values of KL,,, (ivXeOH-H,O) and Kxe (EtOH-H20) at different 
temperaturcs14. Thc valucs were computed assuming AH,,, = AH., = -3-5 

kcal/rnole. 

Temp "C 0" 15" 25" 40" 50" 75" 100" 
- - 

K h m  7.7 5.5 4.5 3.4 2.8 1.9 1.4 
KL.¶ 1.1 0.80 065 0.49 0.41 0.28 0.20 

the values of AH,,, are negative, all hydroxide-alkoxide equilibria 
shift in favour of the hydroxide ion with rising temperature. 

Vi. RELATIVE REACTSVITIES QF HYDROXIDE AND 
ALMQXIDE IONS 

A problem closely connected with the positions of the hydroxide- 
alkoxide equilibria is the question of the relative reactivities of the 
ions. Once the value of KAa in a solvent mixture is known, the indi- 
vidual true rate constants can be evaluated as discussed above and the 
reactivities of the two ions compared (at least in substitution re- 
actions), and vice versa, given the relative reactivities, the value of 
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KAa is easily found. If we wish to compare the reactivities of several 
lyate ions derived from hydroxylic solvents, the problem is compli- 
cated by the fact that the individual (true) rate constants must relate 
to a common solvent before comparisons ai.e meaningful. Before the 
reactivities of more than two lyate ions can be compared, the rate 
constant values must usually be extrapolated to a common solvent. 

The estimated reactivities of methoxide, ethoxide and phenoxide 
ions with various compounds are csmpared with the reactivities of 
hydroxide ion in Table 5. The reactivity ratios given here are those 

YO la 14 P K ~  16 18 
FIGURE 5. Plot of log B& against the pK, of the alcohol at 25", taken from ref. 20. 
The numbers refer to the following compounds: 1, 2-propanol; 2, ethanol; 
3, water; 4, methanol; 5, 1,Z-ethanediol; 6, 2-chloroethanol; 7, pentaerythritol; 

8: 2,2,2-trifluoroethanol; 9, 2,2,2--tiichloroethanol; 10, phenol. 

reported in the original papers, and it is to be noted that somewhat 
different values of have been used by different authors in the 
calculation of the ratios. 

I t  will be seen that the reactivities of hydroxide ion with many 
substrates are surprisingly low when compared with those of the 
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TABLE 5. Comparison of estimated reactivities of methoxidc, ethoxide, phenoxide 
and hydroxide ions. The  original papers should be consulted for the valucs of the 

hydroxide-alkoxide equilibrium constants employed in the calculations. 

~ 

Methyl iodide 3.0 3.7 - 35.2 D' ioxan 12 
Methyl iodide 0.22 0.15 - 25 Dimethyl 92 

2,4.-Dinitrochloro- 
benzene 33 - 11 25.2 GOO/, Aq. dioxan 96 

2,4-Dinitrochloro- 
benzene 20 - - 25 Aq.MeOH 12 

2,4-Dinitrofluorobcrizeiie 46 G 3  4 25 Water 19 
1,2-Dinitrobenzene 38 - - 25 Aq.MeOHa 14 
ly2-Dinitrobenzene - 40 - 25 Aq.EtOHa 14 
1,4-Dinitrobenzene 185 - - 25 Aq.MeOHa I4 
1,4-Dinitrobenzcnc - 200 - 25 Aq.EtOHa 14 
Picryl fluorideb 15 18 10 25 Water 20 
Picryl chloride" ,>I - - 20 Aq.MeOHC 25 
2-Fluoro-5-nitropyridinc 49 65 - 25 Water 24 
2-Fluoro-3-nitropyridinc 22 28 - 25 Water 24 
Methyl iodide 5 -  - 25 Aq.MeOH" 14 
Methyl iodide - 12 - 25 Aq. EtOHC 14 
Sodium bromoacetate 1 -  - 52.4 MeOH 14 
1 -Bromobutane 11 13 - 25-27 Mixtures' 26 
Benzyl bromide 12 14 - 25-27 Mixturesf 26 
Ethylene oxide 8 17 - 0-2 Mixturesf 26 
Phenyl acetate - - 0.020 25 Water 47 
Ace tyl-L-phenylalanine 

esters 1.6 4.2 - 25 Water 47 
4-Nitrophcnyl acetate 450 170 - 25 Aq. alcohol9 34 
4-Nitrophenyl acetate - - 0.019 30 28.5% Aq.EtOI3 95,47 
Acetic anhydridc 7 16 1.1 25 Water 35 
Dimcthylnaleic 

anhydride 23 - __ 25 Water 35 
Nitroethanc 

sulphoxide 

(neutralization) - >I00 - 25 Water 68 

a Mole fraction of the alcohol 0.5. 
Alkaline alcoholysis of these compounds leads to coloured Meisenheimer compounds; 

no visible colour formation occurs with the hydroxide ion at the low concentrations 
employed?'. 

CFrom 1.5 to 15.6 wt% methanol in the solvent. 
From 5.9 to 60-2 wt% methanol in the sohcltt. 
From 5.9 to 79.4 wt% ethanol in the solvent. 

f About equimolar mixtures of the solvent components. 
# At low alcohol contents. 
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methoxide and ethoxide ions". With some substrates the last two 
ions may react several hundred times faster than hydroxide ionl4. 

The situation is more favourable to the hydroxide ion in dipolar 
aprotic solvents such as dimethyl sulphoxide. The inherently very 
marked reactivity of the hydroxide ion is greatly suppressed due to 
solvation in alcohols and other protic solvents"* 03. 

The low nucleophilic reactivity of the hydroxide ion explains some 
puzzling phenomena, including the Schotten-Baumann reactions, 
where an acid chloride reacts preferentially with the amine or alcohol 
being acylated and not with thc aqueous alkali present in large 
excessg6> 07. 

When the two concurrent reactions lead to different products, 
the reactivities of hydroxide and alkoxide ions are most easily com- 
pared, as shown in section iV.A.3, by determining product ratios 
and values of BLa. In that section it was also mentioned that the 
slope of the plot of log B,',% against the pK, of the alcohol is related 
to that of the linear Brmsted plot (log kO, = spy, + p ) .  Such a 
plot for reactions of picryl fluoride is shown in Figure 5 (page 1 I 10). 

The abnormally low rcactivity of the hydroxide ion is seen also 
on inspection of Figure 5. Also the point for phenol does not lie on 
the line; phenols often yield a plot different from that found for 
a l k o x i d ~ s ~ ~ ~  8". 

The reactivities of several alkoxides and phenoxides in reactions 
with aromatic nitro compounds in a common sol\wit have been 
studied by the above method19$ 2 l .  A comparison of the reactivities 
of alkoxides and phenoxides with their leaving abilities is now 
possible?'? Bd. 
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Adenosine triphosphate, transfer of 
phosphate group to alcohol group 
762 

Adrenaline, electrolytic oxidation 287 
Adrenodoxin, occurrence 776 
AlcoLol-acccptor complexes, infrarcd 

Alcohol dehydrogcnase, reduction cata- 

Alcohol mixtures, analysis by esterifica- 

Alcohols, absorption spectrum 837 

data 338 

lyst for carbonyl group 759 

tion 305 

acidity in water 369-373 
acyclic, elimination of watcr, mass 

spectra data 1064 
acylation--Jes Acylation 
addition of ketenes 473 
adsorption on alumina 672 

active sites 693 
dissociative 693 
dual-site 687, 695 
nonlinear H-bonds 688 

aliphatic, basicity 3E2 
fragmentation 1046 
ionization potentials 1056 

association, in nonpolar solvents 329 
proton magnetic resonance studies 

vapour phase 328 
330 

autoprotolysis reaction in water 1090 
autoxidation-see Autoxidation 
cyclic, stereochemistry of dehydra- 

dehydration-see Dehydration 
detection, infrared spectra 313 
deutcron irradiation 939 
diastcreoisomeric, distinction be- 

dielectric constants 331 
dimerization, thcrmodynaniics 330 
dissociation constants 1090 
drying 1108 
electron impact 662 
extinction coefficient of e-eolr 953 
field ionization 1075, 1077 
halogenated, hydroxide-alkoxide ion 

as hard and soft acids and bases 

heat of vaporization 33! 
H-bonded complcxes, thermo- 

dynamics 338 
13-bonding, intermolecular 328-331, 

334-340 

tion 656 

tween 602 

equilibria 1 108 

455 

factors affecting 33 1 
relationship between A H  and 

Avtoa, 336 
steric hindrance 338 

intramolecular 353-360 
to z-electron systems 339 
to becones 336 

in CC1, solution 334 
in the gas phase 334 
infrared spectra 334, 335 

ionic product 373 
ionization potentials 838, 1056 
ion-molecule reactions-see Ion- 

liquid, structure 331 
negative ion spectroscopy 1075, 1076 
negative ions produced by electron 

impact 1076 
nitration 490492 
nitro-, determination 307-309 

intramolecular H-bonding 359 
nuclear magnetic resonance 318- 

nuclcophilic addition to C=C bonds 

nucleophilic addition to C=C bonds 

optically active, production 24G 
oxidztion-see Oxidation 

as H-bonding acids 334-340 

molecule reactions 

320, 33i 

62, 63 

73-75 
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Alcohols (corilinu~d) 

oxidation of phosphites to phosphates 

-l80, optically active, production 807 
production, by acetylene hydra- 

by alkene hydration 818 
by alkyl halide hydrolysis 807 
from lRO-alumina 805 
froin carbosylic esters 808-81 0 
by dialkyl sulphate hydrolysis 

using metalorganic reagents 819 
by osidations 820-822 
by oxygen exchange 799-804 
by phosphorus ester hydrolysis 

by rcductions 822-824 
by sulphonate ester hydrolysis 

81N313 
by tosyiation 808 

wrocedure 799 

608 

tion 819 

812 

813-817 

lW-content, Rittenbei-g-Ponticorvo 
~. 

oxygen exchange on solid surfaces 
804-806 

cc-particle irradiation 939 
phosphorylation 487490 
photochemical addition reactions 

857-871 
frce radical 8.57-864 
ionic 864-871 

847-857 

phenone 848 

photochemical dehydrogenation 

photochemical rtduction, of benzo- 

of nitro- and nitroso-compounds 
854 

photoinduced substitution by 879 
photoionization 662, 1055, 1075 
photolysis-see Photolysis 
photosensitized reductions by 855- 

phthalation reaction 306 
primary, aliphatic, infrared spectra 

85 7 

3 14 
-lSO, production 799 
oxygen exchange 653 
photochemical dehydrogenation 

production of ethers 654 
reaction with trityl chloride 1008 
spectrometric determination 3 I0 
sulphation 481486 
U.V. absorption of ester 31 1 

847 

production, from alkencs 198 
by electrolysis 261-280 
by hydrocarbon oxidation 196 
using lithium aluminium hydride 

with H-D asymmetry 195, 238 
194, 198 

radiolysis-see Radioiysis 
reactions, with carbenes 464 

with enol-phosphonium salts 61 1 
with H-atoms, rate constants 968 
with photoexcited carbonyl com- 

with sulphamoyl chloride 493 
secondary, determination 310, 31 1 

hydrogenolysis 626 
mass spectrometry 949 
optically active, osygen exchange 

and racemization 800 
oxidation to ketones 1038 
oxygen exchange 799,800 
photochemical dehydrogenation 

reactivity and conformational 

sulphation 481486 
U.V. absorption of ester 3 11 
unhindered, reaction with trityl 

dehydration mechanism 643 
determination, trace quantities 

sulpliation 487 
unsaturated, double hydrogen re- 

viscosities 33 1 
see also Alkanols; Carbinols; indivi- 

Alcohol-sulphuric acid complexes, sul- 

A!coholysis, effect of alcohol concentra- 

pounds 8C7-854 

847-850 

eKects 1036 

chloride 1008 
tertiary, aliphatic, dehydration 661 

311 

arrangement 1063 

dual compounds 

phation 483 

tion 367 
photoinduced 875-879 

Aldehydes, aromatic, reduction 232, 
234 

catalytic hydrogenation 798 
-180, production 798 
osygen exchange reactions 824 
reduction, electrolytic 269-278 

unsaturated, catalytic autosidation 

see also individual compounds 

with sodium borohydride 823 

223 

Aldolase, catalyst for aldol and ketol 
unsaturated, dehydration 660 condensation reactions 766 
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Aldol condensation, and biochemical reaction with phenols 544 
sce also individual radicals hydroxylation 766-768 

production of ln0-alcohols 798 
thermal 735-737 o-(a-Alkylallyl) phcnols, enolene re- 

Aldol retrograde thermal process 735 
Aliphatic alcohoh--sce Alcohols a-Alkylallyl phenyl ethers, Claisen re- 
Aliphatic carboxyl derivatives, hydro- 

Alkylating agents, acetylcnc derivatives 
Aliphatic phosphorus(v) esters, hydro- 463 

Aliphatic systems, proximity effect of 

Alkyd resins, hydroxyl content 314 

arrangcmcnt 745 

arrangement 744 
lysis 399-401 

lysis 402 carbenes 464466 
carbonyl compounds 458-461 

OH group, acid-basc equi- ethylene derivatives 463 
libria 403-405 cc-haloethers 458-46 1 

nucleophilic substitution 397-399 ketene acetals 462 
radiolytic hydroxylation 154-156 orthoesters 462 
structure-reactivity relationships vinyl ethers 458-46 1 

395-397 Alkylation 455-466 
substituent constants 397 catalytic 430 
see also Olefinic compounds; indi- Friedel-Crafts 428-43 1 

vidual compounds 
Alkaline phosphatase, group tran-fer 

Alkaloids, synthesis by biochemical 

Alkanes, oxidation to 180-alcohols 820 
oxidation, industrial, hydroxyl con- 

triaryl, chromic acid oxidation 196 

catalyst 766 

hydroxylation 781 

tent of products 315 

Alkanols, -l*O, production 798 
Alkenes-see Olefins 
Alkoxide groups, catalytic dehydration 

on alumina 693 
exchange with hydroxyl groups 627 
formation on alumina with adsorbed 

surface, on dehydration catalysts 

see also individual groups 

alcohols 672 

672, 674, 675, 689 

Alkoxide-hydroxide ion equilibria- 
see Hydroxide-alkoxide ion equi- 
libria 

Alkoxide ions, negative ion rpectro- 
metry 1076 

nucleophilic attack by 51-124 
reactivity relative to hydroxide ions 

see also individua! ions 
1109-1 112 

Alkoxides, magnesium, drying of alco- 
hols 1 108 

2 -Alkoxy- 3,4-cpoxytetrahydropyrans, 
reduction, ring opening 243 

Alkoxyl anions-see Alkoxide ions 
Alkoxyl radicals, intermediates in alco- 

hol radiolysis 964, 965 
reaction with alcohols 965 

kinrtics and mechanism 
noncatalytic 43 1 
nucleophilic reactivity of hydroxy 

thermal 429 

58, 45 I 

group 455-457 

4-Alkylcatechols, air oxidation 563 
1 -Alkylcycloalkanols, dehydration 66 1 
Alkylcyclohexanols, dehydration in 

solution, stereochemistry 656 

Alkyl ethers, preparation from alcohols 
1004-1006 

N k y l  halides, nucleophilic attack by 
phosphites and phosphines 61 1 

reaction with IsO-hydroxides 807 
Ssl  type solvolysis 807 

Alkyl hydroperoxide, production by 
autoxidation 226 

2-Alkylhydroquinones, air oxidation 
563 

Alkylhydrosonium ions, effect of acid 
995 

production by alcohol radiolysis 974 
see also individual ions 

Alkyl mesityl a-methylall;.l carbinol, 

1\1kyl-4-methoxyphenols, ferricyanide 

o-t-Alkylphenols, effect of 13-bonding 

4-Alkylphenols, oxidation to Pum- 

Alkyl phosphates, hydrolytic cletivage 

1 -hikylpyridinium salts, substitution by 

dehydration on alumina 684 

decomposition 733 

oxidation 525, 526 

on cis-trans ratio 351 

merer’s ketone 5 17 

490 

alkoxide ion 119 
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Alkyl radicals, intermediates in alcohol m-Aminophenol, 180-cxchangc re- 

Alkyl sulphates, reaction with 1 8 0 -  Ammonium ions, effect of proximity of 

Alkyl sulphonates, reaction with IsO- Amy1 alcohols-see Mcrhylbutanols; 

radiolysis 965, 966 actions 806 

hydroxide 807 

hvdroxide 807 Fentanols 

Jee also individual radicals p-Aminophcnol, anodic oxidation 288 

OH group on pK. 403 

Alkynes, photoaddition to alcohols Amylases, group transfer catalysts 762, 
857-860 763 

Allenes, methoxymercuration 201 
Allenic alcohols, displacement of 

Ally1 ethers, hydrolysis 1008 
Nlyl  ketones, hydrogen randomization 

Allylic alcohols, deuterated, mass 

displacements of hydroxyl groups 

reaction with phosphorus tribromide 

reaction with thionyl chloride 514 
Allylic bromination, with N-bromo- 

Allylic systems, nucleophilic attack by 
hydroxide and alkoxide ions 

hydroxyI groups 63 I 

in mass spectra 1063 

spectra 1063 

63 1 

612 

amides 212 

56-6 1 
bimolecular substitution 56-59 

attack on alkene moiety 57-59 
attack at u-carbon atom 56, 

SK2 reaction, effect of alkene 

unimolecular substitution 59-61 

57 

moiety 57 

carbonium ion farmation 59,60 
Sxi mechanism 60, 61 
&l mechanism 60 

Aluminium alkyls, autoxidation 223, 
224 

Amidcs, electrolysis to alcohols 264- 
269 

hydrolysis, general-base catalysed 
418 

lactonc intermediates 400 

acetic anhydride 827 
t-Amine N-oxides, reaction with l 8 0 -  

rearrangements 827 
2'-Aminoacetophenone, electrolytic re- 

Amino acids, aromatic, biochcmical 

Aminoalkanols, intramolecular H- 

2 - Amino - 2 - deoxy - D - glucose-see 

duction 272 

hydroxylation 776-778 

bonding 359 

iMuramic acid 

Anhydrides, cyclic, hydrolysis 1026 
for hydroxyl group protection 

1026 
Aniline, H-bonded to phenols 347 
Anisyl alcohol, controlled potential 

9-Anthraldehyde, oxygen exchange 

Anthranilic acid, biochemical hydroxyl- 

Anthranilic acid hydroxylasc, biological 

Anti-MarkownikoK hydration, olefins 

Aphid pigments, mzss spectral studies 

1-Apocamphanol, iodination 599, 61 7 
Arbusov reaction, iodination 597 
Arbusov-type reaction, phenol with 

triphenylphosphite dibromide 608 
Aromatic carboxyl derivatives, proxim- 

ity effect of OH group 417 
Aromatic substitution, directing power 

of hydroxyl group 441443 
elcctrophilic-see Electrophilic aro- 

nucleophilic 444-44-6 

carboxylation, Kolbe-Schmitt re- 

diazonium coupling 427 
effects of m- and p-hydroxyl sub- 

stituents in side chain 405 
clectronic effect of hydroxyl group in 

side chain 405-415 
dependence on side chain 408-41 1 
solvent effect 406-408 

oxidation 283 

with H,180 824 

ation 785, 789 

hydroxylation by 789 

195, 201, 227 

1070 

matic substitution 

Aromatic systems, acetoxylation 197 

action 439 

formylation 434-438 
Friedel-Crafts acylation 433 
Friedel-Crafts alkylation 428-43 1 
haloalkylation 433 
hydrogen exchange, o+ ratio 439 
hydroxyalkylation 43 I 
hydroxylation 440 
mercuration 439 
nitration 420-423 
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Aroma tic systems (coiihued) 

alkoxide ions 83-1 13 
activated substrates 86-88 

efTect of substituents 86 
intermediate formation 89-1 07 

effect of dipolar aprotic solvcnts 

mechanism of substitution 106, 

molecular orbit& calculations 107, 

non-activated substrates 88, 89 
theoretical approaches 107-1 13 

two-stage mechanism 83, 106, 

nucleophilic attack by hydroxidc and 

89 

107 

108 

‘pseudo atom’ 109 

107 
general-base catalysis 85 
kinctic evidence 84-86 
160/180 isotope effect 85 

proximity effect of OH group on 
acid-base equilibria 416 

see also Benzcnoid compounds; in- 
dividual compounds 

with phenols 922-927 

lysis 66 

Arylfulvenes, H-bond acceptors 344 
Aryl ketones, photochemical reaction 

Arylmethylene malononitrilcs, hydro- 

Ayloxy radicals, dimerization 557 
electron spin density 512 
electron spin rcsonancc measure- 

ments 510, 531 
equilibrium with dimcric products 

523 
nfrared spectra 5 10 

intermediates in oxidation 0, 

magnetic susceptibility 510 
nuclear magnetic resonance spectra 

5 10 
oxidation 516 
production 507 

resorcinols 5 75 

from 4-bromocvclohexadienonc 

ArylsulphdLases, hydrolysis catalysts 
766 

Arylsulphonylethylcncs, substituted, re- 
action with methoxide ions 69, 70 

Ascorbate, cofactor for thiamine-7- 
hydroxylase 786 

Ascorbic acid, effect on free radical 
hydroxylation 164, 166, 169 

elcctrolytic oxidation 282 
ATP-see Adenosine triphosphatc 
Autoxidation, anti-Markownikoff 

and asymmetric synthesis 194 
carbanions 219-223, 227 
chemilumincscence 2 15, 228 

hydration 195 

copper (n)-pyridine complex cata- 
lysed 223 

efFect-of organic radical on reactivity 
of organometallic compound 
22 7 

gas-phase 224-226 
hydroxyl group formation 194-198, 

liquid-phase 226-730 
mechanism 2 12 
phcnols 560 
phenols as inhibitors 506, 516, 544, 

545 
photosensitized 87 1-875 

214, 219-231 

hydroxyl group production 194, 
215 

mechanism 2 15 
Aza-aromatic systems, nucleophilic 

attack by hydroxidc and alkoxidc 
ions 113-124 

Aza-nitrogen, activatingeffect 114-1 16 
a,=’-Azobisisobutyronitrile, thermal de- 

Azo compounds, H-bonding 366 
Azomethines, photo-addition to alco- 

Azoxybenzencs, conversion to I -  

Azulenes, E-I-bond acceptors 344 

composition 545 

hols 860-864 

hydroxyazobenzcnes 827 

520 

anion 517 
mechanism involving phcnoxide Baeyer rcaction, hydroxyalkylation 43 1 

Baeyer-Villigcr oxidation 227, 543 
from phenoxy radicals 575 Baudisch reaction 177 

Benzaldehydc, oxygen eschange with 

Benzene, addition of hydroxyl radical 

reactivity with oxygen 512 
short-lived, electron spin resonance ~ ~ 1 8 0  824 

514 Benzamidcs, hydrolysis 808 
stability to oxygen 509 
stable 509, 517 140 
ultraviolet-visible spectra 5 10 
see also Phenoxy radicals 

autocatalytic decomposition 151 
Baudisch reaction 177 
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catalytic hydrogcriation 580 
hydropcrosyl derivative 15 1 
hydrosylation, biochcmical 789 

free radical 168, 172, 173 
rates using competitive mctliod 

169, 179 
photolytic 161 
radiolytic 150 

effect of ferrous ions 15 1 
hydrogen abstraction reactions 

140, 1-41 
post-irradiation reaction 141 
products 145 
pulse method 1G8 

process 152 

mechanisnis 1 7 1 

radiolytic hydrosylation-nitration 

Benzenoid compounds, autosidation 

hydroxylation, <.ec radical 165, 168- 

isomer distributions 169, 173, 
170, 175, 176 

175 
isotope effect 165 

photolytic 16 1 
radiolytic 139-154 

addition reactions 140 
effect of additives 149, i51 
gas-phase 152 
G-values 154 
hydrogen abstraction reactions 

140 
hydroxyl products 145-148 
intermediates I57 
isomer yields 148-151, 153, 154, 

kinetics 142, 143, 154 
migration of OH group 148 
of nitro derivatives 146 
rate constants 154 
transient species 142 

reactions 144 

175 

see also Aromatic systems; individual 
compounds 

Benzoates, -hydrosyl group detection 
298 

hydroxyl group protection 10 13 
Benzoic acid, esterification with l*O- 

methanol 808 
radiolytic hydroxylation in nitrous 

oxide 148 
rn- and$-substituted, solvent effect on 

acidity constants 406, 407 
Benzophenone, oxygen cxchange with 

H,lSO 824 
photoreduction 232, 848 

Index 1201 

Benzosemiquinone radical, intcrmcdi- 
ate in air oxidation of phenol 563 

1-Benzoylfluorenc, photochemical re- 
arrangement 725 

cis-/3-Bcnzoyl-a-methylacrylic acid, 
photodcconjugation 729 

P-Benzoyl-cc-methyleneacrylic acid, pro- 
duction by photochemical rear- 
rangement 729 

1 -Benzoyl-2-methylnaph thalene, photo- 
chemical rearrangement 725 

Benzvaleiie structure, formation during 
radiolytic hydroxylation 147, 148 

Benzyl alcohol, adsorption on alumina 
674 

catalytic dehydration, mechanism 
G78 

reaction rate 705 
conversion to benzyl glucoside I0 10 
effect of radium radiation 939 
electrolytic prcparation 263 
mass spectrum 104.8 

substituted, intramolecular H-bond- 

6-BenzylbcnzanthroneY photochemical 

Benzylbenzoylbenzofurans, photochem- 

2-Benzyl-3-benzoylchronioneY photo- 

2-Benzyfcyclopentanols, isomeric, de- 

Benzyl ethers, hydrogcnolysis 1007 
Benzyl glucosidcs, synthesis from bcnzyl 

Benzylic alcohols, dehydration 661 

Benz.jlmcthylcarbino1, -180, produc- 
tion 825 

p-Benzylphenol, determination by  titra- 
tion 309 

Benzyltrimethylammonium hydroxide, 
use in hydrogen pcroside osida- 
tion of phenol: 543 

Biacctyl, irradiation 72 1 
Bicyclic alcohol, oxygcn exchange re- 

l-(Bicyclo[2.2.l]heptyl)mcthanol, bro- 

Bicyclo[3.2.2]nonane, synthesis 742 
Biochemical compounds, hydroxyla- 

tion, free radical 17 I 

see also individual compounds 

ring expansion 106 1 

ing 356 

rearrangement 725 

ical rearrangements 725 

enolization 726 

hydration 655 

alcohol 10 10 

hydrogenolysis 626 

action 803 

mination 601 

radiolytic 156-158 
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Biochemical hydroxylation-sec Hy- 

Birch reduction, oxygenated rom- 
pounds 232, 235 

mechanism 233, 237 
1,l'-Bisnaphthols, oxidation 53 1 
Bisquinone methides, from dimeriza- 

tion of phenoxy radicals 522 
Berates, for hydrosyl group protection 

1025 
rezction with sulphur tetrafluoride 

2-Bornanols, dehydration on alumina, 
stereochemistry 684 

Boron alkyls, autoxidation 223 
gas-phase 224 

mechanism 225 
mechanism 224 
sequence of reactivity 2717 

hydroxylation 173 

compounds 232 

618 

droxylation 

622 

Boron trifluoride, use in free radical 

Bouveault-Blanc reduction, oxygenated 

Brominating agents, acetyl bromide 

dibromophosphorane 605 
phosphine dibromide 61 1 
phosphorus tribromide 612 
triphenylphosphine dibromide 605 

difference in reactivity ofenantiomers 

tosylate displacements 619 

of aryloxy radicals 520 

phenylphosphine 606 

Bromination 59941  9 

towards reagent 612 

4-Bromocyclohexadienone, production 

1-Bromo-2-naphthol, reaction with tri- 

reduction 627 

tion 309 
p-Bromophenol, determination by titra- 

oxygen exchange reactions 806 
reaction with triphenylphosphine 

6C6 
reduction 626 

Bromophenols, photolysis 909-9 1 1 
p-Bromophcnyl urethane derivatives, 

hydroxyl compound detection 298 
Bucherer reaction, displacement of OH 

by nitrogen 623, 625 
meso-Butane-2,3-diol, production by 

hydrolysis 814 
i-Butanol, adsorption on alumina 674 

dehydration, on alumina 682 
@-elimination 683 
ionic contribution 702 

.t Index 

on zeolites 695 
cflcct of radium radiation 939 

n-Butanol, acid-catalysed oxygen ex- 
change 799 

adsorption on alumina 674 
-14C, dehydration 680 
dehydration, catalytic, mechanism 

680 
on zeolites 695, 697 

in solution, mechanism 653 
mass spectrum 1053 
pyrolytic decomposition 662 

s-Butanol, dehydration, catalytic 665 
cjn alumina, dual-site adsorption 

687 
tram elimination 684 
olefin distribution 685 

mechanism 680 
on silica-alumina 695 
on thoria 699 
on zeolites 696 

isotope effect 652 
mechanism 553 

liquid-phase ph;;olysis 845 
optically active, ls0-exchange 652 

l*O-exchange and isomerization 651 
radiolysis 949 

dehydration 803 
catalytic 665 

in solution, cis elimination 686 

racemization 652 

t-Butanol, adsorption on thoria 700 

on alumina 702 
on ion exchange resins 700 
on metals 701 

mechanism 803 
in solution 651 

isotope effect 652 - 
constants 1106, 1107 

hydroxide-alkoxide ior. equilibrium 

production by hydrolysis 809 
oxygen exchange 651 
photolysis, gas-phase 841 

liquid-phase 842, 845 
pyrolysis 662, 663 
radiolysis 950 
solvent in potentiometric titrations 

309 
t-Butanol-d,, dehydration on alumina 

3-Butcnal--sce Crotonaldehyde 
I-Butene, hydration 653 
2-Butene, hydration 653 

69 1 

production by alcohol dehydration 
682 
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i-Butene, acid-catalysed hydration 818 
trans- and cis-2-Butene, production 

732 
3-Butenoic acid, production by photo- 

chemical rearrangement 729 
n-Butenol, -180, production from ace- 

taldehyde 799 
3-Buten-1-01, decomposition 733 
Butenone, addition of alcohols 62 
t-Butoxy radical, production 546, 547 

reaction with 2,4-di-t-butylphenol 
546 

t-Butyl acetate, hydrolysis 809 
Butyl alcohol-see Butanol 
t-Butyl benzoate, hydrolysis 808 
t-Butyl chromate, production by  osida- 

t-Butyl ckaromyl chloride, production 

t-RutylcyclohexanoIs, dehydration in 

I-Butylhydroperoxide, catalytic decom- 

t-Butylmethoxyphencls, ferricyanide 

t-Butyl nitrate, hydrolysis 818 
t-Butyl nitrite, acid-catalysed hydro- 

n-Butyl sulphate, hydrolysis 818 

Cadmium dialkyls, autoxidation 229 
Camphor, stereospecific biological hy- 

Cannizzaro reaction, hydrosyl group 

Carbanions, autoxidation 21 9-223,227 

Carbenes, alkylating agents 464-466 
phctoaddition to alcohols 869-871 

Carbethoxy esters, for hydroxyl group 

Carbinols, aromatic, decomposition 

Carbohydrates, crystal structure 33 1 

tion 196 

by oxidation 196 

solution 658-660 

position 546 

oxidation 52+, 525 

lysis 817 

droxylation 780 

formation 239 

mechanisms 22 1-223 

protection 1020 

655 

gas-liquid chromatography for sep- 
aration and identification 1009 

mass spectral studies 1074 
thermodynamics of ionization 370 

Carbornethoxy esters, for hydrosyl 

Carbonates, cyclic, for hydroxyl group 
group protection 1020 

protection 1020 
of furanosyl halides 102 I 

alkoxide ions 62-73 
C=C bonds, nucleophilic attack by 

nucleophilic attack by hydroxide 
ions 62-73 

cleavage reactions 63-67 
substitution by nucleophilic attack, 

mechanism 67-73 
stereochemistry 68 

alcohols 73-75 

798 

electrolytic, stereochemistry 275- 

by metal-alkali combinations 234 
MPV 240 

C-C bonds, nucleophilic addition of 

Carbonyl compounds, -180, reduction 

reduction, biochemical 759 

278 

reductive dimerization 234 
see also Aldehydes; Ketones 

2-Carboxy-4'-hydroxydiphenyl ether, 

2-Carboxyimidazole, electrolytic reduc- 

Carboxylation, aromatic nucleus, 0-1) 

Carboxylic acids, electrolysis to alco- 

proximity effect of OH group on 

Carboxylic acid esterases, group trans- 

Carboxylic esters, hydrolysis, mechan- 

2-Carboxythiazole, electrolytic reduc- 

Carotenoid hydroxylation 784 
Castor oil, pyrolytic distillation 729 
Catalysis, asymmetric 238 

osidative lactonization 538 

tion 262 

ratio 439 

hols 261-264 

pK, 403 

fer catalysts 764 

ism 808, 809 

tion 262 

intramolecular, carboxyl group 483 
during acylation 477-481 
phosphorylation 490 

Catechoi, determination by titration 309 
oxidation, air 563 

ferricyanide 529 
periodate 557 

charge-transfer complex 560 
silver oxide, Diels-Alder addition 

570 - .  ~ 

production by biological hydroxyh- 
tion 789 

Catecholase, in dehydrogenation of 

Cellulose, nitrate ester 490 
Cellulose acetate, acetyl content 3 15 
Charge distribution, density difference 

maps-see Density difference maps 

o-diphcnols 783 

electronic 2 
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Charge distribution (contitiucd) 
Hellmann-Feynman theorem 4 
molecular 2, 8-22 

bond density 16 
density difference distribution 15 
CH2FOH 33, 43-49 

in terms of 48 
relative stability of conformers 

Hartree-Fock wavefunctions 6 

CH,OH 33-43 
nonbonded charge and ionization 

nonbonded radius of atoms 12 
total density maps 3 

Chemical free radical hydroxylation- 
see Hydroxylation 

Chlorinating agents, c-acetosy acid 
chlorides G 18 

OH., OH+, OH- 8-22 

13 

ilichlorophosphorancs 605 
hydrochloric acid G 15 
methanesulphonyl chloride G 18 
F’hPOCl, 603, 605 
Ph,PCl, 603 
phosphines in carbon tetrachloride 

609,6 10 
phosphorus pentachloride 615, 632 
phosphoryl chloride 604 
sulphuryl chloride 425 
thionyl chloride 612-615, 632 

comparison of methods 615 
phenols 632 
racemization but retention of con- 

Ss2 attack and inversion of configu- 

Ssi mechanism 613 

Chlorination 600-6 19 

figuration 602, 610 

ration 610,613, 615 

/I-Chlorocrotonates, nucleophilic sub- 
stitution 68 

2-Chloro-3-cyano-5-nitropyridine, re- 
action with methoxide ion 116 

2-Chloroethanol, hydrolysis 1 108 
Chloroform, E l  cB-like elimination re- 

Chloroformates, decomposition 61 7 
Chloropyridines, alkoxydcchlorination 

action 1099 

119 
kinetic parameters 120 

Chloropyridinium ions, alkoxydechlori- 
nation 119 

kinetic parameters 120 
Chloroxalate esters, decomposition 61 7 
Cholest-4-en-3/hl, sensitized photosy- 

genation 217 

Index 

Cholesterol, iodination, using alumi- 

Chondrosulphatases, hydrolysis cata- 

Chromatography, column or paper, 

gas, combined with mass spectro- 
metry 1070 

Cinnamic acid4hydroxylase, hydroxy- 
lating agent 783 

Citral, isomerization 722 
Citratc synthase, condensation reaction 

catalyst 767 
Citric acid, synthesis from oxalacetate 

and acetyl CoA 767 
Claisen rearrangement 743 
Clemmensen reduction 232 
Coerulignone, production 558 
Cope rearrarlgernent 738-743 

Coumarins, oxidation 555 
p-Cresol, oxidation, air 565 

electrolytic 289 
Fenton’s reagent 540 
ferric chloride 530 
ferricyanide 530, 540 
to Pummerer’s ketone 51 7 

oxygen exchange reaction 806 
reaction with benzoyl peroxide 547 
reaction with hydroxyl radical 542 

Cresolase, in o-hydroxylation of phenols 

Cresols, potentiometric titration 309 
reaction with acetyl peroxide 551 

Crotonaldehyde, production by photo- 

rruns-Crotanaldehyde, photodeconjuga- 

Crotonase, catalyst, addition of water 

nium iodide 599 
using phosphitc methiodide 597 

lysts 766 

alcohol derivatives 300 

stereospecific 741 

783 

deconjugation 726 

tion 726 

to double bond 768 
trans-Crotonic acid, photodeconjuga- 

tion 729 
Cumene, air oxidation 545 
Curtin-Hammett principle 740 
u-Cyanoalkanols, in trarnolecular H- 

bonding 358 
Cyanodinitroanisoles, reaction with 

methoxide ions 105 
Cyanoethylation, kinetics 62 
Cyclohexadienyl radical, formation 

1-adiclytic hydroxylation, absorption 
during radiolysis 147,964 

spectra 144. 
products 148 
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Cyclohcxancdiol, mass spectrum, skele- 
tal rearrangement 1059 

1 ,4-CycIohexanediolsy dehydration on 
alumina: stcreochemistry 684 

Cyclohexanediol sulphates, hydrolysis 
812 

Cycldiexanol, dehydration, I ,4- and 
1,3-elimination 662, 1065 

0x1 alumina 687 
onsalts 676 

hydrogcnolysis, catalysts 57'3 
mass spectrometric and stercochemi- 

cal studies 1065, 1066 
Cyclohcxcne, acetoxylation 2 10: 2 14 

oxyselenation 214 
Cyclohescne oxide, reduction, ring 

openins 243 
Cyclohexylcarbino1, -l6O, production 

822 
1 -Cyclohexyl-1-ethanol, dehydration on 

thoria 699 
Cyclohesyl ~ry~liro-3-h~drosyl-2-butyl 

hydrogen phosphate, hydrolysis 
814 

Cyclopcntadienones, production 529 
Cyclopentanol, mass spectrum 1048 
Cyclopentene-1-carbosaldehyde, syn- 

Cyclopentcne oxide, seduction, ring 

Cyclopropanok, displacemer?t of hy- 

Cyclopropylcarbinols, displacemcnt of 

Cysteinc, trans-sulphonation 763 
Cytochrome P450, activation of mono- 

oxygenation system 774 
presence in methylcne hydroxylasc 

thesk 738 

opening 243 

droxyl groups 631 

hydroxyl groups 631 

788 

Dakin reaction 543 
DDT, E2 elimination reaction 1099 
Dealdolization 64 
Dealkosylation, oxidative, phenols 568 
Dealkylation, oxidative,. phenols 568 
1 -Decalols, stercoisomeric, dehydration 

Decarbosylation, /?-keto acids 737 
684 

olefinic acids 734 
oxidative, phenols 5 19 

Dehalogenation, oxidative, phenols 

Dehydration 642-706 
538, 574 

accompanied by isomcrization and 
oxygen exchange 805 

ClIC-1m 

alcohols, -I*O, aluminium oxide 
catalyst 804 

kaolin catalyst 805 
on solid surface, Saytzcff rule 805 
zinc chloride catalyst 804 

heterogeneous catalytic gas-phase 

accompanied by dehydrogenation 

acidic and basic surface sites 675 

active sites 675 
on alumina 672, 680-694 

active sitcs 674, 675 
adsorption isotherm 687 
carboxylate shmclures with ad- 

sorbed alcohols 674 
dissociative adsorption 687 
isomcrization 686 
kinetic equations 686-689 
mechanisms 680-694 

carbonium ion 682, 691 
eliriiination 682486, 704 
hydrogen exchangc 68 1 
radical 681 
surface alkoxide formation 

68 1 

665-705 

665,698 

684 

non-linear H-bonds 690 
proton-olefin complex forxna- 

pyridine poisoning 675 
surface acidity determination 

surface properties 674 

tion 686 

676 

on aluminium trihydroxide 675 
on aluminosilicates 695 
anchimeric assistance of neigh- 

bouring groups 682 
on calcium sulphate 682 
on cnromiri-alumina 676 
degree of crystallinity of catalyst 

effect of water 689 
elimination reactions 671,703,705 
hydrogen exchange mechanism 

influencc of coordination number 

influence of pre-irradiation 676 
on ion exchange resins 665, 668, 

ionic contributions to transition 

isonierization 675, 680 
kinetic investigations 678-702 

674 

669 

694 

700 

statcs 702 
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Dehydration, hcterogencous catalytic Dehydrogenases, reduction catalysa 

703 Dehydrogenation, accompanied by de- 

t-alcohols 665 heterogeneous catalytic, ‘Anlagcr- 

gas-phase jcontinucdj €or carbonyl groups 759 
linear free energy relationships see also individual compounds 

on metals 701 hydration 665,69% 

on metal oxides 665-667 
on mineral salts 665, 668, 670 
on mixed oxides 667 
molecular shape seIective 695 
molecular sieves 667, 694-698 
reaction mcchanisms 678-702 

ungsmechanismus’ 669 
electronic theory 681 

photochemical 847-857 

water to double bond 768 
5-D~hydroquinase, catalyst, addition of 

Dehydroxymercuration, kinetic studies 

carbonium ion mechanism Demethylation, oxidative, pheno!s 525, 

effect ofsubstratc structure 702- using boron trichloride or bromide 

inductive effect 702 Denitration of esters 1024 
steric requirements 702 

reactivity 703 200 

703 531, 535, 559,561, 569 

705 1006 

Density difference maps, charge distri- 

dipolar and quadrupole polariza- 
geometrical factors 670 tion 16-22 
multiplet theory 671 w-Deoxy sugars, synthesis from sul- 
properties of solids 665 phonates 1016 

selective poisoning 675 bution 3 
selectivity 665-673, 695 

on silica-alumina 675, 694-698 
on silica-magnesia 675 
on silica-zirconia 575 
spinel structure oT catalyst 674 
o n  sulphides 665, 667 
surface hydroxyl groups 673 Diacetyl peroxide, decomposition, l80- 

on thoria 672, 698-700 analysis 827 
truns-4,5-Dialkylcyclopentcn- 1 -carbox- 

tion 698 aldehyde, formation by ring closure 

intermediates 700 Dialkyl phosphates, production by 

reaction with dicyclohexyl carbodi- 

Diallcyl sulphates, hydrolysis in H2I80 

homogeneous gas-phase 662 Diary1 peroxides, production by di- 
mass spectra and stereochemistry nicrization of phenoxy radicals 

in solution 642-661 Diazonium coupling to aromatic nu- 

mechanism 643-656 Dibenzoylethylene, basic methanolysis 

Dibenzyl hydrogen phosphate, hydro- 

3,5-Di-t-butyI-4-hydroxybenzoic acid, 
oxidative decarboxylation 5 19 

2,4 -Di-t -butyl-6- hydroxybenzo- 

Deoxythallation, olefins 207 
Dextranase, group transfer catalyst 763 
Diacetone alcohol, dealdolization 64 

decomposition 1099 
field ionization 1078 

accompanied by dehydrogena- 

oxonium or carbonium ion 740 

stereospecificity of products 698 hydrolysis 8 16 
timing of elementary steps 689 

inhibition by water 664 812 

1064, 1078 52 7 

homogeneous catalytic gas-phase imide 816 
663-665 

acid-catalysed 642-660 clcus 427 

intermediate ester 655 63 
olefin solubility 643 
180-exchange 643 lysis 817 
rate and acidity functions 643 
solvent isotope effect 643, 647 

stereochemistry 656-660 
base-catalysed 660 phenone: photoinduced hydrogen 

under eiectron impact 1049, 1052, transfer 725 
1062 Di-t-butyl ketone, reduction 239 
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2,5-Di-t-butyl-4-methoxyphenol, oxi- Dihydroxy compounds, H-bonding, 

2,6-Di-t-butyl-4-methylphenol, oxida- sce also Diols; Glycols; individual 

Di-t-butyl peroxide, thermal decom- 1,2-Dihydroxy compounds, determina- 

2,4-Di-t-butylphenol, reaction, with 1- 
Cope rearrangement 738 

2,6-Di-t-butylpheno17 reaction, with Dihydroxylation, alkenes 198 

dative demethylation 525 intramolecular 353 

tion 287, 520-522, 545, 547, 550 

position 547 tion 309, 310 

butoxy radicals 546 

compounds 

3,4-Dihydroxy- 1,5 - hexadiene, oxy- 

1,5-Dihydroxynaphthalene, anodic 0-xi- 

920 4,5-Dihydroxy-ZY6-octadiene, oxy-Cope 

of alcohols 321 Dihydroxyphenylalanine, hydroxyla- 

quinone, reaction with phenols 4,4'- Clihydroxytctraphenylmethancs, 
510 photochemical production 920 

Dichloromcthyl ether, formylation of Diimide reduction of aromatic alde- 
aromatic nucleus 436 hydes 232 

173-Dichloro-2-propanol, alkaline hy- Diisopropylmercury, autcsidation Iiine- 
drolysis 399 tics 230 

Dicyanoacetylene, nucleophilic addi- Diisopropyl sulphatc, hydrolysis 8 12 
tion of alcohols 75 

Dicyclohexylcarbodiimide, hydrolysis Dimerization, alcohols, thermodyna- 
817 mics 330 

reaction with dialkyl phosphate 816 oxidative, phenoxy radical 5 17-527 
Dicyclohexylurea, IsO-contcnt 81 7 radical coupling mechanisms 528 
1,2 - Dideuteroxy - 1,2 - divinylcyclohex- phenols 332, 333 

ane, rearrangement 72 1 reductive, carbonyl compounds 234 
Diels-Alder addition, dimerization of 2,6-Dimethoxyphenol, periodate oxida- 

o-quinols 557 tion 558 
phenol oxidation, by pcracid 552 2,4- and 2,5-DirnethyIacetopfienones, 

by periodate 559 photochemica1 rearrangement 726 
by silver oxide 570 y,y-Dimethylallyl ether, enolene re- 

peroxidation of conjugated dienes o-(a,?!-Dimethylallyl)phenol, produc- 
219 tion by enolene rearrangement 

1060 (N,N-Dimethylamino)phenol, - 1 6 0 ,  

production 827 
p-Dimethylaminophenal, anodic oxida- 

tion 288 
N,N- Dimethylaniline N-oxide, reaction 

with 190-acetic anhydride 827 
7,7 - Dimethyl - 2 -bicycle [ 2.2.1 ] hept- 

thermal 722-724 anone-1-carboxylic acid, thermal 

Diethylene glycol in water, determina- 3,3-Dirnethyl-2-butanol, dehydration 

Diethyl ether, formation by catalytic 4,5-Dirnethylcatecho1, biological pro- 

trans-l,2-Dimethylcyclohexane-l,2-diol, 
ISO-exchange reaction 803 

4,5 -Dimethylcyclopentene- 1 -carboxal- 
dehydes, production 739, 740 

alkaline ferricyanide 520 
with photoexcited benzophenones dation 285 

Dichloracetic anhydride, csterification rearrangerncnt 739 

2,3 - Dichloro -5,6 - dicyano - 1,4- benzo- timi by phcnolase system 783 

Diketones, reduction 234 

Diels-Alder reactions, photosensitized arrangement 744 

Diels-Alder rearrangement, retro- 743, 745 

Dienes, 1,4-~ycloaddition reactions 2 18 
photosensitized autoxidation 2 15 
photosensitized peroxidation 2 19 
production 660 

Dienol-enone rearrangements, photo- 
chemical 724-729 

deconjugation 723 stability 737 

tion 315 on alumina 683 

dehydration 675 duction 821 
thermal desorption on alumina 69 1 

Diethyl phosphate, production by hy- 

Diethyl sulphate, hydrolysis 2 12 
drolysis 815 
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Dimctliyldihydroresorcinol, dctermina- 

3,4-Dimethyl-3,4-dihydrosy- 1,5-hcxa- ions 1111 

3,4-Dimethyl-3,4-dihydroxy- l,t;-hexa- 

1,4-Dinitrobc~.zene, reactivity with alk- 
tion by titration 309 oxide, phcnoxidc and hydroxidc 

dime, rearrangements 739 Dinitrobenzoatc derivatives, hydroxyl 

diyric, oxy-Cope rearrangement 3,5-Dinitrobcnzoatederivatives, column 
743 and paper chromatography 299 

in oxy-Cope rearrangements 743 Dinitrobenzofuroxans, reaction with 

3,5-Dinitrobenzoyl chloride, csterifica- 
base determination of hydroxyl tion of hydroxyl compounds 301, 
groups 307 310 

2,6 - Dimethyl - 2,5 - heptadien - 4 -one, 2,4-Dinitro-,f?-bromostyrene, rcaction 
photodezmjugation 727 with alkoxides 71 

4,5-Dimethyl-3-hexene-2-one, photo- 2,4-Dinitrochlorobcnzenc, reaction 
chemical rearrangement 727 

2,4-Dimethyl-3-pentanolY catalytic dc- reactivity with alkoxide. phenoxide 
hydration 703 

3,3-Dimethyl-2-pentanol, dehydration 2,4-Dinitrofluorobenzenc, reactivity 
on alumina 683 with alkoxidc, phenoxide and 

3,4-Dirnethyl-3-penten-Z-one, photo- hydroxide ions 1 11 1 
chemical rearrangement 727 1,3-Dinitronaphthaleney reaction with 

PJ4-Dimethylphenol, reaction with ace- 
tyl peroxide 551 ZY4-Dinitrophcnyl alkyl ethers, trans- 

2,5-Dimethylphenol, determination by  1,l-Di-1- nitrophenyl- 2- haloethylcnes, 
titration 30s alkoxy dehalogenation 82  

2,6-Dimethylphenol, oxidation 552, PY4-Dinitrophenyl hydrazones in alco- 
556, 558,565 

3,4-Dirnethylphenul, reaction with 3,5-Dinitropyridine, reaction with sod- 
phenolasc enzyme and lsO-ex- ium methoxide 117 
change 821 Diol monestcrs, hydrolysis 400 

Diol phosphates, hydrolysis 8 14. 
tion 821 Diols, mass spectrometric stereochem- 

tive dimerization 573 vicinal, reaction with phosphitc 

volving phenylcarbamate protec- see also Glycols; individual com- 
tive group 1018 pounds 

droxyl group detection 319 
susceptibility to autoxidation 221 

group dctectioii 297, 298 

Dimethylenecyclobutene, intermediate X-ray difl-raction 298 

Dimethylene sulphate, hydrolysis 812 
Dimethylformamide, solvent for acid- 

hydroxides 95 

with methoxide ions 83, 84 

and hydroxide icns 11 11 

alkoxide ions 94 

cdierification 1103 reaction with periodate 557 

hol, determination 31 1 

4J5-Dimethylphenol, biological oxida- 

2,6-Dimethylphenoxide anion, oxida- 

2,4-Di-O-methyl-~-ribose, synthesis in- 

ical studies of dehydration 1069 

methiodides 61 1 

Dimethyl sulphate, hydrolysis 812 
Dimethyl sulphoxide, solvent in hy- erythra- and cis-Diols, reaction with 

2,4-DinitroanisoleJ reaction with meth- Dipcntaerythritol, hydrosyl content 
oxide ions 102 316 

2,6-Dinitroanisolc, reaction with meth- 1 ,1-Diphenyl-2-bromoethylencsJ rcac- 
oxide ions 103 tion with alcoholic solutions 72 

Dinitroanisoles, nucleophilic attack by 
alkoxide ions 101-106 1 , l-Diphcnyl-2-chlorocthylenes, reac- 

lY2-Dinitrobcnzene, reactivity with alk- tion with alcoholic solutions 72 
oxide, phenoxidc and hydroxide I , l-13iphenyl-2-ethoxethy1cncy produc- 
ions 1111 tion by  nucleophilicsubstitution 73 

1,3-Dinitrobenzenes,nucleophilic attack 1,1 -Diphenylethylenes, nucleophilic 
by alkoside ions 92, 93 substitution 72, 73 

lJ3-Diols, acylation 480 

gem-Diols, acidity 37 i ,  372 
acetone 1030 

Diphenylcadmium, autoxidation 229 
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1, I -Diphenyl-2-fluoroethylcne, reaction 

1 ,?-Diphcnyl- 1,7-hcptancdione, ther- 

Diphenylidc ion. extinction coefficient 

Diphenyhagncsium, autosidation 229 
Diphenyl a-methylallylcarbinol, decom- 

Diphenylmethyl formate, hydrolysis 

Diphenylmethyl nitrite, acid-catalysed 

Diphenylzinc, autosidation 229 
Disaccharides, field ionization spectra 

Displacement of hydroxyl groups 593- 
632 

1,2-Divinyl- 1,2-cycloliexanediol, mono- 
methyl ether, oxy-Cope rearrange- 
ment 749 

with ethoxide ions 73 

mal aldol condensation 736 

953 

position 732 

810 

hydrolysis 8 1 7 

1054 
mass spectral studies 1072, 1074 

thermal aldol condensation 737 
DMSO-see Dimethyl suhhoxide 
DNA bases, hydroxylation, free radical 

167 

hydrogen abstraction 158 

Dodecanol, dehydration mechanism 

DOPA-xee Dihydroxyphenylalanine 
Duff reaction, formylation 438 
Dyes, radiation dosimeter 150 

radiolytic hydroxylation 160 

radiolytic 156-158 

see also individual bases 

680 

Electrochemical reactions, direct elec- 
tron transfer 254-258 

solvated electrons 258 
Electrolysis, a c d  chlorides 269 

indirect 258-261 

aldehydcs 269-278 
amides 264-269 
carboxylic acid- 261-264 
controlled current density 254 
controlled potential 254 
ketones 269-278 
thioamidcs 264-269 

Electrolytic oxidation 281-290, 507, 

Electrolytic reduction-sce Reduction 
Electron spin resonance spectrometer, 

Electrophilic aromzticsubstitution 4 18 

5 75 

observation of free radicals 1G-i 

4 4  1 

partial ratc factors 441. 
ratc 443 
0-1) ratio 419 
replacement of substitucnts other 

Eicctrophilic hydrosylation-see Hy- 

Eley-Rideal mechanism, catalytic de- 

Embden-Meyerhof pathway, carbo- 

Enolase, catalyst, addition of water to 

Enolene rearrangements 741, 743-750 
homodicnyl hydrogen shifts 743 
intramolecular ‘ene’ reactions 743 
stereospecific proton transfer 746 

Enolization, by hydrogen migration 
during mass spectrometry 1063 

than hydrogen 420 

droxyla tion 

hydration 689, 700 

hydrate metabolism 770 

double bond 768 

see also Photoenolization 

mass spectrometry 1079 
nuclear magnetic resonance 320 
photochemical formation 884-892 

see also Photoenolization 
photochemical reactions 892-894 

with molecular oxygen 892 
photocycloaddition to olefins 892 
photoinduced rearrangements 893 
sre olso individual compounds 

Enthalpy, formztion oT intramolecular 
H-bonds in phenols 361 

H-bonded complexes of alcohols 338 
H-bonded phenol-acceptor com- 

ionization of phenols, in methanol 

Enols, determination 307-309 

plexes 341 

381 
in water 373-376 

hols 338 

381 

Entropy, H-bonded complexes of alco- 

ionization of phenols, in methanol 

in water 373-376 
olefin hydration 646 

Epoxidation, alkenes 198 
Epoxide migrations, and hydroxyl 

Epoxides, catalysed hydrolysis 1026 
conversion to hydrosyazides 625 
for hydroxyl group protection 1026 
intermediates in biological dihy- 

production, by aIcohoI photolysis 844 
by osidative demethylation of 

group protection 1027 

drosyfation 790 

phenols 562 
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Epoxides (continued) 
reaction with Grignard reagents 239 
reduction with metals 235 
see also individual compounds 

1,2-Epoxides, intermediates in anthra- 
nilic acid hydroxylase systems 
789 

synthesis of sugar glycosides from 
1012 

a,/3-Epoxyketones, reduction 232 
Epoxy resins, hydroxyl content 3 14 
Equilenin, Teuber’s oxidation 568 
Esterases, group transfer catalysts 764- 

Esterification, catalysts 302 

mediate 471 

766 
see also individual compounds 

hindered acids, acylonium ion inter- 

by acylation 469-471 
using mixed anhydrides 472 

hydroxyl compound detection 298 
hydroxyl group deterniination 300- 

kinetic control 471 
lactone intermediates 41 7 
photoinduced 880484 
rates of, alcohol analysis 305 
thermodynamic control 47 1 
with acid anhydrides 302-307 
with acid chlorides 300-302 
with carboxylic acids 300 
with inorganic oxyacids 48 1-493 

307 

boric acid 492 
nitric acid 490-492 
phosphoric acid 487490 
sulphuric acid 481-487 

see also Transesterification 
Ester migration, and hydrosyl group 

protection 1014 
Esters, autoxidation 220 

mechanism 223 
hydrolysis, hydroxide-alkoxide ion 

equilibria 1097 
lactone intermediates 417 

hydrosyl group protection 1012- 
1026 

solvolysis 477 
see also individual compounds 

Ethanol, absorption spectrum 837 
adsorption, on alumina 674 

-14C, dehydration, kinetic analysis 

decomposition 67 1 
pyrolytic 662 

on thoria 700 

678 

dehydration on alumina 673, 694, 
697 

alkoxide mechanism 694 
oxonium-carbonium ion mechan- 

ism 680 
Taft equation 705 

dehydration on thoria 698 
dehydration on zeolite X 697 
diffusion in zeolites 696 
effect of radium radiation 939 
hydroxide-alkoxide ion equilibrium 

-ISO, production, b y  aldehyde re- 
constants 1106 

duction 819, 823 
from ethyl halides 807 

separation from ethanol 798 
oxygen exchange, aluminium oxide 

vapour and kaolin catalyst 805 
photolysis, gas-phase 841 

liquid-phasc 84 1, 842 
radiolysis, effect of acid 994 

effect of dose 982-984 

catalyst 805 

precursor scavenging 983 
radical dimcrization 984 

products 941 
proton transfer from parent ion 

960 
pulse 964 

absorption spectrum 953 
rate constants of solvated elec- 

radical dimerization and dispro- 

scavenging of solvated electrons 

trons 984 

portionation 995 

984 
radiolytic oxidation 991 
thermal desorption, on alumina 691 

on silica-alumina 693. 
Ethanol content, Thimerol Tincture 

NF 315 
Ether decomposition 678 
Ether diffusion in zeolites 696 
Ether formation, alcohol dehydration 

642-706 
acid-catalysed 654, 656 
on alumina, kinetics 678 

mechanism 680, 689-694 
poisoning of Lewis centres 692 
Taft equation 705 

base-catalysed 661 
selectivity 674 
on silica-alumina 672, 695 
on thoria 700 

Ethers, cyclic, preparation GG 1 
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Ethoxide-hydroxide ion equilibrium 

Ethoxide ions, estimated reactivity 

reaction with 1 1 -diphenyl-2-fluoro- 

1089 

11 10-1 112 

ethylene 73 
Ethoxides, drying of alcohols 1 108 
Ethoxyl radical, radiolytic production 

Ethyl alcohol-see Ethanol 
o-(a-Ethylallyl)phenol, production by 

y-EthylallylphenyI ether, enolene re- 

y-Ethylallylviny! ether, enolene re- 

Ethyl benzoate, hydrolysis 808 
Ethyl 3-butenoate, production by 

photochemical rearrangement 728 
Ethyl trans-crotonate, photoisomeriza- 

tion 728 
Ethyl cis-/?-cyclohexylacrylate, photo- 

deconjugation 729 
Ethylene, radiolytic hydroxylation 159 

effect of ferrous ion 155 
mechanism 155 

Ethylene chlorohydrin, El&-like eli- 
mination reaction 1099 

Ethylene diamine, solvent for acid-base 
determination of hydroxyl groups 
307 

Ethylene clibromidc, E2 elimination of 
hydrogen bromide 1099 

Ethylene glycol, determination in water 
315 

Ethylene oxide, reactivity with alkoxide, 
phenoxide and hydroxide ions 
1111 

Ethylene phosphate, hydrolysis 815 
Ethylene sulphate, hydrolysis 812, 813 
Ethylcnic alcohols, intramolecular H- 

2-Ethylhexyl alcohol, infrared spectrum 

Ethylhydroxoiiiuni ion, occurrence in 

Ethyl /l-methylcrotonatc, photodecon- 

Ethyl radkals, from U.V. irradiated 

Ethyl 3,4,4-trimethyl-2-pentenoatc, 

964 

Claisen rearrangement 743 

arrangement 743 

arrangement 744 

bonding 355 

3 14 

radiolysis spurs 994 

jugation 729 

solid ethanol 965 

photoisomerization 729 

Fenton’s reagent, attack of electrophilic 
hydroxyl radicals 540 

Index 1211 

free radical hydroxylation 164-168, 
170. 178. 179 , -  

effect of ferric ion 165 
rates of reaction 165, 179 

production of hydroxyl radicals 163, 
539. 540 

Fenton-type reagents, hydroxylation 
bv 167 

Field ionization 1054, 1075, 1077 

Fieser’s critical potentials, phenol oxi- 

Finkelstein reaction 800 
Flavonoids, mass spectra 1069 

proton transfer 1078 

dations 514 

synthesis by biochemical hydroxyla- 
tion 781 

Fluorinating agents, fluoramine 620 
hydrofluoric acid 620 
phenylsulphurtrifluoride 622 
sulphur tetrafluoride 604, 62 1 

tosylate displacements 622 
Fluorination 6 19-622 

Fluoroalkoxides, hydrolysis 1 108 
1 -Fluoro-2,4dinitrobcnzene, P h ,  for 

reaction with ethoxidc ions 
1104 

reaction in alcohol-water mixtures 

Fluoromethanol, molecular charge dis- 
1108 

tributions 33, 43-49 
molecular orbitals 48 

Formates, hydroxyl group protection 

Formylating agents, dichloromethyl 

Formylation, aromatic nucleus 434- 

1013 

ether 436 
trialkyl orthoformates 436 

438 
Duff reaction 438 
Gattermann aldehyde synthesis 

Gatterrnann-Koch reaction 434 
licimer-Tiemann reaction 436 
Vilsmeier reaction 435 

Free energy, H-bonded complexes of 
alcohols 338 

ionization of phenols, in methanol 

434 

38 1 
in water 373-376 

569 

cleus 433, 434 

cleus 428-431 

Fremy’s salt, oxidation of phenols 567- 

Friedel-Crafts acylation, aromatic nu- 

FriedeGCrafts alkylation, aromatic nu- 
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Friedel-Crafts catalyst for hydroxyla- 

Fries rearrangement, acylation 434 
Fritseh rearrangement 72 
n-Fructose- Iy6-diphosphatase, group 

transfer catalyst 766 
Fumarase, catalyst, tratu-addition of 

water to double bond 769 
Furanosyl halidcs, carbonate esters 

1021 
Furans, methyl-substituted, H-bond 

acceptors 344 
Fury1 ketones, wduction 234 

n-Galactose oxidase, oxidation of hy- 

Galactosidases, group transfer catalysts 

Galvinoxyl radical, scavengers of phen- 

Gas chromatography-sce Chromato- 

Gattermann aldehyde synthesis, form- 

Gattermann-Koch reaction, formyla- 

Geodoxin, synthesis 538 
Glaucine, production by oxidative 

~-Glucose-6-dihydrogen phosphate, hy- 

Glucose-6-phosphatase, group transfer 

Glucose-6-phosphates, hydrolysis 8 14 
Glucosidascs, group transfer catalysts 

Glucosides, mass spectral studies 1074 
Glucosyltransferase, group transfer 

Glycerol, nitrate ester 490 
Glycerol phosphate dehydrogenase, 

reduction catalyst for carbonyl 
group 760 

tion of aromatic compounds 176 

droxyl group in D-galactosc 103'3 

763 

oxy radicals 509 

graphy 

ylation 434 

tion 434 

coupling 531 

drolysis 813 

catalyst 766 

763 

catalyst 761 

Glycols, determination 309, 310 
- l 8 0 ,  production 819, 820 
TMS derivatives, mass spectra 1072 
SEE also individual compounds 

1,2-Glyco!s, mass spectra 1047 
a-Glycols, iodination 595, 596 
Glycosidases, group transfer catalysts 762 

Glycosides of sugars, synthesis 1010, 

use in hydroxyl group protection 

see also individual compounds 

1012 

101 0-1012 

Glycosulphatases, hydrolysis catalysts 
766 

Glycosyl fluoride, synthesis of sugar 

Glycosyltransferases, group transfer 

Grignard reagent, addition to ketones 

glycosides from 1012 

catalysts 761 

235 
autoxidation 228 
180-aIcohol synthesis 8 19 
reaction with epoxides 239 
reaction with 180-enriched oxygen 

sterically hindered, addition to 

structure 239 

a22 

ketones 238 

Griseofulvin, synthesis 538 
Group transfer catalpsts, biochemical 

Guaiacol, oxidation, ferricyanidc 523 
hydroxylation 760-766 

periodate 557 
kinctics 560 

Haloalkylation, aromatic nucleus, o-t, 

2-Halo-1, I-diphenylethylenes, nucleo- 

2-Haloethanols, intramolecular H- 

Halogenalkoside ion, in halogenated 

Halogenating agents, halogen acids 602 

ratio 433 

philic substithon 72 

bonding 359 

alcohols 1 I08 

inorganic halides 6 18 
phosphorotrihalidates 605 
phosphorus pentahalides 603, 632 
phosphorus trihalides 61 1, 612 
triphenylphosphine dihalides 607, 

632 
Halogenation 595-622 

aromatic systems 4231125 
equilibrium between covalent and 

ionic species 607 
phenols 603, 632 
S x l  and Sx2 reactions 61 1, 612 
see also Broniination; Chlorination; 

Fluorination; Iodination 
Halohydrins. conversion to hydrosy- 

Halo-ketones, rcaction \vith phosphines 

2-Halophenols, intramolecular H- 

Hamilton's system, free radical hy- 

production of hydrosyl radicals 163 

azides 625 

597 

bonding 361 

drosylation 169 



Subject Inclcs 1213 

Hanilnett rclation, clcctrophilic sub- 

Hartrec-Fock wavcfunctions 4-8 

stitution of hydrosyl radicals 143 
niethanolysis 63  

correlation energy 4 
one-electron properties 8 

Hashish constituents, mass spectra 1070 
retro Diels-Alder rc.arrangenient 

Kent capacity, ionization of phenols in 

Heber-M'ciss reaction, production of 

Hcllniann-Fcynman theorem, charge 

1060 

water 373-376 

hydroxyl radicals 539 

distribution 4 
force on nucleus 22-33 

Hemiacetal, formation 460 
Hepler's theory, acidity of phenols 376- 

3 78 
Heptaldehyde, production from castor 

oil 729 
Hcteroaromatic molecules, hydrosy 

substituted, acid ionization 381 
Heterocyclic compounds, free radical 

hydroxylation 166, 169, 17 1 
1,5-Hexadien-3-01, rearrangement 739 
1,1,1,3,3,3,-I-Iexa~uoro-2-propanol, hy- 

droxide-alkoxidc ion equilibrium 
constants 110G 

Hexamethylphosphoramide, solvent for 
phenols and enols 320 

Hexarnethylphosphorotrizmidc, reduc- 
ing agent 234 

1,6-Hexanedial, production 738 
n-Hexanol, dehydration, 1,4-elimina- 

tion 662 
in mass spectrometer 1053 

mass spectrum 1049 
2-Hexanol, dehydration on thoria 699 
5-Hexenal, production by rearrange- 

3 - Hexen - 2 - one, photodeconjugation 

Hcxokinase, group transfer catalyst 

HMPA-see Hexamcthylphosphor- 

Hofer-Moest reaction, alcohol produc- 

Homoallylic alcohols, displacement of 

Homobenzylic alcohols, hydrogenolysk 

Komoserine, use in biosynihesis of 

ment 739 

727 

762 

a m  i de 

tion 278 

hydroxyl group 631 

6'2 6 

threonine 769 

Horiuti-Polan yi mcchanism, hydrogen- 

Ilouben-Hoes11 kctone synthesis, 0-p 

Hydratases, catalysts for hydroxylation 

olysis 626 

ratio 438 

by water 768 
cofactors 768 
sfe also individual compounds 

Hydration, C=C bond 63-67 
Hydrocarbon anions, autoxidation 

Hydrocarbons, alicyclic, production 

aromatic, production from phenols 
578, 580 

autoxidation 22 I 
halogenated, dchydrohalogenation 

induction of oxiddon 225 
oxidation to alcohols 196 
see nlso individual compounds 

effect of hydroxyl group 405 
and hydrogenolysis, phenols 578, 

phenols 578-580 
see also Hydrogenolysis 

22 I 

from phenols 578, 579 

685 

Hydrogenation, catalytic, oxygenated 
compounds 237, 238 

579 

Hydrogenation catalysts 237, 238, 579 
Hydrogen atoms, radioly tic production 

H-bond acceptors 344 
H-bonding, complexes, effect of specific 

solute-solvent interactions 350 

965 
reaction with alcohols 968 

influence on kinetics 367-369 
infrared spectra 336 
intermolecular 313, 328-353 

cffect on infrarcd spectra 330, 352 
effect on p.1n.r. chemical shifts 352 
eflcct on ring-chain tautomerism 

solvent effects 350-352 
thermodynamics of steric hin- 

340 

drance 349 
intramolecular 3 13, 353-36'7 

competition between different 

effect on acidity 376 
effect on spectra 353 
OH group, to carbonyl oxygen 

types 356 

atom 363 
to n-electrons 362 
to an ether link 351 

solvcnt effect 361, 362, 365 
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H-bonding (contimcd) 
nuclear magnetic resonance study 

solute-solvent interactions, inAuence 

theoretical interpretations 328 

phenols 578-58 1, 626 

322 

on kinetics 367 

Hydrogenolysis, hydroxyl groups 626 

Hydrogenolysis catalysts 580, 581 
Hydrogen peroxide, photolysis 160, 

540, 541 
quantum yields 160 
use in e.p.r. studies 162 

pyrolysis 177 
radiolysis of solutions 138 
reaction with titanous ions 16: 
use in production of hydroperoxides 

Hydrolases, catalysts, group transfer 

Hydroperoxides, use in synthesis of 

17~-Hydroperoxides, production 2 19 
Hydroperoxyl derivatives, benzene 15 1 
Hydroperoxyl radical, coupling with 

electron paramagnetic resonance 

intermediate in phenol hydroxylation 

production, from hydrogen peroxide 

ofolefins 822 

reactions 760 
see also Estrrases 

lb0-a!coho1s 820 

phenoxy radical 541 

spectrum 172 

54 1 

164, 172, 539 
from water 539 
radiolytic 138, 539 
using Udenfriend's reagent 170 

radiolytic reactions 159, 160 

oxygen exchange reaction 806 
periodatc oxidation 557 

potentiometric titrations 309 

Hydroquinone, -lSO, production 822 

kinetics 560 

Hydroquinone monoaryl ethers-see 

Hydroquinones, oxidation, anodic 285 
4-Phenoxyphenols 

ferricyanide 529 
silver oxide 570 

radio!ytic hydroxylation 159 
Hydroxide-alkoxide ion equilibria 

effect of dimzthyl sulphoxide 11 12 
elimination reactions 1098-1 100 
heat of equilibrium reaction 1107 
reaction kinetics 1091-1 100 

1088-1109 

Arrhenius plots 1095 

Brmstcd relations 1096, 1 1 12 
reaction products 1096 

Ilydroxidc ions, attack on negatively 
charged spccics 414. 

molecular charge distribution 8-22 
molecular orbitals 9 
nucleophilic attack by 51-124 
J80, reaction with alkyl halides 807 
reactivity relative to alkoxide ions 

Hydroxide-phenoxide ion equilibria 
1198 

o-Hydroxyacetophenone, electrolytic 
reduction 280 

Hydroxyaeetop.henones, hydrogen per- 
oxide oxidation 542 

Hydroxy acids, radiolysis 997 
1 -Hydroxyadamantane, bromination 

Hydroxyalkylation, aromatic nucleus, 

1109-1 112 

600 

0-j ratio 431 
Baeyer reaction 431 
Lederer-Manasse reaction 432 

Hydroxyalkyl radicals, formation dur- 
ing alcohol radiolysis 941-943, 
945, 965, 975 

hydrogen abstraction 945 
radiolytic decomposition 965, 967 
radiolytic dimerization 945 

effect of scavengers 969 
effect of steric hindrance 950, 966 
rate constants 966 
spur reactions 969 

rate constants 966 
spur reactions 969 

radiolytic disproportionation 945 

see also individual radicals 
rx-Hydroxyalkyl radicals, dissociation 

intermediates in liquid-phase radio- 

see also individual radicals 
Hydroxyazides, production 625 
fi-Hydroxyazobenzene, production 827 
Hydroxybenzaldehydes, hydrogen per- 

jl-Hydroxybenzoate monooxygenase, 

Hydroxybenzoic acid, ionizat' .ion con- 

and activation energy 967 

lysis 964 

oxide oxidation 542 

isolation 786 

stants 416 
potentiometric titrations 309 

o-Hydroxybenzophenone, photopinaco- 

7 - Hydroxy-2 - bicyclo[5.3.0]decanone, 
lization 725 

synthesis 737 
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a-Hydroxycarbonyl compounds, photo- 
induced rcvcrsible tautomerization 

o-Hydroxycarbosylic acids, phiito- 
induced rcversiblc tautomerization 
904 

Hydroxycyclohexadicnyl radical, ab- 
sorption spectra 140 

Hydroxycyclohexanecarbosylic acids, 
dissociation constants 404 

3-Hydroxycyclohexanone, retrogradc 
aldol condcnsation 735 

Hydroxycyclohexanones, mass spectra, 
OH migration lOG0 

1 -Hydroxy-5,7-dihydrodibenz-[c,c]oxe - 
pin, methyl ether, inversion 367 

Hydroxy esters, intramolecular H- 
bonding 357 

905-908 

long-chain, mass spectra 1072 
TMS derivatives, mass spectra 1073 

rearrangement from quinol ethers 

Hydroxyethyl radicals, production by 

rate constant for disappearance 966 
a-Hydrosyethyl radical, hydrogen ab- 

intermediate in pulse radiolysis of 

radiolytic disproportionation 947, 

Hydroxyisobutyl radical, radiolytic pro- 
duction 949 

1- (I-Hydroxyisopropyl)-3,3-di1nethyl- 
2-bicyclo[2.2.1 J heptanonc, thermal 
stability 735 

Hydroxyisopropyl radical, hydrogen 
abstractio.? 950 

Xydroxy ethers, polymerization 523 

523 

ethanol radiolysis 99+, 995 

straction 947 

ethanol 964 

948 

radiolytic dirnerization 950 
radiolytic disproportionation 949, 

4-Hydroxyisoquinoline, production 

Hydroxyketones, intramolecular H- 

w-Hydrosyiase, biological hydroxyla- 

Hydroxylating agents, biochemical- 

950 

829 

bonding 357 

tion by 787 

see individual enzymes 
comparison 177-1 8 1 
electrophilic, hydroxyt cation and 

radicaI 172 
1Yec radical, ccric systcni 172 

diisopropyl pcroxydicarbonatc 176 

Fenton’s rcagent 164-1GCJ 170, 
178, 179, 540 

Hamilton’s system 169 
peracetic acid 174., 1% 
perbenzoic acid 174 
pcrcsters 176 
permanganate ions 177 
pernitrous acid 173 
pcroxychromic acid 176 
persuccir?ic acid 176 
persulphuric acid 176, 554 
titanous system 167-169, 179 
trifluoroacetic acid 552 
trifluoroperacetic acid 174-1 76 
Udenfriend’sreagent 169-1 71 , 565 

Hydroxylation, aromatic systems, a-) 
ratio 4-40 

biochemical, addition of water to 

aldol or ketol condensation reac- 

by carbonyl group reduction 759 
by group transfer 760-766 
by isomerization 769-772 
by mixed function oxygenation 

by rnonooxygenation 772-790 

double bond 768 

tion 766-768 

772-790 

carotenoid 784 
clcctrophilic 133-18 1 

free radical 163-177 
Hammett’s ap relationship 143 

rate by competitive method 165 
see also Hydroxylating agents 

metabolic 163 
phenols 540, 552, 554, 565 

by hydroxyl radicals 542 
by photolysis of hydrogen peroxide 

54 1 
products 578 
by X-rays 541 

complexes 162 
phenols 914 
photoexcited electron transfer 1 GO 

aliphatic compounds 154-156 
benzenoid compounds 139-154 

SEE also Benzenoid compounds 
biochemical compounds 156-158 
effect of hydrogen peroxide on 

by high energy ionizing radiation 

photolytic 160-163, 178 

radiolytic 136-1 60 

products 149 

136 -~ 

kinetics using compctitivc inctfiods 
150 
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Hydroxylation, radiolytic (cotztinried) 
organic synthesis 158 
transient species 142 
see also Pulse radiolysis 

droxylating agent 172 
Hydroxyl cations, elcc trophilic hy- 

in hydrogen pcroxide 'solutions 172 
molecular charge distribution 8-22 
molecular orbitals 9 
production by heterolysis of peracids 

Hydsoxyl compounds, dinitrobenzoate 
I72 

derivatives 297, 298 
heterocyclic, acidity 381 
mass spectra-see Mass spectrometry 
pliotochromic, photoinduced revers- 

production by anodic oxidation 278- 

trichloroacetyl isocyanate dcrivativcs 

see also individual compounds 

activation of dehydration catalyst 

acylation-see Acylation 
alkylation-see Alkylation 
aromatic side chains, substituent 

association 31 1, 313 

ible tautomerization 908 

280 

32 1 

Hydroxyl groups, acidity-see Acidity 

600 

constants 41 1-414 

intermokcular 3 13 
intrarnolccular 3 I3 

catalyst surface, single sitc adsorption 

chemical shifts 3 18 
detection 296-322 

689 

chemical methods 296-300 
derivatization 296-300 

hydrogen eschange with deutcriuni 

infrared spcctroscopy 31 1-313 
nuclear magnetic rcsonance 3 ! 6- 

X-ray diffraction 296 

acid-base methods 307-309 
esterification 300-307 
infrared spectra 3 13-3 16 
nuclear magnetic resonancc 316- 

potentiometric titrations 308 

3 19 

322 

determination 296-322 

322 

by halogen 595-622 
by hydrogen 626 
by nitrogen 623425 
by  osygcn 627 
by sulphur 627 

dcpendcnce on side chain 408- 

solvent cffccts 406-408 

clcctronic effects 395-397, 405-415 

41 1 

exchange with alkoxyl groups 627 
exchange with labelled hydroxyl 

general acid catalysis 477 
general base catalysis 479 
intramolecular catalysis 477-48 1 

groups 627 

neighbouring group participation 

intramolecular H-bonding, to car- 
478 

bony1 oxygen atom 363 
to x-electrons 362 
TO etbcr iink 354 

nucleophilic reactivity 455-457 
participation in dehydration 693 
phenolic, determination 3 15 

hydrogenolysis 578-58 1 
production, by acctoxylation 197- 

2 14 
by autoxidation 194-198, 214, 

2 19-23 1 
by oxygenation 194 
by osymetallation 199-2 I4 
by reduction 23 1-24.3 
via singlet oxygen 214-219 

by cyclic acetals 1028-1035 
by csters 1012-1026 
as ether derivative 1004-1010 
as glycoside derivative 1010-1012 
by heterocyclic rings 1026-1028 

protection 1001-1 039 

protonation 382 
proximity effects 397-405, 416-418 

pKa values 403 
retention during phenol hydrogena- 

tion 578 
selective reactivity 1035-1038 
substituent constants 395, 397, 414, 

susface, acidity 675 

alcohols 673 

415 

effect on catalytic dehydration of 

hydrating power of catalysts 674 

ated 178 
Hydroxyl radicals, chemicaIIy gener- trace quantities 310 

directing power in aromatic sub- 

displacement, by carbon 628 
stitution 441-443 electron paramagnetic resonance 

spectra 138 
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elcctrophilic, attack by Fenton's 
reagent 540 

for hydrosylation, electrophilic 172 
of phenols 542 

molecular charge distribution 8-22 
niolecular orbitals 9 
photolytic, electrophilic reagent 178 
production, by electric discharge 177 

by gas-phase photolysis 163 
from hydrogen ?eroxide 163, 163, 

from peracids I72 
radiolysis of alcohols 945 
radiolysis of water 137, 539 
by ultrasonic waves 177 

177, 539,540 

radiation chemical yield, effect of 
nitrous oxide in solution 138 

radiolytic, electrophilic reagent 178 
radiolytic reactions 139-158 

reactions, in aliphatic compounds 

in benzenoid cornpounds 139-154 
in biochemical compounds 156- 

siinilarity to Fenton's reagent 140 
use in organic synthesis 158 

Hydroxyl substituents, tn- and p- ,  effect 
on side chain reactivity 405 

neighbouring group participation 

Hydroxymercuration, cyclic olefins 203 

with organic compounds 152 

154-156 

158 

400 

kinetics 200 
stereochemistry 200 

3-Hydrosy-3-methylbut- I -yne, produc- 
tion of a ketonc 628 

3-Hydroxy-3-methyIglutaiyl CoA, cata- 
lytic production of acet)-l CoA 767 

Hydroxymethylglutaryl co.4 lyase, 
catalyst for acetyl CoA production 
767 

Hydroxymethylglutaryl CoA synthase, 
catalyst for acetyl CoA production 
767 

Hydrosymethyl ion, production by 
methanol radiolysis 993 

4-1iydrosy-4-methyl-Z-pcntanone, de- 
composition 735 

Hydroxymethyl radical, hydrogen ab- 
straction 945 

production during radiolysis 964, 
995 

by proton transfer 993 
radiolytic disproportionation 945 

u-Hydrosyme thy1 radical, radiolysis. 

dimcrizatiori and disproportiona- 
tion 942 

I-Hydroxynaphthalenes, mass spectra, 
skeletal rcarrangement 1060 

/?-Hydroxy olcfin cleavage, 1,5-hy- 
drogen migrations 729-734 

cis-1 -(o-Hydroxypheny1)-butadicne, ac- 
tion cf heat 737 

4-Hydroxyphenylethyleiie derivatives, 
f e y 1  icyanide oxidation 522 

0-Hydroxyphenylpropanoic acid, elec- 
trolytic oxidation 287, 576 

fi-Hydroxyphenylpyruvic acid, biologi- 
cal hydroxylation 785 

Hydroxyphthalimidines, production by 
electrolytic reduction 267 

Hy&-oxy-2-picolines, -lSO, production 
828 

Hydroxypteridincs, solubilities 35 1 
Hydroxjjqui-.oiincs, acidity in excited 

states 381 
Hydroxyquinones, reaction with sul- 

phur tetrafluoride 622 
1 7-#LHydroxys teroid dehydrogenase, 

reduction catalyst for carbonyl 
group 760 

Hyperconjugation, kinetic isotope 
effect, phenol oxidation 544 

Hypoxanthine dehydrogenase, reduc- 
tion catalyst for carbonyl group 
759 

Imidazolacetate monooxygenase, isola- 

Indium alkyls, gas-phase autosidation 

Indolealdehyde, oxygen exchange with 

Infrared spectra, H-bonding 330, 334- 

hydroxyl group detection 3 1 1-3 13 
hydrosyl group determination 3 13- 

molecular weight determination 3 15 
Iodinathig agents, phosphite diiodides 

tion 786 

224 

H,'*O 824 

336, 352-356, 360 

316 

598 
phosphite methiodides 597 

Arbusov reaction 597 
Iodination 595-599 

Iodophenols, photolysis 909-9 1 1 
Ionization potentials, effect of substitu- 

Ion-molecule reactions 958-9S0, 1075 
en% I055 

free radical yields 963 
hydride transfer 1076 
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Ion-nioleculc rcactions (cotzlitiued) -l80, production 798 
oxygen exchange reactions 824 in negative ion spectroscopy 1077 

production of protonated alcohols production by oxidation of secondary 

proton transfer 1076 reaction with Grignard reagents 238, 
rate constants 960 239 
studied using ion cyclotron resonance reduction, to diastereoisomers 1039 

1076 alcohols 1038 

1075 electrolytic 232, 269-278 
a-Ionone, photodeconjugation 726 

Isobutanol-see i-Butanol photolytic 23 1 
Isobutene-see i-Butcne 
Isocyanates, photoaddition to alcohols 

Isomaltose, preparation 1024 223 
Isomerases, isomerization catalysts electrolytic reduction 273 

see also individual compounds 
20-Ketones, autoxidation 223 

steroidal, reaction with oxygen 2 19 
Koenigs-Knorr reaction, glycoside syn- 

680 KolbeSchmitt reaction, carboxylation 

with lithium aluminium hydride 
trans-/?-Ionone, irradiation 738 20 f 

with sodium borGhydride 823 
reductive alkylation 235 

869-87 1 unsaturated, catalytic autoxidation 

769-7 72 
sec alsa individual compounds 

Isomcrization, biochemical liydroxyla- 
tion 769-772 

during catalytic dehydration 675, thesis 1010 

and 180-exchange 805 439 
Isonicotinic acid-see i-Nicotinic acid 
Isonitriles, H-bonded to phenol 343 Kynurenatc hydroxylase, biological 
Isopropanol-see i-Propano1 dihydroxylation by 790 
Isopropyl benzoate, hydrolysis 808 
Isopropyl ethers, hydrolysis 1007 
Isopulcgone, production by rearrangc- 

Isoqninoline, reaction with ISO- tolu- 1027 

Krebs citric acid cycle 767 

Lactate dehydrogenase, reduction cata- 

Lactones, for hydroxyl group protection 

intermediates, arnide hydrolysis 400 

lyst for carbonyl group 760 
ment of pulegone 723 

enesulphonyl chloride 829 
estcr hydrolysis 41 7 

Lactonization, oxidative 538 
Ketalization,.?hotoir.duccd 880-884 esterification 417 
Ketcnes, addition to alcohols 473, 869- 

87 1 Langrnuir-Hinshelwood mechanism, 
P-Keto acids, decarboxylation 737 
Keto-enol rcarrangcnicnt, photochemi- Laudanosoline mcthiodidc, oxidative 

thcrmal 720 Lea-Platzman model, alcohol radio- 

neutralization and electron solva- 

subexcitation electrons and solva- 

alicyclic, production by hydrogena- Ledcrcr-Manasse reaction, hydroxy- 
alkylation 432 

aromatic, rcduction 234 Lemieus and von Rudloff reagent, 
autoxidation 2 19,220 dihydroxylation of alkenes 198 
carbanions, autosidation mechanism Lewis acids, dehydration catalysts 804 

catalytic hydrogcnation 798 use in free radical hydroxylation 173 
asynimctric synthesis of alcohols Lichcns, mass spectral studies 1070 

Ligniri, synthesis by biochcmical liy- 

catalytic dehydration 689, 700 

cal 721 coupling 531 

a-Ketoglutarate, cofactor for thiamine- 
7-hydroxylase 786 

Ketol condensation, and biochemical tion 951 
hydroxylation 766-768 

Ketones, acetoxylation 2 12 tion 970 

lysis 970, 973 

tion of phcnols 578 

223 esterification catalysts 302 

237 
13-bondiiig to alcohols 336 drosylation 781 
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( t)-Limonene, autoxidation 2 14 
Lipases, group specific esterases 764 
Lipid constituents, mass spectral studies 

1070 
Lithium butylphostonate, hydrolysis 

rate 816 
Lithimn propylphostonate, hydrolysis 

rate 815 
Lucas’ ta t ,  distinction between pri- 

mary, secondary and tertiary 
alcohols 600 

Lysozyme, group transfer catalyst 762, 
763 

Malate dehydrogenase, reduction cata- 
lyst for carbonyl group 760 

Maltose phosphoiylase, group transfer 
catalyst 761 

Markownikoff hydration, result of oxy- 
mercuration-demercuration 20 1 

see also Anti-Markownikoff hydration 
Markownikoff oxypalladation, olefins 

Mass spectrometry 1045-1079 
211 

13C-labelled compounds 1052 
combined with gas chromatography 

derivativcs of OH compounds 1071- 

deuterium labelling 1050, 1052, 

double hydrogen migration 1062, 

by  electron impact 1046 
field ionization 1054 
fragmentatian, effect of collisional 

deactivation 962 
from isolated electronic states 1055 

1070 

1075 

1063 

1063 

hydrogen scrambling 1050, 1053 
ionic distribution 961 
ion structures 1055-1059 

by 13C-labelling 1058 
metactable ions 1058 
parent ions, collisional deactivation 

96 1 
fra,mentation 961 
product of ionization 961 

phenols 1051 
quasi-equilibrium theory 1052 
rearrangements 1052, 1059-1 064 

hydrogen 1050, 1062-1064, 1068 
skeIetal 1059-1062, 1072 

deuterium labelling I060 
intramolecular aromatic substi- 

tution 1060 

:t Indcs 1219 

iiiigration of nucleophiles 1059 
ring expansion 106 1 

stereochemical assignments 1064- 
1067, 1078 

substituent effects 1054, 1056 
valency expansion at oxygen 1047 
water elimination reactions 1053, 

Mecrwein-Ponndorf-Verley reaction , 
hydroxyl group formation 239- 

Mcerwein-Ponndorf-Verley reduction 
of carbonyi compounds 240 

Meisenheimer complexes 96 
Melilotate hydroxylase, isolation 786 
Menthol, dehydration on alumina 633 
Mcrcuration, aromatic systems 439 
Mercury alkyls, oxidation 229 
Mesi tol-see 2,4,6-Trimethylphenol 
Mesityl oxide, photodeconjugation 729 
Mesylates-see Methanesulphonates 
Metabolic hydroxylation 163 
Metal alkyls, autoxidation 223-23 1 

1064-1 067 

24.1 

industrial interest 223 
inhibition 23 1 
mechanisms 225-227 
origin of free radicals 228 
photoinitiated 231 

see also individual compounds 
Metal aryls, autoxidation 223-23 1 

chemiiuminescence 228 
see also individual compounds 

Methanesulphonates, for hydroxyl 

Methanesulphonyl chloride, chlorina- 

Methanol, absorption spectrum 837 

group protection 10 15 

tion of alcohols 618 

adsorption on alumina 674 
dehydration on alumina 673 

isotope effect 694 
mechanism 681 
Taft equation 705 

dehydration mechanism 678 
hydroxide-alkoxide ion equilibrium 

molecular charge distributions 33- 

molecular orbitals 38 
-l80, esterifieation with benzoic acid 

constznts 1106 

43 

808 ~~~ 

production from dimethyl sulphate 
812 

separation fi-om methanol 798 

liquid-phase 842 
photolysis, gas-phase 838-841 
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Methanol (cotzlimced) 
radiolysis, activation energy for 

formaldehyde formation 986 
charge exchange 959 
dimerization of radicals from spurs 

effect of acid 993 
effect of electron scavengers 939 
effect of linear energy transfer 985 

hydride ion transfer 959 
hydrogen abstraction mechanism 

960 
parent ion separation 9GO 
products 941 
proton transfer reactions 959 
pulse 964 
unscavengcablc yield 942 

987 

cn yields 988 

radiolytic oxidation 991 
Metiianolysis, mechanism 63 
Methoxide-hydroxide ion equilibrium 

Methoxide ions, estimated reactivity 

reaction, with cis-arylsulphonylethyl- 

with 2-chloro-3-cyano-5-nitropyri- 

with cyanodhitroanisoles 105 
with dinitroanisoles 102, 103 
with 2,4-dinitrochlorobenzcne 83, 

with 3,5-dinitropyridine 117 
with I-metlioxy-2,4-dinitronaph- 

with 2-methoxy-3,5-dinitropyri- 

with 9-nitro-10-methoxyanthra- 

with nitropolycyclic aromatics 94 
with phcnylacetylene 73 
with stilbenes 76 
with trinitroanisole 98-102 

Methoxides, drying of alcohols 1 108 
Methoxybenzoic acid, ionization con- 

stants 416 
3-Methoxycatcchol, pcriodate oxidation 

558 
l-Methoxy-2,4-dinitronaphthalene, re- 

action with methoxidc ions 
106 

2-Methoxy-3,5-dinitropyridine, reac- 
tion with mcthoxide ions 118 

k-Methoxydiphenyl acetate, hydrolysis 
81G 

1089 

1 1 10-1 1 12 

cncs 70 

dine 116 

84 

thalene 106 

dine 118 

ccne 106 

1-Mcthoxy-2-ethyl phosphatc, hydro- 
lysis mechanism 8 13 

hllethoxyl group, aromatic sidc- 
chains, substitucnt constants 41 1- 
414 

Methoxymcrcuration, and asymmetric 
synthesis 200 

4 - Mcthoxy - 4 - methyl - 2 - pcntanonc, 
pyrolysis 72 3 

4-Methoxyphenols, osidativc de- 
methylation 531, 535, 561 

oxidative dimerization 561 
fi-Methosyphcnyl group, oxygen ex- 

change and racemization 800 
2-l,-Methoxyphenyl- 1 -propylp-toluene- 

sulphonate, rearrangement 825 
I-Methoxy-2-propyl phosphatc, hy- 

drolysis in H,l*O 813 
N-Methylacetanilide, -IRO, production 

82 7 
0 - ( 2 4 '  '-Me~hylallyl)phenol, cnolene 

rearrangement 745 
hllethyiation 1006 
Methyl benzoate, p-substituted, hy- 

drolysis 808 
thermal rearrangement 825 

2-Methylbenzopyran, synthesis 737 
2-Methyl-2-butanol, catalytic dehydra- 

tion 665 
onalumina 703 
on silica-alumina 695 
on thoria 698 

dehydration in solution 646 
production 799 
pyrolysis 662, 663 

3-Methyl-2-butano1, catalytic dchydra- 

3-Methyl-P-butene, hydration 647 
Methyl cresotinate, 1,-ethylallyl ethrr, 

p-Claisen rearrangement 744 
1 -h4ethylcyclohexanol, dehydration in 

solution 654 
ciJ- and t~ans-5-Mcthyl-2-c~clohesenol, 

acid-catalysed oxygen exchange 
80 1 

quasi-axial and -equatorial con- 
formation 801 

5-Methyl-2-cyclohcsyl carbonium ion, 
reaction with water 801 

1 -Methyl- 1 -c yclopsntene, hydration 
647 

a.-Methyl cyclopropyl carbinol, oxygen 
exchacge mechanism 800 

2 -;Llethyl-4 -deuterio-3 - pentanols, de- 
hydration on thoria 698 

tion 703 
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h4ethyl di-t-but)-lbcnzoates, hydrolysis method of composite mole- 

3-Methylenecyclohesanone, production 

Methylene hydroxylase, bio!ogical hy- 

Methyl ethers, reactions 1006, 1007 
2-Methyl-3-hexano1, catalytic dehydra- 694-698 

selective 695 
3-Methyl-4-hexena1, production by effect of pore size 697 

pore structure 695 
5-Methyl-3-hexen-2-one, photodecon- Monoalkyl phosphates, production 

Methyl hydrosonium ion, hydrogen Mononitrochalcones, decomposition 

production by methanol radiolysis Illonooxygcnases, biochemical hy- 

809 culcs 108 

by irradiation 728 

droxylation by 788 

by Wheland model 107 
CHJOH, charge distributions 48 
OH., OH+, and OH- 9 
methanol, charge distributions 38 

Molecular sieves, dehydration catalyst 

tion, Taft equation 703 

enolene rearrangement 7 4  

jugation 727 495 

transfer reaction 993 66 

993 droxylation 781-785 
3 -Methyl -3 - hydrosyhex- 1 -ene-5 - yne, 

2-Methyl-2-( 1 -hydroxyisopropyl)cyclo- 

NIHshift 783 
enolene rearrangement 748 

hexanone, retrograde aldol con- Monooxygenation, aromatic amines, 
densation 735 IVIH shift 776 

biochemical hydroxylation 772-790 
lysis 1091 aromatic amino acids 776-778 

Morolic acid, decarboxylation 734 
and hydroxide ions 11 1 1 Morpholine, use in air oxidation of 

730 MPV-see Meerwein-Ponndorf-Verley 

thoria 699 cis-cis-Muconic acids, production 55 1, 

caI rearrangement 727 Mucopolysaccharide sulphatases, hy- 

by thermal rearrangement 723 Muramic acid, 3-0-lactyl cther, syn- 

droxylation 785 Myrosulphatases, hydrolysis catalysts 

H21*0 813 

in carotcnoici hydroxylation 784 
sez also individual compounds 

Mcthyl iodide, alcoholysis and hydro- 

reactivity with alkoxide, phenoxide 

Methyl 12-methylricinoleatc, pyrolysis phenols 565 

4-Methyl-2-pentano1, dehydration on reaction 

4-Methyl-3-pentcn-2-one, photochcmi- 557 

4-Methyl-4-penten-Z-one, production drolysis catalysts 766 

p-Methylphenylalanine, biological hy- thesis 1004 

Methyl phosphate, acid hydrolysis in 

2-Methyl-2-propanol-see t-Butanol 

766 

NADPH,, cofactor for monooxy, aenases 

electron donor in hydroxylation 783 
Methyl radicals, abstraction of methyl Naphthaldehydes, oxygen exchange 

Methyl ricinoleate, pyrolysis 730 Naphthalenc, biochemical dihydroxyla- 
R4ethyl p-toluenesulphinate, acid hy- 

drolysis in Hz190 81 1 Naphthaquinone pigments, mam 
Methyl 2,4,6-tri-t-butylbenzoate, hy- spectra 1068 

drolysis 809 2-Naphthol, production of a sulphur 
Methyl undecylatc, production from ether 628 

methyl ricinoleate 730 NaFhthols, determination by titrations 
Milas reaction, hydroxylation of olefins 

165 
Molecular charge distribution-see 180-exchange reaction 806 

Charge distribution 
kfolecular orbitals, calculations, by thermodynamics of ionization 373 

Methyl pyruvate, reaction with 773 
P-pinene 731 

groups from t-butanol 950 withHzl*O 824 

tion 790 

309 
oxidation 530, 531, 533, 555 

reaction with molecular oxygen 565 
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Naphthoxide ions, in hydroxidc-alk- 
oxide ion equilibria rate constant 
estimation 1 104 

Naphthyl urethaiic derivatives, hy- arkoxides 71 
drosyl compound detection 298 

Negative ion spcctroscopy i075, 1076 
Neomenthol, &hydratior. an alumina 

Neopentyl alcohol, decomposition 653 

4-Nitrol~enzyl cyariidc anion, nuclco- 

4-Nitro-~-bromostyrcne, reaction with 

X t r o  compounds, photochemical re- 
duction by alcohols 854 

Nitroethane, ncutralization 1100 

philic attack by alcohols 76 

683 reaci ivity with alkoxide, phenoxidc 

dehydration on alumina, y-cliniina- Nitrogen heterocycles, photoaddition 
and hydroxide ions 11 1 1 

tion 683 to alcohols 860-864 
non-classical carbonium ion 685 hlitro group, activating effect 11 5 

tion with nicthoxide ions 106 

alcoholic potassium hydroxide 75 

iodination 598 9-Nitro- 1 0-methoxyanthracene, rcac- 
oxygen exchange 653 

acid-catalysed 799 p-Nitro-/?-nitrostyrene, reaction with 
on solid surface 805 

Neopentyl halide, reaction with ISO- NitroparaGns, reactions with bases 

Nerd,  isomerization 722 
Nicotine, bacienal oxidation 769 
Nicotine adenine diphosphopyridine excited statc 352 

hydroxide 807 1099 
see also individual compounds 

p-Nitrophenol, H-bond donor in the 

nucleotide phosphate, reduced- -ISO, production 8 1 1 
see NADPH, radiolytic hydroxylation 146 

Nicotinic acid, bacterial oxidation and 
hydroxylation 769 tion 309 

&Nicotinic acid, electrolytic reduction 
262 mechanism 806 

Nitrate esters, for hydroxyl group production by  alkaline oxidation 92 
protection 1024 o-Nitrophenok, intramolecular H- 

Nitration 490492 4-Nitrophenylacetonitrile anion, nu- 

Nitrophenols, determination by titra- 

oxygen exchange reaction 806, 81 1 

stability to acids and alkalis 1024 

aromatic compounds 420-423 
in organic solvents 420-422 

mechanism involving ni tronium ion 

bonding 955 

clear magnetic resonance 77 
restricted rotation 79 

hydrolysis in H,lsO 810 
p-Nitrophenyl benzenesulphonate, acid 

Nitrenes, photoaddition to alcohols Z-(P-Nitrophenyl)-l -haloethylenes, alk- 

Nitriles, acid-catalysed hydrolysis 824 p-Nitrophenyl toluenesulphonate, hy- 

Nitroalcohols--see Alcohols Nitrophenyl urethane dcrivatives, hy- 
Nitroanisoles, nucleophilic attack by droxyl compound detection 298 

hydroxide and alkoxide ions 95- Nitrophthalate derivatives, hydroxyl 
106 ccmpound detection 298 

9-Nitroanthracene, reaction with alk- 3-Nitrophthalic anhydride, esterifica- 
oxide ions 94 

Nitroaromatics, alkaline oxidation 92 Nitropolycyclic aromatics, reaction 

49 1 

869-87 1 oxydehalogenation 81, 82 

H-bonded to phenols 343 drolysis in H,180 81 1 

tion of hydroxyl compounds 307 

with methoxide ions 94 
Nitrosamide decomposition 826 
Nitrosation, phenol 423 
Nitroso compounds, photochemical re- 

$-Nitrobenzoate derivatives, hydroxyl $-Nitrosodimethylaniline, hydroxyla- 

p-Nitrobenzoyl chloride, estcrification photolytic 161 
radiolytic 150 

nucleophilic attack by alkoxide and 

Nitrobenzene, free radical hydroxyla- 
tion, isomer distributions 169 

hydroxide ions 89-95 

rate constants 169, 179 

compound detection 298 

of hydrosyl compounds 3 10 

duction by alcohols 854 

tion, free radical 165 
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Nitrostilbenc, cis, !ram isonicrs, nuclear 

@-Nitrostyrene, rcaction with alkoxides 
magnetic resonance 79 

62 
substituted , hydrolysis 67 

Nopol, synthesis 730 
Norbornadicne, dethallation 208 

oxymercuration 208 
Dsythallation and dcoxythallation 

Norbxnanok, dehydration on alumina 

reaction with triphenylphosphine 

207 

684 

dibromide 607 
Norbornene, dcthallation 208 

oxythallation and deoxythallation 

5-Norbornene-2-enab carboxylic acid, 

7-Norborncnone, reaction with vinyl 

Nuclear nagnctic resonance, chemical 

207 

oxymercuration 203 

Grignard 742 

shifts, hydrosyl group 318 
H-bonding 322 
hydroxyl group derivatives, primary/ 

hydroxyl group detection and dcter- 

see also Proton magnetic resonance 
Nucleophilic aromatic substitution 

Nuclcophilic attack by hydroxide and 

secondary ratios 321 

mination 316-322 

444-446 

a!kmide ions 5 1 - 124 
on allylic systems 56-61 

~ e e  also Allylic systems 
on aromatic systems 83-1 13 

see also Aromatic systems 
on aza-aromatic systems 1 13-1 24 
on carbon-carbon multiple bonds 

61-83 
activating groups 61 
intermediates 75-80 
theoretical intermediates or transi- 

theory, ‘pseudo-atom’ and ‘quasi-a’ 
tion states 81-83 

bond 83 
a t  saturated carbon 53-56 

figuration 54 

Sh-2 mechanism 54 

ium ion formation 55 

usc of dipolar aprotic solvcnts 53, 89 

bixnolecular, inversion of con- 

kinetics 53-55 

unimolecular mechanism, carbon- 

for solvolysis reactions 55, 56 
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Nucleophilic reactivity, liydroxyl group 
455-457 

3 , 7-Octadicn-2-one, thermal rearrange- 

2-Octanol, dehydration on thoria 698, 

2-OctanoneJ production from methyl 

n-Octyl sulphate, hydrolysis 81 8 
7-0ctyn-2-one, cyclization 747 
Ocstronc, acetoxyIation 535 

ment 723 

699 

12-methylricinoleate 730 

displacement of hydroxyl group by 

Olefin formation, catalytic alcohol 
dehydration 642-705 

on alumina, acidity of surface 
proton 691 

activation energies 703 
basic sites 690 
elimination reactions 681 , 632, 

hydrogen exchange 690 
mechanisms 689-694 

poisoning Lewis centres 690 
principle of least motion 690 

cffect of substrate structure and 

effect of surface properties of 

inhibition by water 686 
selectivity 674 
on silica-alumina 672, 695 
single-site adsorption 686 
surface sites 675 
on thoria 672 

Nh‘, 625 

691, 702 

alkoxide 681 

reactivity 702 

catalyst 675 

oc-@-Olefink acids, decarboxylation 734 
@,y-Olefinic acids, pyrolysis 730 
Olefinic carbon, autoxidation for intro- 

Olefinic compounds, hydroxylation, 
duction of hydroxyl group 197 

free radical 166, 168, 171 
photolytic 161 
radiolytic 154-156 

see also individual compounds 
Olefins, acetoxylation 204-21 1 

mechanisms 205, 209, 21 1 
oxymercuration adduct as inter- 

mediate 204 
acyclic, oxidation 206 
anti-Markownikoff hydration 195, 

copper-catalyscd reaction with per- 
201, 227 

esters 195 
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biradical mechanism 529 Fremy’s salt 567-569, 574 

Olefins ( co12 i imd)  
cyclic, acetoxylation 204 

mechanism 2 10 
stereochemistry 205 

hydroxymercuration 203 
oxymercuration 203 
oxythallation 207-209 

ciemercuration, mechanisms 205 
dihydroxylation 198 
epoxidation 198 
exocyclic, synthesis 735 
hydration 643 

activation entropies 646 
to lsO-alcohols 798, 818 

hydroxy, hydrogenation 405 
induction of polymerization 225, 227 
isomerization, suppression 675 
Milas reaction 167 
oxidation, to alcohols 198 

by Pb(1v) acetate 206 
by singlet oxygen 2 15-2 18 

oxygenation, mechanism 2 17 
oxyinercuration 199-206, 208 
osypalladation 209-21 1 

to laO-glyc0ls 820 

Markownikoff orientation 2 10 
mechanism 209 
sterecchenistry 2 1 1 

oxyselena.tion 21 1-214 
oxythallation 206-209 

mechanism 208 
stereochemistry 206, 209 

oxythallation-dethalIation 209 
photoaddition to alcohols 857-860, 

photocycloaddition to enols 892 
see also individual compounds 

864-869 

Oleic acid, oxidation 819 
Onriager relationship, geminate recom- 

Orcinol, alkaline ferricyanide oxidation 

Orthoesters, cyclic, for hydroxyl group 

bination of ion pairs 970 

52 9 

Protection 1021-1024 
Oxaiolines, for hydroxyl group protcc- 

tion 1028 
Oxetanc, ring opening 399 
Oxidation, anodic, hydraxyl compound 

production 278-280 

phenols 284-290, 507, 575 

accompanied by dimerization 566, 

electrolytic 281-290 

phenols 506-578 

574, 578 

correlation Eetween Hanimett’s 
a-values and Ficser’s critical 
potentials 5 14 

group 535, 571 

coupling reactions 530, 53 1 
effect of electron withdrawing 

hindered 522 
hyperconjugation 544 
inhibiting efficiency of phcnol 544 
intermediates 535, 563 
ion radical species 554 
ion radical substituting agcnt 553 
kinetics 560 
mechanism 544, 556, 569, 571 

copy 51 1 
radical traps 548 
redox potentials 514 
Teuber’s reaction 568 
transesterification 548 

reactions 914-91 6 

mediate 217 

electron spin resonance spcctros- 

photochemical, phenols, coupling 

photosensitized, singlet oxygen inter- 

singlet-triplet intersystem crossing 
219 

radiolytic, alcohols 939, 990-992 
effect of dose rate 991 

see also Autoxidation; Epoxidation; 
Oxidizing agents; Oxygenation; 
Peroxidation 

Oxidation potentials, phenoIs 5 13-5 16 
Oxidative dealkoxylation, phenols 568 
Oxidative dcalkylation, phenols 568 
Oxidative dchalogenation, phenols 538 
Oxidative dcrnethylation-see De- 

Oxide ion, substituent constant 416 
Oxide ion substituents, activating group 

Oxidizing agents, for hydrocarbons 

methylation 

in aromatic side-chains 413, 414 

196-198 
for phenols, acyl peroxides 547-552 

alkoxy radicals 544 
alkyl peroxides 544-547 
benzoyl peroxide 55 1 

t-butylperbenzoate 548 
ceric ions 507, 514, 577 
chromyl chloride 574 
cobalt(xn) salts 577 
cupric salts 577 
Fenton’s reagent 540 
ferric ions 507. 530-533 

benzoyl migration 548 
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halate ions 577 
halogcns 570-572 
hydrcgcn peroxide 539-544, 555 

and ammonium molybdate 540 
lcad dioxide 507, 519, 537-539 

active oxygen coiltent 537 
lead tetraacctate 533-535 
nianganese dioxide 507, 577 
manganic ions 577 
mercuric oxide 577 
oxygen, dissolved 560 

molecular 560-567 
peracids 547-552 
perchloryl fluoride 572-574 
periodate 556-560 
permanganate 577 
perosy radical 544., .546 
persulphatcs 553-556 
potassium ferricyanide 507, 510, 

quinoncs 510, 574 
silver oxide 507,510,531,569,570 
sodium bismuthatc 557, 577 
triflucroperacctic acid 552 
vanadium(v) salts 577 

513, 516-530, 537, 538, 555 

see also Oxidation 
Oximes, free radical hydroxylation 168 
Oxonium ions, mass spectra of alcohols 

Oxy-Cope rcarrangeinent 733, 738- 
1050 

743 
biradical mechanism 742 
enolene rearrangement as terminal 

stcp 749 
Oxygen, isotopic composition 797 

Oxygcnation, mcchanisni, singlet osy- 

mixed function, biochemical hy- 
droxylation 772-790 

photosensitized, effect of singlet 
oxygen 194 

rate dependence on structure 218 
stcric control 218 

Jee also Singlet oxygen 

Sen 217 

see also Monooxygenation 
Oxygen exchange, alcoholic oxygen 

alcohols, on solid surface, dehydra- 
tion and isomerization 805 

with carbon dioxide 803 

solvation shell 80 1 
stereochemistry 801 

aldehydes and ketones 824 
phenols 806 
production of l80-alcohols 799-804 

0-H bond, theory 8-33 

Oxynicrcuration, ligdroxyl group for- 

Osyniercuration-dcmercuration, Mar- 

mation 199-206, 208 
stereochemistry 202 

kownikoff hydration 20 l 
stcrcoselectivity 20 1 

mation i99-2 14 
Oxymetallation, hydroxyl group for- 

see also individual oxpetallations 
Osypaliadation, hydroxyl group for- 

Oxyselenation, hydroxyl group forma- 

Oxythallation, hydrosyl group forma- 

Ozonidcs, photoaddition to alcohols 

mation 209-21 I 

tion 211-214 

tion 206-209 

869-87 1 

Panosc, preparation 1024 
Paraffins-xe Alkanes 
I-Pentanol, dehydration on silica- 

alumina 695 
2-Pentanol, dehydration on alumina 

686 
3-Pentanol, dchydration on alumina 

686 
dehydration on silica-alumina 695 

t-Pentanol-see 2-Methyl-2-butanoI 
2-Pentsnone, irradiation 72 1 
Pentaoxy phosphoranes, production 

Pcntasaccharide derivatives, niass spec- 

Pente.ies, production from neopentyl 

3-I’enten-2-one, photochemical rc- 

4-Pentcnoplienone-2-d, cnolcne rc- 

production by enolene rearrange- 

Pentyl alcohol--see Pentanol 
Peracids, heterolysis to give hydroxyl 

homolysis to givc frec hydroxyl 

hydroxylating agents 172-1 76 
oxidation of phenols 547-552 

and reactions 4.95 

tra 1079 

alcohols 799, 805 

arrangement 727 

arrangement 72 1 

ment 747 

cations 172 

radicals 172 

Perchlorate, esterification catalyst 303 
Peresters, copper-catalysed reaction 

with alkenes 195 
Perfluoro-2 -methyl -2 -propanol, hy- 

droxide-alkoxide ion equilibrium 
constants I I06 

Peroxidation, photosensitized 219 
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1,2-Peroxides, intermediates in anthra- 
rilic acid hydroxylae systems 789 

Pcroxy radicals, reaction with phenols 
544 

reaction with phenoxy free radical 

transannular position 150 
544 

9-Phcnanchraldehyde, oxygen exchange 

Phenol, chlorination 424, 425 
with H2180 824 

detcrmination by titration 309 
diazonium coupling, 0-p ratio 427 
halogenation 423 

mechanism 419 
H-bonding 343, 344 
hydroxylation 822 

free radical 168 
radiolytic 146 

kinetic isotope effect for rcplacemcnt 
of OH hydrogen by deuterium 
544 

nitration, in acetic anhydride 42 1 
in aqueous solution 422 
efFect of solvent 421 

in-nitration 423 
nitrosation 423 
oxidation 530, 548 
l*O-exchange reaction 806 
production, by chain reaction from 

by rearrangement of the hydro- 

from triphcnylphosphitc dibro- 

reaction, with hydrosy r;dicals 5.22 
with triphenyl phosphite dichlor- 

benzene 151 

peroxide 820 

niidc 608 

ide 608 
sulphonation 425-427 

equilibrium control 426 
ternpcraturc depcndcnce 425 

ultraviolct spectrum 894 
volume of ionization in water 376 

Phenol anions, effect of steric factors on 
solute-solvent interactions 381 

Phenolasc, and biochemical hydroxyla- 
tion 783 

inhibition of hydroxylation 784 
Phenol complexes, with H-bond accep- 

Phenol molecular ion, structure by 

?henof propargyl ether, thermal re- 

Phenols, acid-base reactions 366 

tors 342 

mass spectrometry 1057 

arrangement 724 

acidity, in aqucoiis solution 373-380 

in D 2 0  376 
effect of deuterium substitution 

379 
effect of electronic excitation 379 
Hammctt po correlations 380 
Hcplcr's theory 376-378 

alkyl-substituted, hydrodealkylation 

association, effect of' solvent 333 
autoxidation-see Autoxidation 
chlorination-see Chlorination 
conversion to phenoxy radicals 577, ' 
detection, using bromo derivatives 

determination, acid-base method 

578 

578 

299 

3 0 7-309 
azo dye formation 31 1 
infrared spectra 3 15 
trace quantities 31 1 

oxidative, catalysts 575 

632 

dimerization 932 

peisulphate yield 554 
displacement of hydroxyl groups 

electron releasing properties 3 16 
electrophilic aromatic substitution 

halogenation-see Halogenation 
halogen containing, photolysis 909- 

hydrogenation-see Hydrogenation 
H-bonded, infrared spectra 334 
H-bonding,to aniline 347 

418 

914 

correlation with acidity 345 
correlation with Avo=, KDBpou and 

effect on n-x* transition in elec- 

intermolecular 33 1-334 
shifts in p.m.r. signals 332 

intramolecular 360-367 
eficct on acidity 376 
effect on infrared band posi- 

effect on p.m.r. signal positions 

a-constants 347 

tronic spectra 352 

tions 360 

360 
so!vent effects 350-352 

dielectric constant 350 
refractive index 350 

sxength and OH bond moment 
347 

as H-bonding acids 340-352 
enthalpy of H-bond formation 341 
v O H  frequency shift 341 
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p.ni.r. chemical shifts 340 
H-bonds, length 346 
hydrogenolysis-see Hydrogenolysis 
hydroxylation-see Hydroxylation 
ionization, thermodynamic quanti- 

mass spectra-see Mass spectrometry 
in methanol, thermodynamics of 

ionization 381 
molar absorptivities 3 13 
molecular weights from infrared 

nuclear magnetic resonance 320 
OH stretching frcquencics, correla- 

tion with Hammett po relation- 
ship 331 

ties 373-376 

spectra 315 

oxidation-see Oxidation 
oxidation potentials 5 13-5 16 
-leO, production 798 
Is0-exchange reactions 806 
photochemical oxidative coupling 

photochemical reactions 894-927 
addition 9 17-922 

intramolecular 9 17-920 
with aryl ketones 922-927 
with hydrogen peroxide 914- 

with molecular oxygen 9 14-9 1 7 
photochemical sensitized addition to 

quinone methides 920-922 
photoinduced intermolecular proton 

transfer 897-900 
photoinduced intramolecular charge- 

transfer 900-904 
photoinduced reversible tautoineri- 

zation 904-909 
photolysis--see Photolysis 
pK, values 41 7 
production by electrolysis 261,280 
reduction 506, 578-581 
relationship between pK. and o-con- 

solid state, H-bonded 334 
sterically hindered, H-bonding, asso- 

ciation constants 349 
substituted, acidity, effects of steric 

hindrance 378 
o-substituted, dimerization 333 

914-916 

917 

stants 373 

H-bonding, intramolecular 33 1, 
332 

steric effect 348 
cis and trans isomers 360 
tritylation 441 

titration indicators 309 

trinicrization 333 
SCE also individual compounds 

Phenomes, mass spectra 1071 
Pheiioxide ions, activating substituents 

444 
chlorination 424 
estimated reactivity 11 10-1 112 
intermediate in oxidative dehalo- 

production during phenol oxidation 

Phenoxides, alkylation, no catalysts 
43 1 

Phenoxonium ion, intermediate in 
phenol oxidation 535, 574 

production from quinol ether 508 
Phenoxy-peroxy coupling 546 
4-Phenoxyphenols, photosensitized dis- 

Phenoxy-phenoxy coupling 547 
Phenoxy radicals, autoxidation in- 

conversion to aryloxy radicals 575 
coupling with hydroperoxy radical 

dimerization 5 17-527 

genation 538 

517 

proportionation 925-927 

hibitors 506 

54 1 

carbon-carbon 51 7-522, 567, 569 
carbon-oxygen 522-527, 567, 569 
charge-transfer complexes 527- 

oxygen-oxygen 527 
530 

disproportionation 5 10, 520 
electron spin resonance study 506, 

estimation from Oxidation potentials 

hindered, disproportionation 523 

507, 510-512 

514 

production 538 
reaction with oxygen 562 

infrared spectra 5 10 
intcrmcdiate, in phenol hydroxylation 

in phenol oxidation 538, 571, 574 
in phenol oxidative dimerization 

intcrmolecular coupling with aryl 
ketones 923-925 

magnetic susceptibility 510 
nuclear magnetic resonance spectra 

oxidation 516, 561, 570 
oxidative demethylation 569 
oxidizing power and oxidation PO- 

tential 516 
paramagnetism 5 I0 

541, 542 

5 74 

510 
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Phenoxy radicals (confi)iiied) 
production, frcm 4-bromocyclolicsa- 

by hydrosylation, fiec radical 

radiolytic 146 
from phenols 507,522,568,569,577 

by  electrolytic oxidation 575, 

b y  flash photolysis 578 
and a pcrosy radical 544 

production of quinol erhcrs 575 
reaction with peroxy radical 544 
scavengers of 510 
short-lived, spin densities 5 12 
stable, production 507 

spin densities 5 12 
structure 5 17 
ultraviolet-visible spectra 5 10 

dienone 520 

168 

5 76 

Phenyl acetate, reactivity with alkoxidc, 
phenoside and hydroxide ions 
1111 

Phenylacetylene, reaction with sodium 
methoxide 73 

Phenylalanine, biochemical hydros yla- 
tion 785 

Phenylalanine liydroxylase, biological 
hydrosylatiilg agent 78.5 

pH optimum 790 
Phenylalanine monoosygenasc, hy- 

1 -Phenylallyl alcohol, HCIO,-catalysed 
drosylation agent 776 

rearrangement 802 
oxygen cvchangc reaction 802 

3-Phcnylallyl alcohol, production 802 
i -Phenylallyl p-nitrobenzoate, re- 

3-Phenylallyl p-nitrobenzoatc, produc- 

p-Phenylazobenzoate derivativcs, 

arrangement 824 

tion by rearrangement 824 

column and paper chromato- 
graphy 300 

Phenylboronates, for hydrosyl group 
protection 1025 

3-Phenyl-3-buten-l-ol, decomposition 
733 

Phenylcarbamates, hydroxyl group 
protection 101 8-1020 

2-PhenylcyclohesanoIsy dehydration 
656, 658 

I-Phenylethancboronic acid, optically 
active, autoxidation 230 

1 -Phenylethanol, racemization and 
oxygenexchange 649 

substituted, dehydration 704, 705 

fl-Phrvqktliyl bromide, E2 climination 
of 1iyd:-ogcn broinidc 1099 

Phcnyl mcthaiicsulphonate, hydrolysis 
in H, lXO 81 1 

3-Phenyl-3-methylbutan-2-01, dehydra- 
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