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Foreword

The present volume of the series “The Chemistry of the Functional
Groups’ is again organized according to the general plan as described
in the Preface 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 SavL PaTal



The Chemistry of the Functional Groups
Preface to the series

The series “The Chemistry of the Functional Groups’ is planned to
cover in each volume all aspects of the chemistry 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 group in guestion, and secondarily on the bchaviour of the
whole molecule. For instance, the volume The Chemistry of the Ether
Linkage deals with reactions in which the C—QO—C group is involved,
as well as with the effects of the C—O—C group on the reactions of
alkyl or aryl groups connected to the ether oxygen. It 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 presence of the
ether group, but the primary subject matter is not the whole molecule,
but the C—O—C functional group.

A further restriction in the treatment of the various functional
groups in these volumes is that material included in easily and gen-
crally available secondary or tertiary sources, such as 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 7ot to give an encyclopaedic coverage of his
subject, but to concentrate 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 at 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 preserving the read-
vii



viii Preface to the series

ability of the text. The Editor set himself the goal of attaining
reasonable 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 with the 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 chapter 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 or
complex-forming ability of the group (if applicable).

(d) Chapters on the reactiocns, transformations 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 may include short monographs on related func-
tional groups on which no separate volume is planned (e.g. a chapter
on ‘Thioketones’ is included in the volume Tke Chemistry of the
Carbonyl Group, and a chapter on ‘Ketenes’ is included in the volume
The Chemistry of Alkenes). In other cases, 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 of The Ether Linkage, or “Tetraaminoethylenes’
in The Chemistry of the Amino Group.

This plan entails that the breadth, depth and thought-provoking
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nature of each chapter will differ with the views and inclinations of
the author and the presentation will necessarily be somewhat uneven.
Moreover, a serious problem is caused by authors who deliver their
manuscript late or not at all. In order to overcome this preblem at
least to some extent, it was decided to publish certain volumes in
several parts, without giving consideration to the originally planned
logical order of the chapters. If after the appearance of the originally
planned parts of a volume it is found that either owing to non-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 the Carbonyl Group (published ir 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)

The Chemistry of the Caroon—Nitrogen Double Bord ( published)
The Chemistry of the Cyano Group (published)

The Chemistry of the Amides ( published)

The Chemistry of the Hydroxyl Group (published in two parts)
The Chemistry of the Carbon—Halogen Bond (in preparation)
The Chemistry of Carbonyl Halides (in preparation)

The Chemistry of the Azido Group (in preparation)

The Chemistry of the Carbon—Carbon Triple Bond

The Chemistry of Imidoates and Amidines

The Chemistry of the Thiol Group

The Chemistry of the Quinonoid Compounds

The Chemistry of the Hydrazo, Azo and Azoxy Groups

The Chemistry of the SO, —SO,, —SO,H and —SO;H Groups
The Chemistry of the —OCN, —NCO and —SCN Groups
The Chemistry of the —PO 1, and Related Groups

Advice or criticism regarding the plan and execution 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 of several stafl-
members 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 to Prof. Y. Liwschitz, Dr. Z. Rappoport and Dr. J.
Zabicky. Carrying out such a long-range project weuld be quite
impossible without the non-professional but none the less essential
participation and partnership of my wife.

The Hebrew University, SauL PaTar
Jerusalem, IsRaEL
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CHAPTER 1

Theoretical aspects of
the chemistry of
the hydroxyl group

R. F. W. BADER

Department of Chemistry, McMaster University, Hamilton, Ontario,
Canada
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i. 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 electronic struc-
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 yicld 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 clectronic charge in the molecule.

1



2 R. F. W. Bader

The molecular charge distribution describes the manner in which
the clectronic charge is distributed throughout real space. Thus the
properties of a system may be given a direct physical 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 p does not yield a direct physical picture because of the
multidimensional nature of the wavefunction for a many-electron
system.

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

p*pdryde,...dr;. . . dry

where dz; denotes both an infinitesimal volume element in the space
of electron ¢ and a definite spin component either o or 8. The integra-
tion of this product over all the spins (thereby changing each dz;
into a spatial volume element dx,) and over the spatial coordinates
of all the electrons but one, say electron 1,

dx, j pry diey dag . . . dxy (I-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-dimensional space.
Since all N electrons are equivalent and indistinguishable, a con-
sequence of the antisymmetry requirements imposed on w by the
Pauli exclusion principle, the fotal probability of finding ncgative
charge in a given region of space is N times the onc-electron prob-
ability given in equation (I-1)

dxy NJ p¥pdr,dx, .. . day (I-2)
The three-dimensional distribution function p(x)
p(x) = N J' vy dey dr, . . . de (1-3)

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 scattering
observed in X-ray and electron diffraction experiments. 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
Bartell® ¢ have reported electron diffraction results for small-angle
scattering on gas phase molecules which suggest that electron scatter-
ing techniques now in development should be able to provide in-
formation about the charge distribution of the bonding electrons.

Hohenberg and Kohn® 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 chemical reaction. Concepts such
as ionic-covalent character and electronegativity® are outstanding
examples of earlier attempts to determine empirically how the total
charge is partitioned between the atomic components of 2 molecular
system. With the advent of relatively good quantum mechanical
calculations, we are now able to determine and relate chemical
phenomena to the actual distribution of charge throughout three-
dimensional space.

In addition to its use in the direct calculation of physical 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 difference 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 Hellmann-Feynman
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theorem which relates in a rigorous manner the forces acting on the
nuclei to the distribution of charge in the molecule® 9, Because of the
cssentially classical ndture of the connexion between 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
wavefunctions, a brief discussion of the ultimate accuracy and
limitations of these functions is given 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 antisymmetrized 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 electrons with identical spins. The motions of electrons
with 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 probabilities, 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 the correlation energy??, (There is also a correction
for the neglected relativistic effects but these are very small for atoms
in the first two rows of the Periodic Table.)

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

[—'§V12 - zrz—"]m(xl) + [2 J 7 (xe)i/‘j(%) d'.rz:lt“i(xl)

a 112’:“‘ ﬂj(xg)%z/‘f(xe) d"-’]/‘j(xl) = &) (I-4)

there being one such equation for each spin-orbital u;, i.c., a space
orbital ¢, multiplicd by an « or § spin function. For a closed-shell
system of N electrons there will be N/2 occupicd and distinci space
orbitals. The summations in equation (I-4) are over ail N of the
occupied spin-orbitals.
The first bracketed term in equation (I-4) represents the kinetic
* Atomic units are used throughout this chapter: length, I au = a4 = 0-52917

A; energy, 1 au = e%/gy = 6-2771 x 10? kcal/mole; force, 1 au = e*/ay® =
8-2377 x 10-3 dynes; charge density, 1 au = ¢/a,® = 6:749 e—/Az2,
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encrgy and thc potential energy in the field of the nuclei of an
clectron in the orbital x;. The summation ¥ pu;*(x.)g;(x.) in the

second term, called the coulomb term, rcprcsc]nts the fotai electronic
charge density at each point in space, and the integral of this quantity
over the operator 1/r,, gives the repulsive field exerted on the
electron in y; by the total charge distribution (including a contribu-
tion from the electron in g,). The third bracketed term, the exchange
term, arises from the antisymmetry conditions imposed on the wave-
function, and is different from zero only for those spin-orbitals
possessing the same spin as g,. This term removes all contributions to
the total repulsive field expcrienced by the electron in g; at the
position x, from other electrons with the same spin as that of the
electron in y;. The exchange charge density when integrated over all
space yields one electronic charge and hence its presence in equation
(I-4) decreases the total number of electronic charges exerting a re-
pulsive force on the electron in g; by unity. The exchange term may,
therefore, be interpreted as providing a corraction to the coulomb
term which includes a contribution from the electron in u; exerting
a repulsive force on itself!1,

Equation (I-4) replaces the actual instantaneous repulsions be-
tween pairs of clectrons by an average interaction, one which des-
cribes each electron scparately 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 corrclation error in the total energy.

The total energy of the system in terms of the orbital energies &; is

E =3¢ — 3 {l#]i] — [ (I-5)
1<y

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

Equation (I-4) for the one-electron orbital cnergies is derived by
demanding that the functions p,; give the lowest possible 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 I-4 are too involved to solve directly, since
the solution of each equation demands a knowledge of the solutions
for the remaining (N — 1) equations. This is a consequence of the
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fact that the average field exerted by the remaining (N — 1) elec-
trens as expressed by coulemb and cxchange terms is known only
when all the remaining u; are known.

To overcome this difficulty Roothaan!? has devised a self-con-
sistent field method for solving the Hartree-Fock equations for a
system based on the expansion of each g, in terms of a linear com-
bination of much simpler functions!3. 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 the 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 the Hartree—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
showsn that the Hartree-Fock limit may be reached for all practical
purposes using basis scts of reasonable size. For example, the basis
set required to approximate the Hartree-Fock orbitals for the OH
radical'4 to an accuracy of about 0-001 consisted of 24 Slater type
orbitals (STO’s) with the following composition: centred on oxygen,
two s, two 2s, four 2po and four 2pz, two 3do and one 3d=, onc 4fo
and one 4fn; and centred on hydrogen, two ls, onc 2s, one 2p0 an
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 thecrem itself is due to Brillouin! and, as a
consequence of this theorem, we 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. To test this assumption we have listed in Table I-1 the
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8 R. F. W. Bader

valucs of the dipole moments and forces acting on the nuclei calcu-
lated from Hartrce-Fock wavefunctions for a number of hydride
molecules. In addition to the one-electron properties just cited we
have also included calculated valucs of some energy quantities and
spectroscopic constants. The values of the one-electron properties are
indeced in good agrcement with experiment, the dipole moments
exhibiting an average crror of about 0-12 Dcbyes and the forces on
the nuclei which should be zero 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
I-1, OH and CH, do not exhibit any sudden deterioration in quality.

The electronic contribution to the dipole moment is determined
primarily by the spatial dctails of the charge distribution in its outer
rcgions while the forces 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 the distribution with one obtained from a morc extended
calculation. Such comparisons have been made for H, and Li, 18,
using the wavefunctions of Das and Wahl!? which yield a large
fraction of the correlation energy. It was concluded that no notice-
able error is introduced 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 10-%au,
a number smaller by a factor of 20 than the outer contours used to
.determine the nonbondcd sizes of molecules.

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

Il. A STUDY OF THE O-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 concerned with the molecular charge distri-
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butions and mcchanism of binding of the proton in the diatomic
species OH+ OH' and OH-.

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

OH+ 10%206%3021n%; 32X~ (14, 1X+)

OH® 16%22¢230%1n3; 21T

OH- 10%2¢23¢2%174; 12+
The hydroxide ion posscsses a closed-shell clectronic structure and
hence a singlet, symmetric ground state. The radical OH" possesses
both orbital and spin degencracy. The half-filled = configuration in
OH* results in three distinct states, 32—, *4 and X+, 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 32— state, is lowest in energy. Certain
cnergy values and other physical characteristics of these molecules
are listed in Table II-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 II-1. Physical properties of OH+, OH' and OH~ *,

Electron  Ionization

AH Term R, (au) D, (ev) affinity potential we (cm—1)
(ev) (ev)

OH+ X3x- 1-944 (>44)

OH* X2 1-8342 4-63 1-83 13-36 37352

OH- Xiz+ (1-81) (>3-48) (3773)

* Data from P. E. Cade. 7. Chem. 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 planc of the
nuclei*. Bader, Keaveny and Cade?®® have presented an interpreta-
tion of the binding in the first-row neutral diatomic hydrides based
upon the molecular charge distribution and the forces which it
exerts on 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

# The Hartree-Fock wavefunctions used to calculate the charge densities
were obtained from P. E, Cade and W. Huo, 7. Chem. Phys., 47, 614 (1967) for
OH(X?2IT;), CH(X®II,) and LiH(X'X*); unpublished wavefunctions of P. E.
Cade were employed for OH—(X1X+) and OH*(Z-).



OH-

Ficure 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 charge 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 charge reorganization
when an electron is added to or removed from the neutral OH’
species.

The valence 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 outermost
density contour shown in cach diagram (equal to 0-002 au) defines
a volume in space which encloses over 959, of the total clectronic
charge of the system. For molecules able to exhibit nonbonded inter-
actions, the molecular length and width as determined by this
particular contour agree well with the sizes of molecules determined
by nonbonded interactions in both the gascous and solid states”. The
lengths (L) reported in Table II-2 provide at least a relative measure
of the size and extent of the charge distributions of the hydride
molecules.

TasLe 11-2. Propertics of the molecular charge distributions of diatomic hydrides®

u Ta I Nonbonded charges

AH (Debycs) L Molecule Atomor Molecule on?
ion A H

OH+ 6-4 2-8 2-6 1-7 3-84 (3-3) 0-24
OH’ 1-780 6-7 3-0 29 2-0 423 (4-0) 0-36
OH- 7-1 3-1 3-1 2:2 4-68 (4-5) 0-51
LiH —6-002 7-7 1.7¢ 3-2 29 1-09 (1-5) 0-71
CH 1-570 79 35 32 2-3 3-21 (3-0) 0-49
HF 1-942 6-3 2-7 2.8 19 4.72 (4-5) 0-30

s All lengths arc in au.
® Values in parentheses are free separated atom or ion values.
¢ The value of 7Lit+ is 1-8 au.

The distancec measured from either nucleus along the bond axis to
the outermost (0-002) contour prcvides a measure of the nonbonded
radius of the ‘atom’ in the molecule. The contribution of the non-
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bonded density on both H and O to the length of the molecule in-
creascs as the number of electrons is increased. The value of 7y for
the free atom is 2:5 au. Relative to this value the nonbonded radius
of H is considerably decreased in all thrce molecules. The removal
of an electron from OH" causes an overall tightening of the charge
distribution and a shift in the values of the nonbonded radii towards
values characteristic of HF. In fact thc amount of charge density in
the region of the proton in OH+ is less than in HF. Similarly the
addition of an electron 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 (ry = 3-2, ry = 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 II-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, and passing through the A or H nucleus. The non-
bonded charge on oxygen exceeds that of the parent oxygen ion or
atom in cach of the three molecules. The nonbonded population on
hydrogen is essentially unchanged from the 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 O and H upon ioniza-
tion of or electron attachment to OH again reflect a shift in the
properties of the charge distribution towards those characteristic of
HF or NH respectively. The increase in the nonbonded charge on O
and its decrease for H (compared to O+ 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 O in OH - is similar in
value to that on F in the isoelectronic molecule HF, the nonbonded
charges on H 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 O~ and H. Such a comparison
shows that the valence charge density is democratically delocalized
over both nuclei in a manner similar to that found for the less polar
central member of the hydride series CH.

A more detailed view of the differences in the charge distributions
of OH" and 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
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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.)

In the orbital approximation the added electron enters the 1=
molecular orbital. A glance at Figure 5 indicates that the 1z orbital

Frcure 2. A density difference map showing the change in the molecular charge

distribution when an electron is captured by the neutral OH species. 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 I1-7, Tae proton
is on the left-hand :zide in this diagram.

density in all three of the OH species is highly localized on the O
nucleus with a distribution very close to that of a 2px atomic orbital
on oxygen. In 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 electron attachment (an
assumption which is frequently employed) Figure 2 would reduce to
a density plot of the 1z molecular orbital. The pattern of charge
shift actually obtained indicates that all the orbitals undergo a sub-
stantial change when the number of clectrons or the electron con-
figuration is altered. Thus, in spite of the fact that the 1z 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 o 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 distribution caused by the addition, removal or cxcita-
tion of an electron??,

One further point of interest regarding thc total charge distribu-
tion is its insensitivity to changes in the spin multiplicity when these
changes correspond to transitions between different electronic states
arising from the same configuration?!. For example, the molecular
charge distributions for the three states of OH*, 32—, 4 and X+,
all of which arise from the same 1xz? open-shell configuration, are
indistinguishable to the accuracy to which they are portrayed in the
present article. It should be stressed that completely separate and
distinct Hartree—Fock calculations are made for each state. Thus the
differences in the chemistry observed for such states of different
multiplicity cannot be accounted for in terms of differences in their
charge distributiens. 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 follow
a different reaction coordinate.

A detailed picture of the net reorganization of the charge density
of the separated atoms accompanying the formation of a molecule
may be obtained by subtracting the superimposed densities of the
compouent (undistorted) atoms separated by R, from the molecular
charge density, also evaluated at 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 Apg,(x, »). The 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 repulsion®?. 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 equilibrium and a stable chemical
bond. In this sense the charge density differences may be interpreted
as pictures of the ‘bond density’.

It is natural to use the location of this charge increase relative 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 symmetrically placed between 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
Apgs(x, ») maps are similar for 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 bonded side encompasscs
the proton. These 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 charge density along the axis and its
removal from a torus-like region perpendicular to the axis represents
a quadrupole 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 dipolar polarization depicted in the Apg, (¥, ¥) 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, for atoms whick employ principally p-type
orbitals, the reorganization of the charge density accompanying bond formation
is quadrupolar in character, regardless of the bond type?» 20, 23,

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.
Tlus polarization accounts for the increase in electronic charge
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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 heavy nuclei is largely con-
fined to the binding region.

The Apg, map for OH ~ is most similar to that for CH as judged
by a comparison of the extent of charge removal from the non-
bonded region of the proton, of the positioning and extent of the
charge increase in the binding region relative to the position of the
protoin and of the spatial extent of the torus-like region of charge
removal from the region of the oxygen or carbon. The tightening of
the charge distribution accompanying the ionization of OH" to
yield OH+ results in a shift of the characteristics of the dpgy map
towards thosc of HF.

The nonbonded radius of the L1 in LiF (and in LiH) is the same as
for a Li+ ion. Sincc the valence density of the Li atom is extremecly
diffuse, only a single negative contour appears in the 4dpg, map to
signify its essentially complcte transfer to the F. The slight accumula-
tion of charge density on the nonbonded side of the Li nucleus is the
result of a polarization of the ls core density, the significance of
which is discussed below. It has becn previously?* shown that a plot
of just the sigma density increase around ¥ in LiF (that is, from lo,
20, 30 and 4¢ molecular orbitals) is almost coincidental te a single
occupied 2pc density on F. Thus the Apg, pattern obtained in LiF
can be viewed as the equivalent of filling a 2pc 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 thc 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
filling of an asymmetrically distorted 2pc orbital on A. The density
increase binding the nuclei is thus shared by both nuclei, and the
binding in these molecules is therefore covalent. The extent and
details of sharing the charge increase, however, change markedly
through the series. In CH and OH- the density increase in the
binding region is a maximum at the proton and results from a sharing
of density centred on both nuclei. The remaining members of the
series, OH, OH+ and HF, give dpg, diagrams which progressively
give the appearance of an unsymmetrical 2p0 atomic orbital centred
on A with a proton embedded at its extremity.

There is another feature of the 4pg, maps which indicates that the
extent of charge transfer is not as great in the hydrides, OH+ and
HF for example, as in the ionic cases of LiH or LiF. The extreme



Ficure 3. Contour maps of the density difference distributions dpgs (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 2po orbital.



Ligure 3 continued

The remaining 2p clectrons are averaged over the 2/x orbitals, The proton is on
the right-hand side in these maps.

OH G~—B
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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
on H and on F (i.e., like H- and F~) and of the density remaining
on Li (i.e., like Li+). It 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 at the Li
nucleus and attraction (just coulombic attraction). Furthermore, if
the localized charge were symmetric about the I nucleus, then it
would experience 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 on the F must be polarized along the bond, that
is, towards the Li. Such an inwards polarization exerts a force on the
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 4pg, 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 Aps, maps for the hydrides shown in Figure 3 indicate that the
charge increases 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 field 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 dpg,(x, »)
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 O-H radical diminiskes both the quadrupole
polarization of the charge density in the vicinity of the O nucleus
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and the dipolar polarization in the region of the proton. A corres-
ponding density difference map for a bond contraction is the same
as that shown in Figure 4 with all signs reversed. Thus, as the bond
is contracted the polarizations are enkanced and charge density is
removed frem the belt-like region perpendicular to the bond axis
and concentrated along the axis.
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Ficure 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 contcurs are reversed.

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

Ap(x, ») = p(molecule in field) — p(unperturbed molecule)

illustrate the same polarizations of the charge density as are found in
the Aps,(x,y) 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, charge 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 4pg,(x, ¥) maps, which show
the response of the atomic charge densities to a field resulting from
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the close appreach of nuclei, are identical in form with the response
of a system to an externally applied field.

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)- ion?® 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?3, 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

the Nuclei

According to the theorem of Hellmann and Feynman?. ¢ 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 eleciron density distribution. The important
feature of this theorem is that the force is determined by the distribu-
tion of charge in reai three-dimensional space, an observable property
of the system. It 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

Fy, = 0E/oX,=(0/0X)(y* [H| )
= {y*|0H/0X,| v) +{dy* /0X, | Hlyy +{y*|H|dp/3X,) (II-1)
For the exact wavefunction
Hy = Ey
and the two final terms on the right-hand side of equation (II-1)
may be reduced to

0
* —
EaXA j.y) pdr =0
Hence Fg, = {y 0H/0X| v) (11-2)

When y and the -clectronic 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 Hamiltonian operator 4 which
depend on the nuclear coordinates are the internuclear separations
R,5 and the nuclear-clectron attraction terms. For example in a
diatomic molecule AB

e (Z,Z 1 VAVA cos 0,;
otfax, = s (DD 7, 2 )T A
/044 aXA< Ryz A 21 Tia Ryp? A zz 7ia®
where 0; and r,, are polar coordinates centred on nucleus A defining
the position of electron i. The only term involving the elecironic
coordinates, the last term, is a one-electron operator, and thus a
knowledge of the full N-electron probability distribution as given by

p*ypdx, dx.. . . dxx

i1s unnecessary. Instead it is necessary to have only the probability
distribution for a single electron multiplied by N, i.e., the molecular
charge density

o(x) = Nj p*pdy,. . . din (1-3)
Z,.Z 6
Thus Fx, = 322 - 2, J °‘Z2Ap(x) dx (11-3)

The Hellmann-Feynman theorem holds 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 function??. 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/l) = E:-l Ni¢i* (x/t>¢i(x/t)

where N; is the occupation number of the molecular orbital ¢,(x,,).
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
(I1I-3) as

Fea = (Zo/R%) 125 — Z Sl (11-4)

where f;, is the force exerted on nucleus A by the charge density in
the :th molecular orbital multiplied by R?

fir = RN 94

cos 0,

$i(x,) d (I1-5)

]
Tua
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The f;, may be either attractive or repulsive and thus their values
can be used as a quantitative gauge of thc binding or antibinding
characteristics of the ith molecular orbital using a significant reference
standard. The reference standard is based on the contributions to
the force on A as R — «, where F, = 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 from each electron on B screening one of the
nuclear charges on B from nucleus A. Thus the limiting value at
R — o of the sum of the f;, values for the force on nucleus A is the
total electronic charge on atom B and

ZﬁA(w) = Zz: N, =2y (11-6)

where the sum over [ refers to a sum over the atomic orbitals on B.

The f;» have the dimensions of electronic charge. Each fi, is
numerically equal to the number of point charges which, when
placed at the B nucleus, exert the same ficld 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 R, the system is
in electrostatic equilibrium, F, = 0 and agaia one obtains the
condition

ZﬁA (Rc) = ZB

At intermediate internuclear distances the sum of the effective
charges exceeds Zj, 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 (1I-6).
This suggests that the limiting value of each individual f;, should be
taken as the number of electrons in the ith molecular orbital which
correlate with the B atom for large values of R, N,y

JiaR > o) =N,y (=0,1o0r2)

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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of fia(R,) with N,z. This compares the charge equivalent (in terms
of a2 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 the anccstral pair of electrons in the scparated atoms.
This latter number is simpiy the number of electrons which correlate
with B, since the electrons which correlate with A exert no field at
the A nucleus as R - oc. In general f;,(R,) may be greater than,
equal to or less than N leading to the three definitions listed below:

.f‘;'.-\(Rc) > NiB bindlng MO
Sia(R) ~ N; ‘nonbinding MO
Juu(R) < Ny antibinding MO.

To allow for a more detailed understanding of the variations in
the f;, or f;g 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 f;s 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 (II-5) is written as

f:‘A = [f;fA(AA) +fiA(AH) +f;'A(HH)] (11‘7)
for the A nucleus in A-H, and as
S = ™ + f* + fid] (11-8)

for the proton. For example, f;,**" (= atomic force) denotes the
contribution to the partial force on nucleus A from the atomic
charge population on A; f;,*® (= overlap force) is the correspond-
ing contribution from the overlap charge density, and f;,&%®
(= 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 screening
forcec provides the sole contribution to the f; values for large values

of R, i.c.,

Sia(o0) = fiu®(w) = Ny and  fig(o0) = fir*¥(o0) = Ny

The atomic, overlap, and screening contributions to the partial
forces provide more information than do the population figures
themselves. As important as the amount 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 screcning coniribution to a
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Ficure 5. Contour plots of the molecular orbital charge densitics of the OH - ion.
The values of the contours arc obtained by numbering them consecutively starting
with the outer contour and using the key given in Table I1-7. There is a near circu-
lar node encompassing the closely spaced contours centred on the oxygen nucleus
in the 20 orbital density. The 30 and 1z densities possess nodes which are nearly
perpendicular to and along the OH bond axis respectively.
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partial force on the proton, for example, is numerically equal to the
actual number of electrons on A. This equivalence occurs at large
values of R and in the case of a tightly bound spherical inncr-shell
density centred on nucleus A in the molecule. 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
it 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 charge density by the nuclei in a heteronuclear
molecule is made evident by a difference in the forces which the
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 for all three of the
OH diatomic species. The forces which these orbital densities exert
on the O and H nuclei are given in Tables 11-3-6 in terms of the
charge equivalents f;, and f;x and their components.

Aside from a slight polarization, the 1¢ molecular orbital is very
close in appearance and properties to the inner shell 1s orbital on
oxygen. The value of f,, g(R,), 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 lo density simply screens two units of the
nuclear charge on oxygen from the proton. This samc screening
effect is obtair.ed at all internuclear distances greater than R, includ-
ing the case of the separated atoms. The value of fi, g is left un-
changed by the formation of the molecule,

f;a,H(Re) = leO

and the lo density is classed as nonbinding with respect to the proton.

The lo 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 of f;, o for large values of R is zero as the 1o density
correlates with a 1ls density on oxygen, which does not exert a force
on the oxygen nucleus. The l¢ charge density is thercfore, slightly
binding for the oxygen nuclei.
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The ancestral relationship of the 2¢ molecular orbital to a 2s
atomic orbital on oxygen is readily discernible in the form of its
charge density contours. The lack of contours encircling only the
proton indicates that the distribution of the 2¢ charge density is
deterimined primarily by the ficld of the oxygen nucleus. The density
is however, strongly perturbed by the proton and charge density is
accumulated in the region between the nuclei. The localization 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 equivalent to that of two negative charges:
S2o0(0) =0 and fo,g(w) = 2. Thus when compared to the
separated atoms, the 2o charge density is binding for both the proton
and the oxygen in all three molecules. The binding of the proton,
which is measured by the amount by which f,, ;; exceeds 2, is pri-
marily the result of the force cxerted by the overlap density in OH -
and OH". The decrease in the overlap contribution and the increase
in the screening contributions to f;,y through the series from OH~-
to OH+ indicate that the 20 charge density becomes increasingly
contracted towards the oxygen as the total number of electirons in
the system decreases. The 2¢ atomic population on oxygen in OH +
which is necessarily less than 2, is strongly polarized towards the
proton with the result that the force which it exerts on the proton is
equivalent to placing ~2-2 electronic charges at the position of the
oxygen nucleus.

The binding of the oxygen nucleus by the 2¢ 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- the atomic and overlap contributions are almost
equally important.

The 30 orbital density resembles a 2po atomic orbital on oxygen
with the lobe on 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 nonbonded than in the bonded lobe. The 3¢ or-
bital densities for OH® and OH* are similar to that for OH -, but, as
for the 20 density, become progressively more contracted towards the
oxygennucleusas the totalnumbcrof electronsin the system decreases.
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The 30 orbital correlates with the singly occupied H 1s and O 2po
atomic orbitals. In the limit of large internuclear distances the values
of both f;,; and f,0 approach unity as the correlated atomic
densities screen one nuclear charge on each nucleus. The values of
Jsom(R,) indicate that the 3¢ density is binding with respect to the
proton and becomes progressively more so in the order OH~-, OH",
OH+. For example, in OH+ the 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 eifective in
binding the proton is doubled in the formation of the 30 orbital in
OH+. In both OH+ and OH" the proton is bound primarily by the
3o charge density, while in OH - the 20 and 3¢ charge densities are
comparable in this respect.

The 30 charge density exerts an anfibinding force on the oxygen
nucleus in spite of a large overlap contribution because of an even
larger negative atomic force term. The negative values for f;, 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 charge density which involves a signifi-
cant po component. Itis the increasc in the 3o density on the oxygen
and its extreme back-polarized form which are responsible for the
characteristic pattern of the dpg, maps and for the increase in non-
bonded charge densities of the oxygen atoms in the OH species.

The screening of the proton by the 3¢ 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 four m electrons, re-
spectively. The 1z orbital correlates with the 2ps orbitals on the
oxygen, and it is evident from Figure 5 that the 1z molecular orbital
retains its basic atomic orbital character. The 1z 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 1z density screens two to four nuclear charges on oxygen
from the proton in the separated atom case. Thus

ﬁﬂ,l{(w) = an
.fl:r,()(w) = 0

The values of f,, y(R,) listed in Table 1I-6 are less than the orbital
occupation number in each case. The lx density is, thercfore,
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antibinding with respect to the proton in the relative sense that in the
molecule it does not screen an equivalent number of nuclear charges
on the cxygen. This antibinding effect is a direct consequence of the
n density being concentrated around the internuclear axis, rather
than along it (where it has a node). The small value of the overlap
and atomic force contributions to f,,y illustrate that no significant
7 bond is present in these molecules and the 1z 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 of the system in which they are found, if thiey have
cither a common correlated atomic orbital or a common major
orbital component they exhibit similar binding properties. For ex-
ample, a Hartree~Fock orbital which correlates with a 25 atomic orbi-
tal on the most electronegative atom in a molecule [the 2¢ orbital
in the hydrides AH (A = B—F), the 20, orbital in homonuclear
diatomics, or the 35 orbital in BeO, BF, CO or Lil’] 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. In addition, the overlap charge
density exerts almost equal forces on both nuclei in the heteropolar
examples. These are 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 2pc component on a given nucleus (the 3o orbital
in AH, A==C — F, the 3¢, in homonuclear diatomics or the 4 orbital
in BF, CO, LiF and BeO) is strongly polarized into the ant1b1nd1ng
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 same orbitals are, for the heteronuclear cases, approxi-
mately twice as large for the nucleus on which the 2po component is
centred as they are for the second nucleus.

The Hartree-Fock = molecular orbitals, whether they are de-
localized as in CO or strongly localized on a single nucleus in OH,
are inwardly polarized and exert nearly equal overlap forces on both
nuclel.
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TabLE II-7. Kcy to density and density difference maps.

Density maps Density difference maps
Contour No.  Value of contour Contour No.  Value of contour
(in au) (in au)
1 0-002 1 0-000
2 0-004 2 —0-002
3 0-008 3 Q-002
4 0-02 4 —0-004
5 0-04 5 0-004
6 0-08 6 —0-008
7 0-20 7 0-008
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
6 —0-40
7 0-40
8 —0-80
9 0-80

fli. THE MOLECULAR CHARGE DISTRIBUTIONS
OF CH,;OH AND CH,FOH

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 Wolfe?® using a basis sct of Gaussian-
type atomic orbitals (GTO’s) centred on the nuclei. The basis set
consisted of fifty-six orbitals for 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
Huzinaga?®. 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 makes feasible (in terms of computing time)
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Figure 6. Contour maps of total molecular 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 planc perpendicular to this. Beneath cach
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Figure 6 continued

total density plot is the corresponding Apgs map. The key for the values of the
contours of the total and density difference maps is given in Table II-7.
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the use of a very extended 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 independently varied in the encrgy
minimization. SCF calculations for relatively large polyatomic
systems are now carried out using such contracted basis sets of
GTO’s17, 30, 81,

A. The Molecular Charge Distribution of CH,OH

The 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
/
cC—0

/
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); O-H, 0-96; C-O, 1-428;
C-H, 1-091; C-F, 1-375.

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--O bond axis. The barrier height
for internal rotation, the energy difference between the eclipsed and
staggered forms of methanol is calculated?® to he 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 Allen3?
and by Pedersen and Morokuma3* within the 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
Allen3® have compared the 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 O-H and C-H bond frag-
ments in methanol are remarkably similar to the molecular charge
distributions of the corresponding diatomic species OH(*/T) and
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CH(2II). The nonbonded radii on hydrogen and oxygen in
methanol are identical with the values found in the OH molecule
while the nonbonded radii of carbon and of thc hydrogen in the
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 complete
outer envelopes of the charge densities of the 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 the 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
polarization whose direction uudergoes a continuous change in each
of the planes obtained by a rotation about the C~O bond axis. In the
plane of the H-C-O-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 CG-O
bond axis.

The polarization in the plane containing the four nuclei is par-
ticularly evident in the density difference map (molecular density
minus the overlapped atomic distributions) also shown in Figure 6.
Because of its tetrahedral environment the atomic density of carbon
has been sphericalized in the construction of this 4ps, map. The
atomic density on oxygen corresponds to the configuration 1s2? 2s?
2p. 2p,° 2p, where the y-axis 1s perpendicular to the plane containing
the four nuclei. This results in spherical contours for the oxygen
atom charge 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 dog, map
indicates that the charge distribution of the oxygen atom, which is
initially spherical in this plane, 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 O-H or O-C bond.
There is a region of charge removal at the oxygen which is per-
pendicular to the principal line of polarization. Thus the dpg,(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, the polarization is with respect to an axis which bisccts the
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directions of the C-O and O-H bonad divections. The same quadru-
polar polarization is found in a dpg, (X) map for the water molccule
in the plane of the nuclei®s. In this case the polarization is directed
along the C, symmetry axis which bisects the HOH 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 the perpendicular plane of the methanol
system.

The charge density in the region of the carbon also exhibits a
quadrupolar polarization. In this case the charge accumulation is
understandably concentrated in a belt-like region perpendicular to
the G-O 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 4dpg,(X) map for methanol with
that for the GO molecule?? indicates that even the sigma bond charge
density (which is the only density to contribute to the charge density
on the C-O axis) is greatly reduced in the polyatomic system. In
contrast to this, the dpg, (X) map indicates that the extent of charge
accumulation between the C and H and the O and H nuclei in
meihanol 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 H-C-O-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 ninc (which have a node in the
plane of symmetry), 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 1o orbitals in CH or OH or to the 1o and 2¢
orbitals in CO. The major component of molecular orbital number
three is from the 2s orbital on oxygen. Thus it strongly resembles the
20 orbital in the diatomic hydrides (see Figure 5) or the 3¢ 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-moon. A similar pattern of contours appears
again in molecular orbital number four, this time localized on the
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Ficure 7. Contour plots of the molecular orbital charge densities for methanol
in the staggered configuration. The maps for orbitals six and nine (overleaf) are
shown in a plane perpendicular to plane containing the HCOH nuclei.
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carbon and binding the protons in the methyl group. This orbital is,

however, less strongly localized than is the preceding one. In general,

the extent of delocalization of the orbitals increases as their energy
-increases.

Although the 40 orbital in CO correlates with a doubly occupied
2s orbital on carbon in the separated atoms, the formation of the CO
molecule results in a transfer of charge to oxygen and the resulting
molecular orbital exhibits a large 2pa component centred on the
oxygen nucleus. The 4o 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 oxygen?3, 37, It is clear irom Figure 7 that in methanol the
field of the threc methyl protons rather than that of the oxygen
dominates the form of the 4o 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 25 atomic component on
carbon. While the orbital still exhibits a nodal structure at oxygen
characteristic of a 2p¢ 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 three 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 components of the doubly degenerate = orbitals in
CO. The density is mostly conccntrated in thc region of the OH bond
and the density in this fragment strongly resemnbles the 3¢ 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
back-polarization of the charge density on oxygen (away from the
proton) indicating a large 2po component, the characteristic feature
of the 3¢ 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 =
orbital in CO. It is less perturbed from this form than is orbital
number five but shows a larger concentration of charge density on
carbon than is found in CO?37.

The 50 orbital is the orbital of highest energy occupied in the
ground state of CO. In this diatomic species the orbital is largely
concentrated in the nonbonded region of the carbon (characteristic
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of an orbital with a large po 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 systeii 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 electrons 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. The 2z orbital is unoccupied in the ground state of
CO. Since the 1x orbital in CO is heavily localized on the oxygen,
the antibonding 22 orbital is concentrated in the region of the carbon.
In methanol, however, the presence of the thrce methyl protons
reverses this behaviour. The bonding =-like orbital, orbital number
six, is more democratically shared and slightly favours the carbon.
Consequently, the second n-like orbital in methanol, orbital number
nine, is localized to a conziderable extent in the region of oxygen.

Csizmadia et al?® have also determined the wavefunction and
molecular energy of the methoxide ion. The value predicted for the
proton affinity of the methoxide ion using the molecular energies of
CH,OH and CH,O- is —420 kcal/mole. Hopkinson et al3® have
found the correlation between experimental and caiculated proton
affinities to be excellent when extensive basis sets are employed in the
determination of the calculated values. These authors noted that
both the experimental and calculated proton affinities fall into
definite groups characterized only by their charge, e.g., dinegative
jons have proton affinities between —500 and —700 keal /mole all
mononegatlvc species between —320 and —450 kcal/mole and the
neutral species between —70 and —220 kcal/mole. The value for
the methoxide ion falls within the range of values for the mono-
negative ions.

B. The Charge Distribution in CH,FOH

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

c—0
\
H

nuclei in Figure 8. The charge density in the rcgion of the oxygen
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}

FCH,OH

TFicure 8. Contour plots of the total density and density difference distributions
for the fluoromethanol molecule.

exhibits the same polarization as in methanol and the nonkonded
radii of the OH bond fragment are essentially unchanged in value.
The 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 close to the value of 2-7 in HF.
A much more detailed comparison of the effect which fluoro sub-
stitution has on the charge distribution of methanol may be obtained
by comparing the Adpsy maps for CH;OH and CH,FOH (Figures 6
and 8). The inductive effect of the fluorine on the CO bond is very
evident iii-such a comparison. The contours defining the region of
charge increase between the C and O nuclei are increased in magni-
tude and extent, while thosc defining the charge deficit are similarly
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FCHz OH

Figure 8 continued

decreased. A detailed comparison of the *wo Apg, maps indicates
that the whole of the charge increase in the vicinity of the oxygen
nucicus and the proton is shifted slightly towards the carbon in
CH,¥OH compared to CH,OH. The charge increasc at the position
of the proton in the OH bond is slightly decreased. 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 fragment 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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The large increasc in and expansion of the charge density into the
nonbonded regions of the heavy nuclei, which occurs on bond
formation as a result of thc quadrupole type polarization, plays 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 al?8 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 gives the most stable conformation of the
CH,FOH 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 energy thus corresponds to onc in
which the fluorine eclipses the nonbonded charge on oxygen rather
than to one in which it eclipses the hydroxyl 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 norbonded charge density on the oxygen. Similarly, the non-
bonded iiteraciions beiween the HyC—~ and HO- groups in methanol
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
ls 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 Figure 7 for methanol.

Molecular orbital number four is, aside from a small tail to the
oxygen, similar to the 3¢ orbital in the diatomic CF species. The
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contours exhibit the shape characteristic of a strong 25— component,
1 this case centred on fluorine and polarized towards the carbon.
Orbitals 1ive and six are primarily polarized 25 components on
oxygen and carbon respectively, and, with the exception of the tails
extending to fluorine, resemble very closely the corresponding
orbitals, numbers three and four, in methanol.

Similarly, orbitals seven and eight resemble the s-like bonding
orbitals five and six of methanol, but the distributions in CH,FOH
encompass the fluerine as well. The antibonding =z-like pair of
orbitals, numbers ten and eleven, 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 the region cf the oxygen.
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I. INTRODUCTION

In 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 complete further reaction giving rise to products
entirely different from those in the corresponding alkoxide reactions.
In 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 major omissions in this approach are the attacks on functional groups.
The most important of these, attack on the carbonyl grouping, has recently been
reviewed!.
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He X7 = O O

N
(R) (B) (€) (D) (E)

It 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 s-electron systems,
and the activating groups which these require for nucleophilic attack
to occur.

Substitution reactions 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. In 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 is 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
reaction media. ‘These generally enhance the rate of substitution
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
Parker2-%, Reichard® and in other publicationsé—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.

. ATTACK AT SATURATED CARBON

A. Bimolecular Reactions Involving Hydroxide and Alkoxide lons
Kinetically, the displacement of bromide ion from methyl bromide
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by hydroxide ion in aqueous aicohol'? (equation 1) is found to bc
second-order, firsi-order in both rcactant and substratc, as are the

HO™ +*CH,LBr ——— HO—CH, + Br— (1)

reactions of simple alkyl bromides with ethoxide ions in ethanol
‘solution?3, These are typical of the reactions of simple n-alkyl halides
with these two ionic species.
The reaction is considered '4-17 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™™ é@ d@ —> RO©é+x—

i Transition state

phile to the smaller lobe of the sp® 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 sp? hybridized
and lie in a plane at right angles to these groups. It terminates by
the re-establishment of sp3 hybridization of the carbon orbitals with
the attacking nucleophile now attached to the carbon.

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

Cevrraae An Lidaavie Soren wv Vasn wasvsea

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

Ph
£10- /\ s — s Et0<<._‘.H + CI” (3)
CH3 CH;

In general, the §y2 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 chlorohydrins!®. The reaction is considered to in-
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volve an internal $y2 displacement of chloride ions by initially
formed alkoxide ion (equation 4).

"~ G
_?i*_ oW ‘,ﬂu[ (N s o @
| ‘ o VAWAN

Cl

B. Unimolecular Reactions

Although, as indicated above, the S32 type of reaction is favoured
for displacements involving the highly reactive alkoxide or hydroxide
ions, under certain conditions substitution can occur by a unimole-
cular mechanism to give products which have arisen from formal
replacement 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
lonization to yield a carbonium ion (1) which is then attacked by
the nucleophilic solvent (equation 5). Because the conditions favour-

m

able for this mode of reaction are often those involving solvolysis,
kinetic evidence cannot be used to determine the molecularity of
the reaction, and this decision must be madc fom vilier considera-
tions. Very important is the stereochemistry of the reaction. Thus,
implicit in the formation of the carbonium ion 1 in equation (5) is
the idea that, since the carbonium ion is planar, nucleophilic attack
can occur from either side to give a product which is a racemic
mixture, irrespective of the stecreochemistry of the reactant
(equation 6).

Ry

R, * R, R,

>——q< - X~ > N >7 N N —<< (6)
R, Ry’ R,

Rs Rj Ry

2 3

)

Indeed, when optically active a-phenylethyl chloride reacts under
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solvolysis conditions to give the alcohol, the product is almost*
1009, racemized?® (equation 7).

Ph Ph Ph
}—Q’l M, o Ho—<._ %)
H- o N2 H Y/ H
cH, H, CH,
49%, 51%

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

I, ATTACK ON ALLYLIC SYSTEMS

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

a
CHz_x
>y 3<

@

discussed above for reactions at 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
occur ai the alkene double Loud Lo give quite Aiflerént producis.
A. Bimolecular Substitution Reactions

I. Involving attack at the a-carbon atom

This mode of reaction is exactly analogous to the Sy2 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).

A~ RO
RGN (Y Y 8

> /C\‘- + X~

* 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 the reaction. This is considered

to be due to stabilization of the transition state by overlap of the =
orbitals of the double bond with the p 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 reviewed?!.

Tabre 1. Relative rates and activation encrgies for the reaction of allylic halides
and the corresponding saturated halides with ethoxide ion in ethanol solution

at 44-6°Ce.

ky(allyl) — .

Substrates Ta(alkyl) E, (kcal mole—?)
CH,—=CHCH,CI ~27 20-6
CH,;CH,CH,ClI 21-1
CH,;CH=—CHCH,CI1 ~88 20-5
CH,;CH,CH,CH,CI 21-2
CH._==C(CH,)CH,Cl ~340 20-5
CH,;CH(CH,)CH,Cl 22-4

a C. A. Vernon, J. Chem. Soc., 4462 (1954).

2. Involving attack on the alkene moiety

A sccond possible mode of bimolecular substituticn is available
in allyl systems because of the double bond. This attack can take
place at the y-carbon atom (equation 9) 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 Sy2’' and, in general, will

(9)

ry
RO, FHe X RO—CH—<
W — |
R' R'

be promoted relative to the normal Sy2 reaction where there are
substituents on the «-carbon atom which tend to inhibit the normal
Sx2 reaction by either steric or inductive effects.

Several reactions of this type have been documented 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 product??, ¢-butylallyl
chloride forms substantial amounts of ‘abnormal’ product with both
ethoxide?® and phenoxide ions?4, and «,«-dichloroallyl chloride gives
exclusively the abnormal product with ethoxide ion?5,

The reaction is considered?! to proceed in an analogous manner
tc 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 (f)
p-orbital with the (o) and (y) ‘pseudo’ p-orbitals. However, the ex-

ROS— X3~

- 5-K)

@

perimental evidence on this point is not completely conclusive.
Bordwell and co-workers?¢ have shown that the rates of reaction of
3-halomethylbenzothiophene 1,1-dioxides with thiourea in methanol
were very dependent on the halogen atom, and had the same ratio
of halogen activities as normal Sx2 reactions with the same nucleo-
phile. However, although this eliminates mechanisms for this re-
action in which the carbon-halogen bond fission is not the rate-
dctermining step, it is equally in accord with a two-step mechanism
where the second step is rate-determining (some cases of aromatic
substitution are known where this is so). However unlikely this
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might be considered for relatively unactivated substrates, the mech-
anism could be altered by the presence of strongly electronegative
substituents on G, (e.g. CN, NO,, Ph, NO,) which would not only
facilitate attack on C,, but would alsc tend to stabilize the possible
resultant ion.

B. Unimolecular Substitution Reactions

The first step in allylic unimolecular reactions is similar to that in
the aliphatic series (section II) in so far as it involves ionization to
yield a carbonium ion (5) (equation 10).

>==<°T —_— [}_2‘] + X~ (10)
Y B

However, the carbonium ion formed is now mecsomeric by virtue
of the initial double bond, and attack by the second nucleophile
can now occur at 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,),CCICH=CH,

OH
' CH,COOH R I
(CH),C=CHCH,Cl —se564g> (CHa)2C=CHCH,0H + (CHy),C—CH=CH,(11)
559 45%,

which should yield the same intcrmediate carbonium ion, in fact
gives the same mixture of products?? is good ecvidence for the Syl
mechanism. Electron-releasing substituents at the « and y positions
stabilize the intermediate (5) and lower the activation energy,
thereby increasing the rate2®, The effect of monosubstitution by an
alkyl group in these positions in allyl chloride increases the rate by
a factor of (2-5) x 103. Two alkyl substituents are roughly twice as
effective as one in a given position. A phenyl substituent is somewhat
more activating than a methyl group?.

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’ kinectics will be shown
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by both unimolecular and bimolecular reactions. Care must there-
forc be taken in the interpretation of the data in these systems, and
the molecularity of the reactions decided from other factors. A com-
plete discussion of thesc is given by DeWolfe and Young?!.

A particularly interesting case of the above reaction is the sol-
volysis of allylic alcohols. In the casc where the attackis at the end of
the carbonium ion where the initial ionization took place, the start-
ing material is regenerated. If, however, attack takes place at 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 of the present chapter because of the
nucleophilic attack of OH, which actually represents the isomeriza-

. , +
:‘ H\‘—OH +H* ~—0H,
-~ >=< —H,0
%

+H,0
HO 7——%_ ?;_‘ H 207'——%_ )

Isomerization (12)

tion process. The reaction can also be described in terms of an Syt
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 be made from
sources other than kinetic ones, the evidence favours the inter-
mediacy of a carbonium ion such as 5 or 6, and not a concerted
bimolecular process.

+

5
/ \
H

_H
(6)

In some cases, a decision between the Sy1 and the intramolecular
Syt reaction can be made by using 180-labelled alcohol where, if
the reaction is of the Sx¢ type, the 120 should be retained in the
product. In the isomerization of a-phenylallyl alcohol in acidic 60%,
aqueous dioxane?® and in 409, dioxanc—aqueous perchloric acid?,
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the rearranged alcohol contains little of the 80 of the starting
alcohol, and the mechanism is considered to be Sx1.

However, a similar study?! of the isomerization of cis- and trans-5-
methyl-2-cyclohexene showed that although the trans-isomer reacted
by the Syl mecchanism, the cis-isomer isomerized mainly by the
intramolecular Sy? mechanism.

IV. ATTACK ON CARBON-CARBON MULTIPLE BONDS

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 NO,, CN, COR.

Fer such electronegative groups, the resonance structures of the
molecule arc:

\ /X + X
/N T - H

)

The contribution of structure 7 depends on the nature of X, the
net effect being the lowering of the clectron density at the carbon
atom f 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? *3 in
terms of a general first equilibrium reaction in which an anion (8)
is formed by the attack of the nucleophile on the g-carbon atom of
the double bond (equation 13). According to the nucleophile and

OR

Ro—mﬁ — >fL3—;< (13
®

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 different rcaction path, although the initial
reaction is similar in both cases.

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

In 1905, Meisenheimer?®* found that sodium methoxide or sodium
ethoxide added instantaneously and at room temperature to f-nitro-
styrene with the formation of an alkoxy derivative (92).

CH,0H
CHsCH=CHNO, ~gona” CoHsCH—CH,NO,

OCH,
9

This is found to be a general reaction of arylnitroalkenes®® and
other activated double bonds?33.

The kinetics of the cyanoethylation reaction between cyano-
ethylene and various alkoxides in their parent alcohols have been
investigated by Feit and Zilkha?s, 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 (cquation 14). The

m CN RO\ /CN e RO CN

o === XX < a

. H
(10)

first step in the reaction, the formation of the intermediate 10, is a
particular case of rcaction (13). Feit and Zilkha also found that the
vate of the rcaction was independent of the counterion for a given
alkoxide, and within a series of alkoxides, was in the order
OMe- < OEt- < #-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
McQuillin37? for their reaction with CH,—=CHCOCH,. The buten-
one was formed in an initial, very fast reaction of the methobromide
of 4-dimethylaminobutan-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) above. A similar mechanism (equation 16) was
proposed by Crowecll and co-workers®® for the basic methanoclysis
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+ : R
MesNCH,CH,COCH, —r>  CH=CHCOCH, (15a)

fast
ROH

CH,=CHCOCH, RO—CH,CH,COCH, (15b)

of dibenzoylethylene. They found that a lincar Hammett relation

OCH,™ . —
PRCOCH=CHCOPh T———= PhCOCH—CH—COPh
OCH,

%CH, (16)

PhCOCH,—CH—COPh
OCH,

existed between the rates and the sum of the o-values of the para-
substituents in both rings.

Although 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 obiain a product in which the elements of the alcohol were
orientated irans. If, however, the intermediate ion 9 had a finite
lifetime longer than the time for rotation about the C,-C; bond,
one would obtain a range of configurations.

Z. 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

— e X s

H
>] v =, >=O+>< (17h)
OH H

an
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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 alkoxides alone. Steps (17a) and (17b) are essentially the
reverse equilibria of the condensation reactions commonly used to
prepare alkenes®.

Reactions corresponding to step (17b) above can be investigated
independently of the initial stages (equation 17a) in the above re-
action mechanism40 41, Thus, Westheimer and Cohen4 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 ion 12.

H,C OH oni- H,Cc Q™
>L—OQCOCH3 —r >L—OMCOCH3
H,C H,C
H,C d slow
y—CHZCOCHe ————> CH;COCH, + CH,COCH, (18)
H,C
(12)
CH,cocH, —POM o cH,cocH, + OH-

In contrast, Rondestvedt and Rowley#! found that, in the cleavage
of p-hydroxy acids and esters of general formula 13, the results were
best corielated in terms of a concerted mechanism in which the
breaking of the C,~Cz; bond in 13 was essentially simultaneous
with the breaking of the O-H bond (equation 19), there being no

significant build-up of an intermediate corresponding to 12. The

O—H R
4\ \ 3 R1 0 R3
H+ COOH

R, COOH

0.0 — O, 0
Y

X z X
(13)

competition between hydrolysis and alkene formation in similar
systemns has also been investigated4?.



H
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The kinetics of several complete hydrolyses have been investi-
gated42-47, 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 or water molecules to
form the ion 14. From this point, the two schemes are equivalent.

Thus Stewart? found that the yellow phenolate (14) of 4-hydroxy-
3-methoxy-f-nitrostyrene loses its colour in basic solvent owing to
hydration. The kinetic analysis pointed to attack by hydroxide ion
(equation 21).

H H
o) _OH” . 5=
NO, HO YT —NO,
CH;0 H CH,0 H
(14) /
i (21)
0
6—©—< + CH,NO,
/ H
CH,0

Similarly, Walker and Young!?® found that the base-catalysed
decomposition of mononitrochalcones in aquecous alcohol was
seccond-order, the rate = k'[chalcone] = k[chalcone][NaOH], sug-
gesting initial attack by GH~ (equation 22).

PhCH=CHCOPh + OH~

Ph(IZH—C—:HCOPh (22)
OH

Patai and Rappoport*4 4% found that the hydrolysis of aryl-
methylene malononitriles 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 959, ethanol*4indicated 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 959,

__X

ArCH=CXY —> ArclH—c(Y (23)
OH
(15)

ethanol in the absence of base, the reaction scheme followed was
equation (20a), the rate-determining step being the relatively slow
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initial attack by H,O to give the ion 16 which then rcacted to give
15 as in equations (24a, b). Evidence for this reaction scheme was

ArCH=CXY + H,0 ———= ArClH—-C—:XY (24a)
+OH,
(16)
Ar(IZH—EXY + H,0 ArCH—CXY + H;0* (24b)
|
+OH, OH

(15)

that the rate depression by acids was dependent*® on the concen-
tration of the substrate.

A similar dependence of mechanism on the reaction conditions
was found by Crowell and Francis*® in the hydrolysis of substituted
p-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 which was pH-dependent,
in agreement with equations (25a, b), involving attack by H,O.

ArCH=CHNO, + OH,

— Ar(IZH—(—fHNoz (25a)
+0OH,

Ar(IZH—-.’_ZHNoz + OH, —/———— ArclH—EHNO2 + H,0t (25b)
*TOH; OH
an
At higher pH, the cleavage occurred at an enhanced 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

>==< “OR >;—J< —_— >=< + X=  (26)
X X OR
Addition-Elimination (i8) (19)
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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 initially which then adds the elements of the alcohol (see
section IV.C) to give 19.

H>=< X . = _RoH H>=<_ @7)

X OR
Elimination-Addition (19)

Ll

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 ¢is- and trans-isomers will give the same intermediate
acetylene. In 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-
cver, it 1s seldom that a clear-cut distinction can be made between
the two schemes (which may, of course, cccur simultancously),
owing to complicating features such as the possible c¢is—irans-isomer-
ization and further addition to the double bond (section B.1 above)
which can obscure differences in stereochemistry.

In general, mechanism (26) will be favoured for compounds with
a low electron density on the §-carbon atom to provide the initial
attack. Mechanism (27) will be especially favoured in cis-isomers
where thers is a favourable #rans-disposition of the elements of HX
(where X is the leaving group) to promote the elimination reaction.
For a given substrate, the occurrence of the elimination—addition
mechanism will depend on the proton basicity of the nucleophile.
Since alkoxide ions are highly basic with respect to protons, in many
instances, reaction (27) will compete with reaction (26).

Thus, although the cis- and #rans-isomers of f-chlorocrotonate
undergo substitution by thiophenoxides with retention of configura-
tion, only the frans-isomer is obtained in substitution by alkoxides48.
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However, both the ¢is- and ¢rans-isomers of p-chloro-a-cyanocthylene
react with alkoxides to give products of the same stereochemistry
as the starting materials??, and the reaction can be formulated as in
equaticn (28) with the restriction that the intermediate ion (20)

must have a very short lifetime, or that the reaction proceeds in a
concerted manner.

H m H ci H
== “or >i?< — >=<OR (28)

NC H NC H NC H
(20)

The competition between the two possible mechanisms for sub-
stitution has been investigated in detail for the reactions of aryl-
sulphonylhaloethylenes (21) with methoxide ion by Modena and
co-workers®0—54,

RCH SO .CR—CR3X
(21)

ArSO,CH=CRX -+ OCH;"
(either isomer)

ArSQ,C=CRX

OCH;
_/ (29)
ArSQ,CH—C—R
¢ \
8 X
Y
5
ArSO, OCH,
Y
H ! ArSO,CH=CR(OCH,;) + X~

Their results, some of which arc summarized in Table 2, are
discussed®4 in terms of the reaction scheme (29). The addition-
elimination mechanism 1, 4, 5, under the restrictions discussed above,
could give retention of configuration of both isomers, whereas both
isomers would give the 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 known?®. % to give
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the cis-product. There is retention of configuration in the frans-
isomers, indicating that these react via 1, 4, 5, and the lack of any
clement effect in two series of frans-compounds (Table 2) suggests
that the breaking of the C-Hal bond is not rate-determining, in
accordance with &, < k;. A critical case is compound IV (Table 2)
where a-elimination is not possible and reaction must be by addition—
elimination. There is now no difference, either in rates or in activa-
tion energies, between the four isomers.

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

TaBrLE 2. Rate coeflicients &, x 103 (I m—! sec™?) of reactions of substituted
arylsulphonylethylenes (21) with methoxide ion in methanol solution

X = Br X =Cl
R R! R? Tecmp. cis trans cis trans Ref.
p-NO, I H H 0°C — — 280 168 50
p-Me II H H 0°C 1780 5-35 96 64 51
H III H H 0°C 2600 88 18 10-5 51
p-NO. IV Me H (25°C) 5-05 5-26 5-40 622 52
p-NO, H Me (25°C) 7850 — 719 — 53

TasLE 3. Kinetic and thermodynamic parameters for the elimina-
tion-addition (subscript €) and addition-elimination (subscript a)
reactions of ¢is arylsulphonyl chloroethylenes®3.

RCH,~—SO,CH=CHCI! with methoxidc ion in methanol®.

R Temp. ko/ky  E (kcal/mole) E, (kcal/molc)
H 0 1-1 24 17
13 22 — —
25 3-0 — —
p-CH, 0 0-8 — —
13 1-0 24 20
25 1-4 — —

« The estimated crrors arc ca 10%, for the rate cocfficients and 41 kcal/mole for the
activation energics.
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¢cis-isomers suggests the occurrence of the competing addition—
elimination reaction (steps 2 and 3 in equation 29) which would be
favoured in the casc of the cis-compounds by a facile frans-elimina-
tion of HX.

Retention of configuration in the case of the 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 detail®®. Direct
cvidence was found for the occurrence of the elimination—addition
mechanism (steps 2 and 3) in the dctection of the intermediate
acetylenc, both by isolation in cases of suitable kinetics, and by
infrared spectroscopy in others. In a detailed examination of the
kinetics, it was found possible to separate the kinetic parameters
for the 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 at 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 ¢is- and trars-
isomers, due to the tendency of the c¢is-isomer to react by elimination,
is found in the reactions of the isomers of 4-nitro-#-bromo-
styrene®S, 37, 58 and 2 4-dinitro-f-bromostyrene?®* with alkoxides.
The cis-isomers react by a irans-elimination of HBr to form the
corresponding acetylenes (equation 30). It has been suggested that

OCH,
RC¢H ,CH==CHBr —> RC¢H,C=CH + HOCH, + Br- (30)

TasLE 4. Rate cocflicients and thermodynamic parameters for the reaction of
bromostyrenes of general formnula ArCX-=CHBr with methoxide ion in MeOH

solutions8a¢,
Compound Ar X Temp. k x 10  Ew (kcal mole™)  AS..
°C) (Im—?sec™?) (e.u.)
I cis 4-nitro H 25 0-71 25 +8:8
II cis 4-nitro D 25 0-32 — —
111 trans 4-nitro H 7825 0-97 25-1 —-2-8
III trans 4-nitro D 7825 0-98 — —
IV cis 24-diniro D 25 1070 199 +6-3
V trans 2,4-divitro H 25 720 18-9 —7-1

¢ Similar results are obtained from the corresponding chloro-compounds®8®,
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the elimination is by a concerted mechanism?®. However, the trans-
isomers react much more slowly to form the acetals as indicated in
equation (31). The addition of the OCH; groups to the f-carbon

OCH, .
RCgH,CH==CHBr —s5on> RCgH,CH,CH(OCH,), + Br~ 31)

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

Ar H _Ar OCH,; Ar OCH, Ar OCH;,
> < +0CH,™ >_ < . =B \/ \/ CH,OH H-> <—OCH3
H Br H Br H H H H (32)

That equation (30) was not important.in the case of the trans-
isomers was shown?®% Dby studies on the x-deuterated compounds
(Table 4). There 1s no isotope effect, and no exchange of deuterium
with the solvent, 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 c¢is- and #rans-isomers
of these systems to give products with retention of configuration,
indicating an addition—climination mechanism for both isomers58, 6o,
Very similar results have recently been reported for the reactions
of the corresponding chloro compounds?3®,
1,1-diphenylethylenes. The possibility of a-hydrogen abstraction is rc-
moved in the case of 2-halo-1,1-diphenylethylenes, and these would
seem to be ideally suited for kinetic investigations of 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 «-elimination
to give diphenylacetylenes as in equation (33) (Fritsch rearrange-

Ar _
2 Ar—C=C—Ar + CH;OH + Hal™ (33
Ar Hal (1)

ment®!: 62), When (-BuO- is used as base, only «-elimination oc-
curs®?, while other alkoxides give mixtures of the two mechanisms®4,
Replacement of the a-hydrogen with a methyl group does not give
a clean substitution reaction®s,

However, some suitably substituted derivatives do give clean
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substitution reactions. Thus, Silversmith and Smith¢® found that
1,1-diphenyl-2-fluoroethylene reacted with OEt- in ethanol to give
1,1-diphenyl-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 the formation of an ionic intermediate
[(equation 34), with Ar = C;H; and Hal = F].

Ar m Ar EtO H

" \ OFEt
— ~ - either
OEt Ar 7 < H
Ar Hal Ar Hal Ar Hal
(34)
N
Ar H
Ar OEt

Similarly, Beltrame and co-workers®? found that g-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, and the results can be accommodated
in equation (34) above (with Ar = p-NO,CH, and Hal == Cl, Br).
The rates of reaction were 10® X those of the unsubstituted com-
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 thesc authors to this reaction will be given in
section IV.D.

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

The addition of alcohols and phenols to acetylenes can be cata-
lysed by both alkoxides®® and tertiary amines®. As with alkenes,
reaction is greatly facilitated by the presence of electron-withdrawing
substituents. The addition is generally®® 7 considered to proceed
by a trans mechanism.

Thus Miller®® 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?!: 7* have shown that the
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Ar OCH,
Ar— C=C—H -—OET_{?> =
H
lCH,OH (35)
Ar OCH,
{ + OCH,~
H H

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

The reaction, measured by the rate of disappearance of the
acetylene by measurement of the C==C infrared stretching frequency,
was found 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 constanis for the reaction,
cthoxide ion reacts faster than methoxide ion. The activation
energies for the addition of MeOH and EtOH are very similar:
E,(MeOH) = 164 kcal mole-1, E (EtOH) = 17-6 kcal mole-1.

Although substitution of the acetylene hydrogen by a methyl
group does not alter the kinetics of the reaction significantly?3, it
alters the course of the reaction’, giving 2-mecthoxy-3-phenylsul-
phonylpropene (22) as the kinetic product which then isomerizes to
trans-2-methoxy-1-phenylsulphonylpropene (23) as in equation (36).

PhSO,C=CCH, ————> PhSO,CH,C(OCH,)=CH,

(22)
(36)
PhSO, CH,
H OCH,
(23)

The addition of alcohols to disubstituted acetylenes has been in-
vestigated by Winterfeldt and co-workers®, 7% 73, 76, In general,
the rule of ¢rans-addition is borne out. Thus, addition of alcohols to
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acetylene dicarboxylate gives mainly the compound 24, although
additions at high temperatures lead to the cis-derivative. With
dicyanoacetylene, however, the cis-isomers predominate, even
although the reactions were performed at room temperature.

ROOC H

R'O 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(s). 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 1385, Friedlander?? found that p-nitro-f-nitrostyrene formed a
complex which he formulated as 25 when it was treated with an
alcoholic solution of potassium hydroxide (equation 37). The sait
decomposed rapidly in the free state yielding the original com-
ponents. This compound does not seem to have been investigated
further, but recently intermediates corresponrding to those postulated

pNOJ@hCH=CHN02—%%%%» p-NO,CgH,CH—CH=NOO~K* (37)
OEt
(25)
TaABLE 5. Wavelengths (mg) and extinction co-
efficients (1 m—! cm—1!) of the positions of maximum

absorption of substituted «-cyanostilbenes in basic
DMSO-cthanol mixtures?®.

Stilbene Anax €
I 4-nitro 547 42,600
II 3’-chloro-4-nitro 547 43,700
III 4,4’-dinitro 553 42,100
IV 4-cyano 402 47,400
V 3’-chloro-4-cyano 402 47,200
VI 4’-nitro-4-cyano 393 44,000

VII 3-cyano 363 28,800
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as the product of initial attack by alkoxide ions o. general formula 9
have been completely characterized in activated stilbene systems?8-60,

Thus, the interaction between alkoxide ions and a largc number
of substituted stilbenes in DMSO-methanol mixtures has becn in-
vestigated by Stewart and Kroeger using u.v. spectroscopy for the
purpose of establishing an H_ scale”® %, 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?8, under

ArtB—CH=C(CN)Ar* + OCH;~ ———> A& CN X
==  + CH,0H
ArS
(26) (38)
, OCH
AtB—CH=C(CN)AI® + OCH,” ——— Arﬁ:l 31CN (39)
H Ar%
OCH, (27)

ArB CN
- + CH,O0H ——— ArB—CH(OCH,)—CH(CN)Ar*  (40)
H Ar®

@n

the conditions of the experiment, the contribution from equation
(40) would not be significant. From the similarity in shape and
position between 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 reaction being one of methoxide addition, rather
than proton abstraction, comes from the general effect of substi-
tuents in the two rings, both on the position of the u.v.-visible
maximum?® (Table 5) and the equilibrium constant for the reac-
tion?. In gencral, substituents in the f-phenyl ring (I—III and
IV—VI) have much less effect than substituents in the «-phenyl ring
(I, IV, VII; 11, V; 111, VI) as would be expected from structure 27,
whereas 26 would give cxactly the opposite trend.

The interactions of anhydrous sodium methoxide with a series of
e~cyano-4-nitro-4’-X-stilbenes have also been studied by n.m.r.%,
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 (40) cannot occur.

The n.m.r. spectra of the products of reactions corresponding to
equations (38) and (39) for «-cyano-4-nitro-4’-X-stilbenes would 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 S-phenyl ring and a spectrum closely
corresponding to the spectrum of the anion of 4-nitrophenylaceto-
nitrile (30) for the «-phenyl ring, but showing some variation with
both nucleophile and substituents. There should be a large change
in the chemical shift of Hy from an alkene hydrogen at low field to
a hydrogen attached to an sp® 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 difierent, a critical
feature being the complete lack of an absorption corresponding to
the abstracted alkene proton Hp. If hydrolysis occurred due to small
traces of water, then the «-phenyl ring should show cxactly 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.

X
© CN __CN,
o N02 N 02 5 NOZ

(28) (29) (30)

The addition of anhydrous sodium methoxide to a DMSO solu-
tion of a-cyano-4-nitro-4’-methoxystilbene gives an intense violet-
pink coloration (4, 550 mu) 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 AA’XX’ pattern centred at 6 = —6-95 (rel.
intens. 4), two multiplets centred at & = —7-34 (doublet, rel. intens.
2) and 6 = —6-38 (approximately a triplet with further splitting,
rel. intens. 2), and a sharp singlet at 6 = —5-01 (rel. intens. 1). The
spectrum is consistent with the formation of the intermediatc 28
(X = OCH,), as shown in Figure 1.



. n!,_..JIl } mJL llm! by

23 CPS

10 2PS 3 ¢

ast28

~5 N,

1 !
i N 1 . | 1 1 S
9 7 6 5

-6 (ppm) —

Ficure 1. 100 MHz n.m.r. spectra of (A) X-cyano-4-nitro-4’-methoxystilbene in
DMSO solution and (B) this solution after the addition of anhydrous sodium
methoxide.
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It is inconsistent with cither hydrolysis or the occurrence of re-
action (38). Thus the AA’XX’ pattern can be assigned to the four
hydrogens on the #-phenyl ring and the singlet at 6 = —5-01 to
the H; proton. The shifts of the other two multiplets correspond
very closely to those observed for the ring hydrogens of 4-nitro-
phenylacetonitrile anion (Table 6), although the multiplet structures
are different, and can be assigned to the four hydrogens of 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 anion8?,
there is restricted rotation around the a-phenyl-C, bond, the com-
plexity of the resonance at § = —6-38 arising because Jy3 ~ 4056
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 the «-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 tetrahedral
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 Hy proton would suggest that there is free
rotation round the C—~C; bond as required for such intermediates
to take part in the cis—trans 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 series of a-cyano-4-nitro-4'-X-
stilbenes. The n.m.r. parameters (Table 6) are in close agreement
with those described above, but show small differences which rule
out the formation of 30, as identical spectra for the a-phenyl ring
would be obtained in this case. In general, the complexes seem to
be quite stable (at least in solution). The n.m.r. spectra reveal that,
whereas there is free rotation about the g-phenyl-C; and C,-C,
bords, there is restricted rotation around the «-phenyl-C, bond in all
the complexes and delocalization of the negative charge into the
«-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 substituents
in the «-phenyl ring, it is thought that the results obtained from these
more activated substrates may be of somewhat general applicability.

Both the ¢is- and #rans-isomers of a-cyano-4-nitrostilbene give rise
to the same n.m.r. spectrum on treatment with base.
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E. Theoretical Approaches

In 1953, Gold®? 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 the
alkene so that in the transition state, the groups G,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 R
3~ | & Y.l X
Y-geX <
~C< ~CZ
(31) (32)

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 aromatric and alkene nucleophilic
substitutions are very strong. The activation energies and the effect
of substituents in both cases are very similar, and during the reaction
the attacked carbon atom must change its configuration from sp? to
sp?, either in a transition state or intermediate complex (equation
41). In both cases, the existence of stable intermediates from suitably
activated substrates can be demonstrated.

i OR
R L R
_— El!ﬁ —_— (41a)
o Cl OR OR
&R s Ar — ’S’R by
R! R R!

(R is an electronegative group)

It should be possible directly to extend thc semi-quantitative
approach of Miller23 for aromatic substitution (see section V),
using the same data, to, for example, the alkoxy dehalogenation of
2-(p-nitrophenyl)-1-haloethylenes. The transition states and inter-
mediate complexes could be represented as I—V in Figure 2. By
analogy with the aromatic system (sce 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 ecssentially concerted reaction and possible re-
tention of stereochemistry (curve C) or formation of the thermo-
dynamically more stable isomer (curve A).

OCHg ',.OCHS OCHy OCH3 Hal”
= ~Hal //l.\Hal Hal N ™ ——— OCHg4
] lﬁ ]
N N N N N
N \ _/ N _ _ e \ _/ \
Ny 6T ot o T s %
1 o juss avy v
Ficure 2. Possible energy profiles of 2 bimolecular, ‘two-step’ alkene substitution

reaction.

Although there 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-workers®? have extended their
delocalization approach (see section V) to the alkoxy dehalogena-
tion of 1,1-di-p-nitrophenyl-2-haloethylenes. They considered the
attacking alkoxide group to approach from above the plane of the
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alkene and to form a transition state of type 33 by attack at the
a-carbon atom.

O,NC¢H, OR

o H

O,NC¢H, Hal
(33)

The leaving and attacking groups were considered togcther as a
‘pseudo-atom’ bonded to the residue by a ‘quasi-¢” bond to the
x-carbon atom and by interaction with the zm-electrons of the residue
via a ‘quasi-»’ orbital and two electrons just as in the aromatic case
(see on). On this model, differences in =m-electron energies in the
initial substrates and the transition states (33) were calculated.
A correlation was obtained between cxperimental 4G values and
calculated 4E=m values, but the authors considered that the fact
that the parameters which had to be chosen for the pseudo-atom
were different from the corresponding ones in the aromatic and
aza-aromatic scries gave rise to doubts as to the applicability of the
method to alkene substitutions.

V. ATTACK ON 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 one 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,COj; requires copper as catalyst and
temperatures in excess of 300°C, 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-
cussed®3—88 in terms of the ‘two-stage’ mechanism introduced by
Bunnett®? 85 (equation 42). In this scheme, the displacement of, for
example, chloride ion from 2,4-dinitrochlorobenzene by methoxide
ion is thought to proceed via an intermediate (34) of finite stability.
In 34 both leaving and attacking groups are covalently bonded to
the carbon atom at the point of attack which is now of s$3 hybridiza-
tion, and the negative charge from the attacking alkoxide ion is

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

Cl QCH,
CH0< ) CH,0.__Cl
/Noz K, L2 NOZ kz /NO2
_ — + cr-
-1

(34)

However, an alternative mechanism has been considereds?-91
(equation 43). In this, the reaction proceeds in one step, with
synchronous bond making and breaking in an analogous manner to
the aliphatic Sx2 reaction discussed in section 1I. There is 7o inter-
mediate in this mechanism, and no dip in the energy profile of the
reaction®.

‘s

e Cl. OCH, OCH,
CH;0=— NO, X __NO, NO,
_— O e + Ci™ (43)
Y NGO, . NO, NO,

Transition state

There are several general pieces of kinetic evidence in favour of
the two-step mechanism: (i) In reactions where the fission of a
carbon-halogen bond is a rate-determining step, the order of the
rates of reaction is F << Cl < Br ~ I. In many aromatic substitution
reactions involving halogens, the observed order is F > Cl ~Br ~ 185,
This can be accounted for in terms of the two-stage mechanism with
k, < k; in equation (42), but is difficult to explain on the basis of
equation (43). The reverse order®? %2 can also occur, and can also
be accommodated in the two-stage mechanism with k£, > &, in
equation (42).

(1) Xt is found®® that the rates of reaction of a whole series of
1-X-2,4-dinitrobenzenes with piperidine are within a factor of five
of one another, i.e., independent of the strength of the CG-X bond.

* The structure 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 suggested this mode of reaction.
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This again can be explained in terms of equation (42) with £, < &y,
but like (i) above is difficult to interpret in terms of the ‘one-step’
reaction scheme.

(ii1) Very convincing kinetic evidence for the existence of an inter-
mediate is the general base catalysis observed under certain condi-
tions when amines are the nucleophiles. In 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 NR, is a much poorer leaving group than +NHR,. In
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.

F NR,
NO, 7 .NO, . _NO,
| @ uncat. @ (44)
U f H
NO, NO,
base catalysed. 1.

kg, >k

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. In fact, base catalysis has been
observed®3—°®7 in a variety of systems, and the general trends pre-
dicted?®?® by the two-stage mechanism are found. Particularly incisive
1s the observation of a variable %0 /180 isotope effect in the substi-
tution of 2,4-dinitrophenyl phenyl ether by piperidine, when
catalysed by varying concentrations of hydroxide ion®?. The general
mechanism for the base catalysis is considered®? 2% to involve a fast
proton transfer, followed by a rate-determining removal of the
leaving group by the moiety BH + 28,

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 bimolecular 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).

B. Substituticns Involving Alkoxide and Hydroxide lons
. ‘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). Thus
the introduction of a second nitro group lowers the 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 have been
found?®3. 85 to be in the order

-N,+ > -NO, > -SO,CH; > -NMe;* > -CN > -CF,
In general, the effects of substituents will be shown in the ground
state, the transition state, and in the intermediate complex, all of
which may determine the kinedic pattern of the reaction. Correla-
tions can be obtained with the variation of one or more substituents
within a serics of closely related compounds, which may allow infer-
ences to be drawn regarding the mechanism. For example, Norman

Ci Cl

NO, NO,

NO, cl
(36) (37)
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and co-workers?® found that in the bimolecular reactions of both
1-chloro-2,4-dinitrobenzene (36) and 1,4-dichloro-2-nitrobenzene
(37) with a series of substituted phenoxide ions, the rates correlated
with the o-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 suggested?® that
the transition states for the two were similar, even though the

reactivities were very different.

TABLE 7. Second-order rate coefficients (I m—*sec~!) and activation encrgics
(kcal mole~?) for the reactions of alkoxide ions with some nitro-activated halo-

benzenes.

Substrate Conditions ko E, Ref.
Chlorobenzene OMe—|{MeOH (200°) — 40-0 105b
2-chloronitrobenzene OEt —-| EtOH (90°) 397 x 10—* 222 218
4-chloronitrobenzene OEt —| EtOH (90°) 963 x 10—+ 20-1 218
4-chloronitrobenzene OMe~|{MeOH (0°) 89 x 10~° 24.0 204
4-chloro-1,3-dinitrobenzene  OMe~|MeOH (0°) 2-0 x 10-% 175 204
Fluorobenzene OMe~|MeOH (200°) — 349
4-fluoronitrobenzene OMe-|MeOH (0°) 6-26 x 10— 21-2 ¢ 207
4-fluoro-1,3-dinitrobenzenc  OMe—|MeOH (0°) 1-74 x 109 135 ¢, 207

¢ B, A. Botto, M. Liveris and J. Miller, J. Chem. Soc., 750 (1956).

As shown above, groups ortho and para to nitro groups undergo
facile displacement by hydroxide and alkoxide ions. This is true of
nitro groups, and the ortho- and para-isomers of dinitrobenzene as
well as higher homologues are subject to ready displacement of one
group by base. In 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 ions°,

In substitutions involving hydroxide ions19%; 101-104 the product
obtaired is not the phenol, but the phenate ion. A typical example
1s the reaction of trinitroanisole with hydroxide ion. Gold and
Rochester’®? examined its rate of decomposition in weakly basic
phosphate buffer solutions and considered that the 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 the complex. In general, it will be very difficult to
distinguish between them.
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OCH, HO OCH;
O,N NO, O,N .\\/QyNo2

O =

NO, NO, NO,

(38)
—CH,0- —CH,0"  (45)
OH o-
O,N NO, . O | _NO,
_—Hr
NO, NO,
2. Non-activated substratacs

Discussion of nuclecphilic 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 substrates where
the activating groups are orientated mete to the site of reaction.
Thus, although the rate of reaction of m-nitrofluorobenzene is
approximately 10-% that of the ortho- or pars-isomers, there is a
considerable increase compared with the unactivated substrate22.
If there are two nitro groups present (to give l-fluoro-3,5-dinitro-
benzene), then the decrease in activation energy (cf. fluorobenzene)
is equal to that effected by a nitro group in the ortho- or para-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 corresponding to those of the two-stage mechanism
(equation 46). If the reaction involved the intermediate, then a
considerably smaller activation energy might be required than if
the reaction proceeded directly from the aromatic substrate. The

* Of which the reaction of trinitrobenzene with methoxide ion is a special
case.
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O,N F O,N OR

= (46)

NO, NO,

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. In fact, intermediates corres-
ponding to 39 for a variety of halogen substituents can be observed
in basic DMSO solution!?®, and it may be possible to investigate
their possible role in the reaction mechanism.

C. Investigation of Attack by OR~ and OH - leading to 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-
tion®% 107, 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. The two common methods are (a) by the direct
attack of alkoxide or hydroxide ion on an ‘unsubstituted’ nitro-
aromatic, where further rcaction of the intermediate involves the
energetically unfavourable 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 solvents such as dimethyl sulphoxide
or dimethylformamide.

l. Attack on nitro- and polynitro-aromatics

a. Attack on 1,3,5-trinitrobenzene®. The interaction between TNB and
alkoxides was investigated by several authors!®8-111 before the end
of the last century. In 1895 Lobry de Bruyn and Van Leent!osc
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 werc made
by other workersi0?, 116, De Bruyn showed that it was formed
only in the presence of alcohol and had the empirical formula
CH,(NO,);.CH,OK. The formulation 40 was suggestcd by analogy

(46) (41)

with the suggestions of Meisenheimer for the corresponding complex
with trinitroanisole (see on). More recently, the visible!'? and
infrared!!? 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!4, The three equivalent protons in TNR
give rise to a single sharp absorption at § = —9-21 in DMSO
solution, but the isclated product from the action of methanolic
KOH on TNB shows two absorptions; a doublet at § = —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 H, and H; respectively in 40. The large upfield shift
in the resonance ascribed to Hy is caused by the change from sp? to
sp® hybridization in the ring carbon atom, and chemical shifts in the
range 6 = —6-0 to —6-5 are characteristic of this environment07,
A product analogous to 40 is formed by the action of ethoxide ion
on TNB113, Solutions of 40 undergo very facile exchange reactions
with ketones!!s, 116 amines 117 and aliphatic nitro compounds?® to
form the corresponding compounds 41 (R = CXYCOR’, NR'R”,
CXYNO, respectively) by treatment of a DMSO solution of 40
with the reacting species. N.m.r. measurements have also been made
on the ‘in situ’ formation of 40. If increasing amounts of methoxide
are added to a solution of TNB in DMSQO, the n.m.r. spectrum shows
first the formation of 40115, 119, 120/ followed by changes at higher
methoxide concentrations which may be indicativells, 120 of the
formation of 42.

Quantitative spectrophotometric studies have been made on the
interaction between TNB and alkoxides in alcoholic solution!21, 122,
Gold and Rochester found a value of K = 151 m~?! for the equili-
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42)

brium constant at 28°. Caldin and co-workers!2? studied the rate
of formation of the ecthoxy analogue of 40 and the rate of its decom-
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 TINB it has been suggested that complexes of
stoichiometry 2:1 and 3:1 are formed:23, 124, Solutions of 40 in
methanol are known to be unstable08, 121, 124-126 5 slow irreversible
reaction yielding mainly 3,5-dinitroanisole and nitrite ion taking
place. The reaction is first-order in the complex 402! but this does
not necessarily mean that it is an intermediate in the reaction. The
reaction would seem to proceed through a transition state (43). Such a

OCH,

O,N
Cfe.

NO,

(43)
Transition state
species would have a very low stability, as there could be no delocali-
zation of the negative chacge by the nitro groups by a mesomeric
effect, and it must be emphasized that 7o evidence has been found
for a stable species corresponding to 43 in any system.
Attack by hydroxide ion on TNB in DMSO solution yields

H OH H OH H OH
{ 0N« ~NO, O,NT ~NO,
ﬂli.] H H_ H
h OH HO OH
NO, NO,
{44) 45) (46)
44119, 127, The n.m.r. spectrum of 44 is very similar to that of 40,
showing absorptions of 6 = —8-2, (rel. intens. 2) and § = —6-1;
(rel. intens. 1). Compound 44 can also be made by treating a DMSO
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solution of 40 with H,0!27, giving an cquilibrium 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 arc 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 investigated spectrophotometrically by several workers!28-134,
General agreement is found with an equilibrium constant of
K ~2:7 1 m~! when determined spectrophotometrically, but this
differs greatly from the value of 347 1 m-* found by a polarographic
method 35, At high ratios of hydroxide ion to TNB, it has been
suggested that complexes 45 and 46 are formed?3!, 135 Again,
solutions of complex 44 are unstable, slowly yielding 3,5-dinitro-
phenol and nitrite ion with traces of 3,5,3’,5'-tetranitroazoxy-
benzene. Gold and Rochester!?*: 13 found the reaction to be light-
sensitive, the apparent quantum vyield increasing with the concen-
tration of hydroxide ion and the rate being dependent on the 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 invoived 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 nitrophenols?3é,
Thus trinitrobenzene is oxidized to picric acid when boiled with
alkaline potassium ferrocyanide (equation 47).

H OH O~ (H)

NO, NO,

(o] O,N
2 (0] R 2N )
K,Fe(CN), (47)

NOQ NOQ N02
44)

The reaction can be formulated as involving the oxidation of the
intermediate 44. Apart from differences in formal charge, (equation
(47} i1s analogous to reaction scheme (86) suggested for the alkaline
oxidation of pyridinium ions to pyridones in section VI1.B.1.

b. Attack onother nitroaromatics. In basic DMSO solution, 1,3-dinitro-
benzene undergoes isotopic exchange, mainly in the 2-position. The

* In fact, the spectrum of 44 formed by reaction of 40 with traces of H,O in
DMSOssolution was wrongly assigned a structure involving attack by the DMSO115,
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solutions also show a characteristic red colouration. From a detailed
examination of the kinetics of the methoxide-induced tritium ex-
change in DMSO solution, Crampton and Gold!?? concluded that
the colour-producing species wzs not 47 formed by proton abstrac-

H OCH,
N02 4 Noz - N02
S & CL
T OCH;
N02 Noz N02
(&7) (48) (49)

tion, a possibility considered by Pollitt and Saunders!38, but was
due to a complex of dinitrobenzene which was inactive in the
tritium exchange. These properties would be expected from the
adduct 48137, The formulation of the adduct as 48 rather than 49,
where attack has taken place between the two nitro groups, is sug-
gested by the close correspondence of the visible spectrum
(Amax = 576 mu) compared to that of the corresponding compound
from 2,6-dinitroanisole (4., = 584 mu). However, several workers
have tried without success to mecasure the n.m.r. spectrum of 48.
The difficulty is at least partly caused by the extreme ease with
which anion-radicals are formed in this system3, These can ex-
change with the unreacted 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 adduct?°%, The n.m.r. spectrum is consistent with the formu-
lation 48 with H,, § = —8:36; H,, § = —5-43; H,, 6 = —535,
J22 =10 cps and J;, = 45 cps, in good agreement with the
corresponding acetone adduct which has recently been reported 49,
but it is inconsistent with the formulation 49 which would show only
the three 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 Saunders'*! noted that the visible absorption
spectra of a number of 1,3-dinitro-5-X-benzenes in DMSO solution
in the presence of certain nucleophiles showed a series of two absorp-
tion maxima, and concluded that species analogous to both 50 and
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H OR(QH)
X ~NO,
H
" ~OR(OH)
NO,
{50) C1Y)

51 werc present, ecach 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 42 on 3,5-
dinitrobenzonitrile and 3,5-dinitrobenzotrifluoride show only ab-
sorptions which can be attributed to complexes 56 (X = CN and
X = CF; respectively) (Table 8). A similar situation is found with

TasLe 8. N.m.r. chemical shift parameters (—d, ppm) for the ring proton
absorptions of complexes of general formula 50 in DMSO solution.

X OR H, Hp H,

NO, 14 OCH, 842 8-42 6-14

127 ‘OH 8-20 820 6-15

CN142 OCH, 8-08 7-35 5-40
OH 8:21 7:52 5-50

CF, 142 OCH, 8-02 7-13 5-44
OH 8-15 7-31 too weak

H1o¢ OCH, 8-36 6-96 535

(0 = —5-43)

3,5-dinitropyridine (section VI). However, although the non-
obscrvation 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 and then isomerize very quickly to the
more stable isomers (50).

N.m.r. studies suggest that stable adducts are also formed in
nitropolycyclic aromatics?*4®. Thus 9-nitroanthracene adds one
equivalent of methoxide ion in DMSO solution to form1 the adduct
52, and 1,3-dinitronaphthalene similarly gives 53. The adducts 52

H OCH, H OCH,
NO,

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

c. Attack on 4,6-dinitrobenzofuroxar. The formation of salts by the
action of hydroxides on 4,5-dinitrobenzofuroxan (54) was described
by Drost*44in 1894, and investigated by several early workers144-147,
Drost considered that a compound such as 55 was formed by proton
abstraction (a similar suggestion had been made in the case of
TNB), Jackson and Earle!33 suggested a structure of type 56 or
57 involving attack by the base. Recently, the simultaneous publica-
tion of results from three different research groups has unam-
biguously determined the structure of the species formed?48-150,
Thus no deuterium incorporation was found 148~1%0 on treating the

NO, NO,
N - N
\O \O
4 /
O,N T+ O,N T+
o~ o~
(54) (55)

potassium salt with D,SO,, eliminating structures of type 55, and
no 180 exchange with 1*0OH, 1%, eliminating structures of type 58
where the heterocyclic ring has opened. The n.m.r. spectrum148-150
of the salt formed by hydroxide addition shows doublet absorptions

NO, o NO: NO,
=N, Ny NOH
P H o
O.N N O,N N+ O,N
*  H oM | 2 | R S
o o~
(56) (57) (58)
at 6 = —873 and 6 = —5-94 in agreement with structure 56 or

57, but does not differentiate between them. However, Brown and
Keys4® synthesized the 4,6-dinitrobenzofuroxan with 509, 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 sp® carbon atom, and the salt must have
structure 56.

2. Attack on nitro- and polynitro-anisoles

a. Attack on trinitroanisole* and homologues. 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
Meisenheimer®! and Jackson and co-workers!®? 153 up to the
present day. In an early definitive study!®!, Meisenheimer isolated
red solid salts by treating trinitroanisole with potassium ethoxide
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, OCH,CH,
O,N NO,
(48)
NO, NO,

More recent work has completely vindicated Meisenheimer’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 characteristic properties. The absorp-
tion spectra show two maxima in the visible region at ca 420 mu

RO OR’
O,N_ _NO,

NO,
(60)

and 500 mg due to the trinitrocyclopentadienide residuc!s4~-156
(Table 9, Figure 3). There 1s little variation within a series, and the
absorption may be considered characteristic of these systems. In fact,
the spectra of the differcnt compounds are so similar that the obser-
vation of identical u.v. spectra from the two adducts originally
1solated by Meisenheimer 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).

* Although formulated slightly differently with the charge localized on one
nitro group.
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Ficure 3. U.v.—visible absorption spectrum of compound
60 (OR = OR’ = OCHj,) in acetone solution.

The solid complexes also show characteristic i.r. spectral$?» 158 which
are 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-O stretch-
ing frequencies from 1552 cm~? to 1513 or 1489 cm~! on complex

TaBLe 9. U.v. spectral parameters of compounds of general formula 60 in acetone

solution.
A & 2, &

OR OR’ (mp) (Im—tcm-1) (mu) (Am—*cm~1) Recf.
OCH, OCH, 420 29,000 494 19,000 169
OCH, OCH,CH, 421 26,000 495 19,000 169
OCH.,CH, 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-1 and 1225 cm~!. Data on the crystal structures of the
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cacsium and potassium salts of 60 (R = R’ == CH,CH,) have
been presented 3.

A very direct demonstration of the covalent nature of these com-
pounds and the essential correctness of formulation 60 is obtained
from the n.m.r. spectra of the isolated compounds5®—16!, Thus the
complex 60 (R = R’ = CHj;) shows only two sharp absorptions at
d = —8-64 (rel. intens. 1) and 6 = —3-03 (rel. intens. 3). The
relative intensitics are in agreement with structure 66 in which both
the two methoxyl groups and the two ring protons are equivalent.
The methyl proton resonance occurs at a value corresponding to that
of an aliphatic ether rather than an aromatic ether which would
absorb 0 = —4-0 indicating the change in hybridization at the
carbon atom to which it is attached. The position of the ring
proton resonance is characteristic!?? of the trinitrocyclopentadienide
system. Similarly, the ‘spiro’ compound 61 16162 shows only a
single sharp absorption for the dioxolan ring protons!¢® indicat-

(61)

ing the equivalence expected from structure 61. Many investi-
gations by n.m.r. have also becn carried out on complexes gen-
erated in situllS, 116, 119, 143, 159, 161166 from the parent picryl
ethers. The most incisive are those of Servis!¢4. 165, 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 § = —6-17 and 6 = —8-42
(/ ~ 2 cps) and a sharp resonance at 6 = —8-90 (Figure 4). With
time, the single resonance increases 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 the thermodynamically more stable isomer
(62) as in equation (49). The resonance at 6 = —6-17 ascribed to
H; in 62 occurs at a position characteristic of protons attached to
sp® hybridized carbon atcems in these systems. Since then, similar
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CH,0 OCH,

(83) (62)
observations have been madec on complexes from 1,3-dimethoxy-
2,4,6-trinitrobenzene43 and other systems (see bclow), and it appears
that isomerizations of this type may be quite general. Ainscough
and Caldin®?, %8 had investigated the kinetics of the attack by
~OC,H; on TNA at low temperatures, and found two kinetic pro-
cesses; a very fast initial reaction, and then a relatively slow reaction
to form 60 (R = CH,, R’ = C,H,. The initial fast reaction was
interpreted16?, 168 a5 the formation of a charge-transfer or ion-
dipole complex, but the absorption spectrum at low temperatures is
characteristic of a Meisenheimer compound!?, and Servis'é* 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?®?-172, At high concentrations of methoxide
ion in methanol solution, picryl ethers show an alteration in the
visible absorption spectrum, which is attributed®® to the presence
of 1:2 and 1:3 complexes. (There is n.m.r. evidence!®® for the
formation of a 1:2 complex in the case of TNA + -OCH,.) The
spectrum becomes that of a normal 1: 1 Meisenheimer compound
on dilution, and acidification of fresh solutions yields the picryl
ether. On standing, irreversible changes take place!.

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 1031 m-*!and ¢(410 mu) = 3-45 x 104
cm?m~-!and Gold and Rochester'? report values of K = 7-70 x 103
lm-! and ¢ = 242 x 10* cm? m~'. The latter value receives
support from the values of the extinction coefficients quoted by
other workers'¢¢: 1%, Fendler and co-workers'?? report a value of
K =17 x 1041 m—?, but note that, at methoxide concentrations of

ks
K+*OCH,~ + TNA ==TNA.OCH ,~K*+ (50)
k=1
10-2 m, the cffect 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 Bernasconi!?3 in the action of methoxide on
2,4-dinitroanisole.
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various workers 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.la above). in 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-(NO,),CH,O13CH, 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

CH3zO OCH5

Ez
TNA +OCH5

TNA + OCHy

Ficure 5. Energy profile for ihe reaction of TNA with methoxide ion in
methanol solution.

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

There is general agrecment between the thermodynamic para-
meters obtained from a whole varicty of methods (Table 10,
Figure 5). The main feature is that the complex formed is in fact
net only stable, but more stable than the original substrate, by
2—7 kcal/mole.

Solutions of trinitroanisole in the presence of methoxide are un-
stable when irradiated at the wavelength of the absorption of the
1: 1 complcx, reacting by loss of a nitro group?°.

b. Attack on dinitro- and substituted dinitroanisoles. From both intuitive
and theoreticall?? points of view, complexes from dinitroanisoles
might be expected to be less stable than the trinitro-analogues.
Although this has been verified experimentally, in fact it has still
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TanLe 10. Thermodynamic parameters (kcal mole—1t) for the attack of meth-

oxide ion on TNA in methanol solution (Figure 5) as determined by various
methods.

System Mecthod E, E, AH Ref.

TNA + OEt— low T. 13 kcal — — 167, 168
kin. (u.v.)

TNA + OCH,~ u.v. 10-0 12-0 —~2:0 171
TNA + OCH,~ O1*CH, 122 19-4 —7-15 174
TNA 4 OCH,~ u.v. 13-5 19-0 ~55 172
TNA + OCH;~ Miller 14-0 16-0 —2:0 203

¢ Not determined directly; value by subtraction.

been possible to observe and verify the structure of a large number of
these compounds. Pollitt and Saunders?4! 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.

RO OR'

;\102 HR
(64) (65)

There is also a close correspondence 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 thought'4? that the spirocompound 66 is formed. Measure-

(67

ments of the n.m.r. spectrum of 64 generated in situ n DMSO
solution by the addition of sodium methoxide fully support the
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structure suggested by Pollitt and Saunders. The ring proton absorp-
tions occur at 6 = —8:52, H,; 6 = —7-90, Hy; 6 = —5-36, H,.
There is {Table 11) a close similarity between the different homo-

TasLe 11. N.m.r. absorptions (—§, ppm) of ring protons of o-complexcs of
dinitrophenyl ethers in DMSQ solution. '

Structure OR OR’ H, Hg H, Ref.
2,4-dinitroanisole OCH, — 875 857 764
64 OCH; OCH, 868 726 509 107, 143, 119
64 OCH, OCH,CH; 870 720 5-10 107, 143, 119
64 OCH,CH; OCH,CH, 868 719 5-10 107, 143
66 OCH,CH,O 8-52 6:90 5-36 107, 143, 180,
181
2,6-dinitroanisolc OCH, — 831 758 —
65 OCH;, OCH, 7993 502 — 107, 143
65 OCH, OCH,CH, 784 468 — 107, 143
67 OCH,CH,O 7-67 509 — 107, 143, 180,

181

logues of 64 and the spiro compound 66, confirming the assignment.

Similarly, complex 65 can be generated by the addition of
methoxide 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 = —5-0,, Hy and 6 = —7:93, H,, with
S, u 5= 8 cps, the large upfield shift in H, occurring because it
is meta to both nitro groups. Again (Table 11), the spectra of homo-
logues of 65 are very similar to those of the spiro compound 67,
giving added proof of the structure. In both cases, there is eventual
decomposition to the dinitrophenate ion (this is true 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
evidencel88 that phenate ion formation can occur by an Sx2 dis-
placement on the methoxyl carbon atom (equation 51), so that at

Ar—Or) -
\ ———— ArO~ + CH,OR (51)
cHY “oR ’

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

* An analogous displacement involving an amine is an alternative explanation
of the results of Servis!2? on the action of triethylamine on TNA.
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type 64 have also been isolated as solid compounds!?®. 17, QOrigin-
ally they were obtaincd in a mixture with the phenate ion and were
considered unstable!?8, but recently Griffin and cc-workers!?® 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

CH3z0 OCH4

Ep

i
J J ‘ aH K—-
DNA +OCH3 ' 1 DNA +OCH3~

Ficure 6. Encrgy profile for the rcaction of 2,6-dinitroanisole with methoxide
ion in methanol solution.

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

Mecthod E, r, AH (kcal/mole) Ref.

13C Isotopic (16-8) — — 174
exchange

Temp. jump., (16-1—16-8) (11-20—13-0)° (5:6—3-1)° 173

Miller 19-5 12:5 7-0 203

2 Value dependent on OCH,~ concentration.

constant for complex formation!?, itis thought to be several thousand
times less than that for the corresponding complex from trinitro-
anisole. Fendler!* found that the rate of complex formation was
the rate-determining step in the methoxyl cxchange 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,) for this process was found to be 16-8 kcal/mole. Using the
‘temperature-jump’ technique, Bernasconi!?® found a value of
11-8 + 0-5 kcal/mole for the decomposition (E,) of the complex,
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comparcd with a valuc of 12:5 kcal/molc predicted by Miller (see
beiow).

Several workers have investigated the complex formation of 2-

cyano-4,6-dinitroanisole (68)182-184 and 4-cyano-2,6-dinitroanisole
(69)16¢, 183, 184,

OCH; OCH,
NC__ Q NO, O,N NO,
NO, CN
(68) (69)

The n.m.r. spectrum of the stable isolated complex formed from
2-cyano-4,6-dinitroanisole indicated that it had structure 70182-184,
but Griffin and co-workers!®3, 84 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, CH;0 OCH,
NC NO, nc. X _NO,
CH,0~ g
— (52)
NO,
(68) (70)

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.

OCH,
O,N_ NO,

O
—_

CN
(69) (13) (72)

In a detailed examination of the kinetics of formation of 70 and 72
compared with the corresponding complex 62 from trinitroanisole,
Griffin and co-workers!®* 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 the 2-position. These parallel cxactly the relative
activating effects found for ortho- and para-nitro groups in the
methoxydechlorination of nitrochlorobenzenes!8®. N.m.r. investiga-
tions!*? of the addition of methoxide ion to a solution of 9-nitro-10-
methoxyanthracene confirm the suggestion of Meisenheimer?s! that
attack takes placc at the 10-position to yield the complex 74.
Similarly, attack takes place at the l-position in 1-methoxy-2,4-
dinitronaphthalene to yield the complex 75143, 388, The correspond-

CH,0 OCH,

(14) (75)

ing spiro compounds to 74 187 and 75 186, 187 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
substrate®s, 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 fermation of 75 is 13-8 kcal /mole?8¢
which is ~3 kcal/mole less than that found!?3: 174 for the complex
from 2,4-dinitroanisole and reflects exactly the trend found for
methoxy-dechlorinations of nitrochlorobenzenes and naphthalenes49,

3. Relation of the observation of intermediates to the mechanism

of substitution reactions

In 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 ions. As has been stressed®?, 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 intermediate could be
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re-expressed in terms of those of the reactants using the first equili-
brium, and 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 SyAr2 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 energies 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 authors?0-%00, 244 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 the
‘Wheland model’?*° for the intermediate 76 where the structurc of
the intermediate is that discussed in section G above.

The carbon atom at 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.

R R’

(16)

Caveng and Zollinger®! have employed this model and method
of calculation to calculate n-clectron densities in a whole series of
intermediates formed from polynitroanisoles and 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 mostly localized on the nitro
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groups, and that there is relatively little increase in the #-electron
density at the ring carbon atoms, a slight decrease being found in
some cases.

Very recently, however, Hosoya, Hosoya and Nagakura?#t 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 m-clectron
structures of the 1,3,5-trinitro-, 1,3-dinitro-, 1,5-dinitro-, 2,4-dinitro-,
and 3-nitro-pentadienyl anions by the ‘method of composite mole-
cules’. In this method, the eclectronic structure of the substituted
pentadienyl anion is considered in terms of charge-transfer inter-
action between the MOs of the pentadienyl anion and those of the
nitro groups. A ‘Pariser—Parr-Pople’ type sclf-consistent ficld mole-
cular orbital calculation with configuration interaction was also
made for the 1,3,5-trinitropentadienyl anion for purposes of com-
parison. In contrast to the results of Caveng and Zollinger®!, they
found that both methods predicted z net 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 energies and the extinction coefficients were
in good agreement with available experimental values.

One very important aspect considered by Caveng and Zollinger,
but often neglected in calculations, is the possibility of distortion of
the orthe-nitro grouvps from the plane of the ring, thus lessening their
capacity for delocalizing the negative charge. In fact, molecular
models indicate that steric interactions'®¢ can occur, and this will
affect the substrate, transition states and intermediate complex.
The non-coplanarity of the nitro groups with the ring can in fact
be introduced very simply into the HMO calculation, and Caveng
and Zollinger!?! 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-
tole1?2 and its ethoxy complex {62)1°3. In the case of the adduct
62 no significant distortions of the two ortho-nitro groups were
found?3, and steric interaction in the case of the intermediate must
be minimal. However, very considerable steric interactions were
indicated in trinitrophenetole, the two orifio-nitro groups being ro-
tated by 30° and 60° from the plane of the aromatic ring®% 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 extent at least, an unknown factor in
calculations.

Correlation of paramecters from molecular orbital calculations with
activation energics 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 tramnsition state. The justification for this
approach will depend on how closely the structure of the transition
state resembles that of the intermediatc complex*. The activation
cnergy calculated (Ey,) is related to the difference in atom
localization energies (A4,) of the substrate and intermediate (equa-
tion 54). The term 4 includes differences in solvation energies of the

EMO = Achc + 4 (54)
substrate and intermediate. Equation (54) also assumes that A4S is
a constant.

Murto®?** found reasonable agreement using this method of calcu-
lIation 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 at the porsition of substitution, indicating the
importance of the charge density as a rate-determining factor in the
reactions considered. Abe'?7 has used thc same model introducing a
‘reaction parameter’ by which the values of the resonance integrals
can be changed during the course 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, the agree-
ment is only qualitative.

An alternative to the Wheland representation has been given by
Simonetta and Carra 195, 196 35 an extension of their treatment of
the Fritsch rearrangement reaction?5, In this representation, the sp?
hybridized carbon atom and its substituents are not removed from
the calculation, and the leaving and attacking groups (e.g. Cl and
-OCH,) are considered together as a ‘pseudo atom’. The orbitals
of the oxygen and chlorine atoms of these groups can be combined

* Some guide to the validity of this approximation is given in the calculations
of Miller (sec below).
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togcther to give a bonding orbital, resembling a ¢ orbital, which is
symmectric with respect to the planc of the ring (equation 55a),
ve = (1/V2)(wr + o) (55a)
and an antibonding orbital which is antisymmetric with respect to
the plane of the ring, resembling a /f orbital v, (equation 55b).
Yo = (1/V2) (e ~ vo) (55b)

The ‘sigma’ orbital g, can combine with the sp? orbital of the
attached carbon atom (Figure 7a) and the ‘a’ orbital with its g,
orbital (Iigure 7b). This model is much more flexible than the

()] (b)
Figure 7. Bonding and antibonding molecular orbitals of the ‘pseudo atom’ in
an aromatic nucleophilic substitution reaction.

Wheland one, in that the total bond order between the pseudo atom
and the bonded carbon can be greater than 1. In fact the parameters
for the psecudo 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 4E,. The agreement is considerably better than
that obtained for the same reactions using cither n-clectron densities,
or the Wheland intermediate. Some idea of the relation of the
transition state to the intermediate complex is given in the calcula-
tions of Nagakura?8, From a consideration of the relative electron
affinities and ionization potentials of substrate and reagents!®?,
Nagakura formulated the substitution process within the framework
of the general theory of charge-transfer interactions introduced by
Mullicken?0!, Thus the reaction is scen as a progressive transfer of
charge from the reagent to the substrate, and a larger contribution



2. Nucleophilic attack by hydroxide and alkoxide ions 111

of the charge-transfer form v, - to the total wavefunction ypor
Pror = @ Pp-s + b pp.s- (56)

(equation 56). In this context, in the initial state, 2 > b, and in the
mtcrm.edlate complex, b > a. The transition state is thought of as
the point where there is almost equal contribution from both - ¢
and wy_g- to the total wavefunction20?, and can be considered
as the point where the whole system transfers from the no-bond to

the charge-transfer structure. (A similar treatment has been given by
Brown%®: 20 for electrophilic aromatic substitution reactions.)

€y
1 Ea(b
il—_l_ E~ atel

— L
CH30 CHzO F CHz0 F~
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Ficure 8. Energy for a bimolecular nucleophilic substitution procceding via a
‘two-step’ mechanism.

A different approach, and one which is of very wide applicability,
is that developed by Miller and co-workers203-207, 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 III is the intermediate complex in
the Wheland representation. The energy levels of the reactants and
products relative to the intermediate complex (£, and E, 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 the reactants or products?0?,
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Where possible, known thermodynamic values are used for these
terms, but some must be approximated to, and others estimated.
(See Ref.20% for a full discussion of the approximations involved.)
At this stage in the calculation one has obtained the same informa-
tion as from the HMO calculations based on the Wheland model for
the intermediate.

—
+14 I I, PCHs
j_f_ +35 ,

- @ A
v o-318 ’
]
—L_ NO2
L — F COZH

+10 +9.5 3
-tj ¥ t
2] =3

B
]
-35 NO»

Ficure 9. Energy profiles for aromatic nucleophilic substitution reactions
involving the intermediates shown; from the calculations of J. Miller2°3,

However, as discussed above, the kinetically measured activation
energies are E, or E,y, in Figure 8. Miller®® 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 9%, 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 bctween activation energies and reaction thermicity, the application
in the range encountecred in these rcactions does not involve large errors.
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be a percentage of the C-OCH; bond energy depending on the
energy difference E,, 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 E,, can be calculated. The approach is quite
generally applicable to all substitution reactions for which the
relevant bond-dissociation energies are known, and it would be quite
reasonable to justify the method solely on the basis of being a gencral
qualitative interpretation. However, in spite of the approximations
involved, the agreement between calculated and experimental activ-
ation energies is extremely good (e.g. Table 13). Some representative
schemes are shown in Figure 9. In no case is the Wheland inter-
mediate a very good representation of the encrgy of the transition
state. Of special note is the case of the stable complex (case C),
discussed in section C. The method of Miller provides a strong direct
link between these observable intcrmediates, and the general kinetic
case.

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

TasLe 13. Comparison of experimental activation encrgics with values calculated
by the method of Miller2®® for the methoxydehalogenation of some activated

halobenzenes®.
Substrate E,(calc.) (kcal) E,(exp.) (kcal) Ref.
1-F-4-nitrobenzenc 21 21 203
1-Cl-4-nitrobenzene 24 24 203
1-1-4-nitrobenzenc 25 25 203
1-F"-2 4-dinitrobenzcne 15 13-5 203
1-Cl1-2,4-dinitrobenzene 16-8 18 194
1-I-2,4-dinitrobenzenc 19 19 203
1-F-2,4,6-trinitrobenzenc 8 102 194
1-Cl1-2,4,6-trinitrobenzene 116 135 194

@ Sec also Tables 11, 12.
Vi. ATTACK ON AZA-AROMATIC SYSTEMS

A. Pyridine 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 example, 2- and 4-halopyridines react readily with alk-
oxides to yield the corresponding alkoxypyridines2%®, and with
hydroxide ion to yield the corresponding pyridones20°,

In general, second-order kinetics (first-order in both alkoxide and
substrate) are found, and the reactions arc usually discussed?10, 211
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).

Cl Cl OCH, OCH,
@ + "OCH, ——= f—(j _ @ + CI— (57)
N ‘N .

However, despite the extensive investigations of Chapman and
other workers, much of the internal kinetic evidence for the SyAr2
mechanism proposed for aromatic systems is missing in the hetero-
cyclic series, and discussions on nucleophilic heterocyclic substitu-
tions 230, 211 have relied heavily on mechanistic evidence from the
benzenoid series. There is also a lack of kinetic data on the reaction
of alkoxides 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 reviewed?!2, 213), The main points of interest
in the kinetic investigations, apart from the establishing of the bi-
molecular nature of the reaction, have been the quantitative investi-
gation of the activating eflect of the aza-nitrogen, both at various
positions in the ring system and compared with the commonly used
nitro activating group in the benzenoid series.

b. Activating effect of the aza group. The activating effect of the aza-
nitrogen has been investigatea in simple pyridine systems of several
authors?14-216, 218-222 Some relevant data2!4-217 ayre 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 replacement of halogens
by alkoxide ions. The activation energies for halogen replacement in
unactivated aromatic hydrecarbons are considered103, 214, 216 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, the 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 Il-position (to give 2-chloroquinoline) in-
creases the rate of reaction with methoxide ion by a factor of
6:9 X 10° and the introduction of an aza-nitrogen in the 3-position
(to give 3-chloroisoguinoline) by a factor of 1-3 x 10%. Other, less
direct, comparisons can be made by comparing the effect of the
insertion of an aza-nitrogen at various positions in a substrate already
activated by an aza or nitro group?'8-222, In general, the aza group
gives a very large increase in reactivity compared with the corres-
ponding hydrocarbon. The activation at various positions is in the
order para> ortho > meta.

Tasre 14. Kinetic and thermodynamic parameters for the alkoxydechlorination
of chloropyridincs.

Substituent Conditions k x 108 E, A8 Ref.
(1 m—1sec—t) (kcal mole~1) (e.u.)

2-Cl OMe—, MeOH, 50° 3-31 x 10-2 289 —53 217
3-Cl1 OMe—, MeOH, 50° 109 x 10-3 329 —9:2 217
4-Cl OMe—, MeOH, 50° 89 x 102 252 —10-4 217
2-Cl OEt—, EtOH, 20° 2:2 x 10— 26-8 —9-2 214, 215
4-Cl OEt—, EtOH, 20° 87 x 10~ 20-9 —22-3 214, 216

The activating effect of the aza-nitrogen is often compared with
the 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 simple systems by
scveral authors?23-225, The relative ratios for alkoxydechlorination
in the simplest systems are shown below, where X = N or CG-NO,.

Ci Cl
approx. ratio @ @ O
P X~ Cl X X
~Zalto 10 15-1 84
kﬁzﬂ
conditions 90°/OE¢- 60°/OEt~ 60°/OLt~
refcrence 214, 224a 214, 224b 214, 224c¢

CHG E
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A large amount of data is also available in systems containing more
than one activating group?25. 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®23,

2. Evidence for intermediate complexes

The detection of intermediates in the 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-
apility 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 CG-NO, grouping
(section VI.A.1) could suggest that the stabilization of some inter-
mediates 1n the pyridine series might be high enough to allow for
their detection.

In the conversion of 2-chloro-3-cyano-6-methyl-5-nitropyridine
(77) into the corresponding alkoxy compound (78), Mariella and
Hyalik??¢ noted that an intense colour was produced. A similar
observation was made by Fanta and Stein2?27? in the treatment of
2-chloro-3-cyano-5-nitropyridine with methoxide ion. In further

OzNHCN O2N:(\/[CN OzN\.',.-\
H,C N Cl H,;C N OCH;,4 H3CAN

) (78) (79)

studies Mariclla and co-workers22® concluded that both 2-chloro
and 2-alkoxy pyridines containing powecrful 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 resecarch 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 intermediates of this type have been characterized by the
n.m.r.166, 229, 230, The n.m.r. and u.v. spectral characteristics of
these systems are collected in Table 15.

TasLe 15. N.m.r. and u.v. spectral parameters of pyridine o-intermediates in
DMSO solution.

Structure OR X  H,(—6)Hg(—6)H,(—0) Amax (mu)  Ref.
80 OCH; H 608 830 862 487 229
82a or 82b* OCH, NMe, 605 820 — 448 229
OCH, OCH, 599 859 — 455 230
83 OCH,CH,O H — 835* — 462 229
84 OCH, H — 878 — 455 230, 166

@ Assignment can be made in terms of either structure.
> Multiplet centre.

Thus the addition of sodium methoxide to a solution of 3,5-dinitro-
pyridine in DMSO 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 138, 1-70 and 13-927¢ ascribable to the intermediate 80
(OR = OCH,)229, The shift to higher fields has been found to be
characteristic of the cyclopentadienide system, and the resonance
at 3-927 ascribed to the hydrogen atom on the sp® 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, or by solvolysis of 80
(R = OCHj,;). Both of these compounds undergo replacement re-
actions with diethylamine and acetone???. When there is a substitu-

HB
OQN.\. , -NO,
Y- E._ _ Ha
H N OR(OH)
(80) (81) (82a) (82b)

ent in the 2-position, e.g. NMe,, then the intermediate is formed by
attack at either position 4 or 6, giving either 82a or 82b (X = NMe,),
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but it is not possible to distinguish between thesc two siructures on
the basis of the n.m.r. spectrum alone???. Similarly, Illuminati and

RO OR

(83) (84)

Stegel??® found that the 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
1s, however, formed by the action of base on 2-(2’-hydroxycthoxy)-
3,5-dinitropyridine where the complex 83 (OR, OR=0OCH,CH,0) 222
is formed. The dialkoxy intermediate 84 (OR = OCH,) is formed
by the action of methoxide on 4-methoxy-3,5-dinitropyridine66, 230,
It is not clear whether this is the initial point of attack or not. The
complex can be isolated!¢® 3¢ and shows the general characteristics
expected of a structure of this type (section V).

Intermediates have also been found in the pyrimidine series230, 231,
INluminati and Stegel?®? reported that attack by methoxide ion on
the 2- and the 4-methoxy-5-nitropyrimidines occurs at a CH position,
but it is not clear 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 strong
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 heterocyclic systems, but not
as much work has been done in this field. Particularly interesting
would be a comparison of results calculated by Miller’s semi-
empirical method with experimental values. Recently, however,
Simonetta and co-workers?32 have compared the calculated para-
meters for several different 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-clectron density at the carbon
atom at the site of attack, the Wheland localization energy, and the
difference in m-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 rot as good as with the activation
energies. Again, the lack of suitable kinetic data for the alkoxydehalo-
genation of simpler aza arematics is a serious limitation.

B. Pyridinium lons
i. Kinetics and mechanism

A ready replacement of halogen by alkoxide occurs in the 2- and
4-positions of l-alkylpyridinium salts?!?, 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

cl Cl OR OR
"OR | —CI-
O = () = -+e
T ?‘ ™
CH, CH, CH,
(89)

nitrogen can be seen in a comparison of the rates of alkoxydechlor-
ination of isomeric chloropyridines and chloropyridinium ions27, 233
(Table 16). In 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. Some 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 107 to x 10!% depending on position, is also
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reflected in very much lower activation energies. The activating
eflect 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°.

In the pyridinium ions, the relative activation at different posi-
tions is 2 > 4 > 3. The activation energics 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 parameters for the alkoxydechlorination of isomeric chloro-
pyridines and chloropyridinium ions in methanol solution at 50°C?17, 233,

Pyridium ion Pyridine
Isomer Reagent k < 10° E, k x 10¢ E,
(m~tsec—1) (kcal/mole) (I m—1sec™?!) (kcal/mole)

2-Cl  -OCH, very fast 33 x 102 289
-OC,H,NO, 1-39 x 107 18-6

3-Cl -OCH, ca.1l x 102 1-09 x 10-8 329
-OC,H,NO, 0-28 30-2

4-C1 -OCH, very fast 0-89 25:2
-OC;H,NO, 46 x 10° 17-6

Pyridone formation proceeds readily by the replacement of alkoxy,
halogen and cyano groups in the 2- and 4-positions in pyridinium
salts?31. The reaction is thought to proceed as shown in equation (59)

TOH | N —HCN ~
L = @C“ — (59)
[ij CN N~ OH r}] 0]
{
CH, ‘ CH, CH,
+ HCN

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

Pyridone formation also procceds 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 oxidant?3-237,
Commiocnly used is potassium ferricyanide238. 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 the 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 proposed?® for the reaction (equation 60) is analogous

x [0 A
— | H o —— | (60)
V¥ on- oon i
CH, CH, CH,
(86)

to those suggested for the replacement of labile groups (58 and 59)
and requires the formation of a ‘pseudo’- or ‘carbinol’-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-
ide24°® gives both the 2- and 6-pyridones, as does 3-ethylpyridinc24?,
but nicotinic acid yields only the 6-isomer?42,

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 60),
further reaction requires elimination of the very high energy hydride
ion, which will be energetically unfavourable, and, in the absence
of an oxidant, the reaction will not proceed further than the 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 used?*?: 236, but no change in conductivity which might
indicate the formation of complexes corresponding to 86 was found
on basification of pyridinium salts with hydroxide. It was con-
cluded that the oxidation must procecd through a very small quan-
tity of pseudo-base.
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However, 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 DMSO
solution?0%, The pseudo-bases are quite stable under the conditions
of the experiment, and the isomers observed are very dependent on
substitution in the ring.

Thus the 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 at 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.

wH OCH,
wH Ha x
'8 CL
@H "N™ “Hey T‘ll OCH,
|
CH, CH,
87) (88)

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

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

@H_ OCH,
»H CN
©&H fr H)

" CH,

(89)

The relationship between adducts formed by attack at the 2- and
at the 4-positions can be seen from the results on 3,5-dichloro-
pyridinium methiodide. Addition of methoxide to this pyridinium
salt in DMSO gives rise initially to three resonances of equal inten-
sityatd = —679, 6 = —€-51, § = —5-45 attributable to H,), H,
and H,, respectively in 90, and two other less intense resonances at
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w @H, OCH;
Cl AT Cl Cl
&H N SOCH;  oH N Ha
CH; CH;
(90) (91)

0 = --6-86 (rel.intens. 2) and 6 = —4-94 (rcl. intens. 1) correspond-
ing to H, 4 and Hy,, 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 the ‘pseudo-base’ adducts of

2'6' 2
(4L 4 (42 OCH
Clae—xx—C! Cl ‘ Ct
i
2 6
ok T OZH: el TN H2Y
CHy CH3

ROV | N

l.l.,.. . I FUIR T SRR VRN L Ao : l I i . 1'
T B T S
8 7 -o (ppm) 5 4

Figure 10, 100 MHz n.m.r. spectrum of a solution of 3,5-dichloropyridinium
methiodide plus anhydrous sodium mecthoxide after 30 minutes.
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this gencral type are quite stable species and can be produced quanti-
tatively, at least in a very basic solvent. However, the factors govern-
ing which isomer is formed in a given casc arc not so clear. In the
case of 3,5-dichloropyridinium methiodide 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 the first
place. The experimental non-observation of 4-pyridones is in agree-
ment with either the very fast oxidation of a preferentially formed
2-adduct 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), even though it may be
present in only a relatively small concentration. More experimental
work is required to settle these points.
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1. GENERAL

Some important indirect methods of introducing a hydroxyl group
into a molecule involve attack by an electrophilic reagent as onc of
many steps in the synthesis. However, in this chapter only the dircct
hydroxylation of organic compounds by fres radical and electro-
philic reagents is considercd. In common with many electrophilic
reagents, the reactions with aromatic compounds have been the most
extensively and intensively investigated.

The attacking reagents arec uncharged or positively charged
hydroxyl or hydroperoxyl cntities'® and they may be free or 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 resonance equipment has led to a greater under-
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 radiolytic species to be identified and their reac-
tions to be followed. The development of sensitive separation and
identification techniques, has made possible the identification of the
products.

Direct electrophilic hydroxylation is not favoured as a synthetic
method. In unsaturated compounds, free radicals can initiate side
reactions such as polymerization or hydrogen abstraction. In aro-
matic compounds, the phenolic products are further attacked—par-
ticularly at the activated ortho- and para-positions—giving secondary
products.

The rcaction mechanism must therefore be studied under con-
ditions where a small fraction of the original matcrial is converted
into products. The use of dilute solutions is a {further simplification.
These conditions are 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 involved for the chemical hydroxylating
reagents. Much more is known about radiolytic hydroxylation so
this method will be considered first¥.

* The impact of recent rescarch in radiation chemistry on the study of organic
reaction mechanisms has been reviewed by Fendler and Fendler®?3,
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Quantities will, in general, be expressed in S.I. (Systéme Inter-
national) units as well as the more familiar units. I.U.P.A.C. recom-
mended abbreviations are used.

1 eV (clectron volt) = 0-16 a] (attojouie == 10-18 J)
mole/litre is used in preference to M to denote solution concentration.
1 nm (nanometre) = 1 mu (millimicron) = 10 A (Angstréom unit)

Mobolar decadic (logarithm basc 10) extinction coefficient (¢) is de-
rived from the equation ¢.l.c = 1g (I,/I), where 1 is the optical
path length and cis the concentration of solute reducinglightofinten-
sity I, to intensity I. The units of ¢ are 10 M~! cm~! = 1 m?2/mole.

lg = common logarithm or log,,
s = second
Second-order rate constant, £, is in units, M—! s=1 or litre mole-1s-1
= dm? mole-! s—1,

1. RADIOLYTIC HYDROXYLATION
A. Introduction

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

The following! will assist rcaders not familiar with some of the
radiation chemistry terms used in this section.

The extent of chemical reaction i any system exposed to ionizing
radiation depends on the dose—the energy absorbed by unit weight
of the matcrial. A dose of one rad corresponds to the absorption of
100 erg per gramme of material (6:242 x 103 eV /g or 10-2 J /kg).

The amount of material changed, of reactive species produced,
or of product separated is usually expresscd as the radiation chemical
yield or G-value—the number of molecules altered for every 100 eV
(16 aJ) of energy absorbed. It follows that one Megarad (1 Mrad
or 1000 krad, which is equivalent to 2-4 calories/g) makes a change
of G x 1:04 x 10-2 mole/kg irradiated. G lies between 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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It should be noted that some of the literaturc refercnces are to
reports, ctc., produced by or on behalf of Atomic Energy Com-
missions. Most of these arc listed in Chemical Abstracts 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 a 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.0 > e—aq, H', OH', H,, H,0, H,0+ (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 {e,, and H")
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.

G-value (molecules per 100 eV)

pH 0-2 4-11 13-14
<, . 2'7 3'1
H' Js65 0-55 05
oH' 295 2.8 2:9
H, 0-45 0-45 0-45
H,0, 08 0-7 0-7

Accounts of these species and of their reactions are given in general
textbooks on radiation chemistry-2. Some of the older texts3—3 give
excellent accounts of earlier theories and of experimental results but
were written before the discovery of the solvated electron® The
interpretations advanced in these 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 in concentrated solution, the radiation does not
act directly on the solute. The action is indirect via the solvent 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 these species.

2. The hydroxyl radical

It has been shown that thc primary oxidizing species formed in
the radiolysis of aqueous solutions is uncharged? and is identical
with that formed in the photolysis of hydrogen peroxide®. Hydroxyl
groups have been found in the polymer produced by irradiation of
acrylonitrile in aqueous solution®. The electron paramagnetic reson-
ance spectrum of hydroxyl radicals has been found in irradiated
ice®, It seems certain that the chemical entity involved is the
hydroxyl radical (OH").

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

€aq T N,O —> N, + OH’ 4- OH- (2)

Similarly, in hydrogen peroxide solutions the reducing primary

radical species (e,, and H') may be converted into oxidizing radicals.
H,0, + €sq H—> OH® 4 OH-, H,0 (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 interfering species.

3. The hydroperoxyl radical

The hydroperoxyl radicals (HO,") or their ionized form (O, -)
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' -+ 0,—> HO, )
€aq + 02'_)' Og.— (5)
HOy —> H* + 0. = pky = 44 (6)

Hydroperoxyl radicals are also formed by reaction between
hydroxyl radicals and hydrogen peroxide. This rcaction can become
important when solutions of hydrogen peroxide are irradiated.

H,0, + OH —» HO, -+ H.0 )
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Although their identity has been established!t-14, the reactions
of radiolytic hydroperoxyl radicals with organic solutes have not
been extensively studied. In general, they are much less reactive
than hydroxyl radicals and often react with cach other to give a
radiation chemical yield of hydrogen peroxide greater than the
primary molecular yield (G = 0-7).

2 HO, —> H,0, + O, (8)

They must not be overlooked in any discussion of hydroxylating
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 radiolysis!4-1¢ is the radiation chemical analogue of flash
photolysis. Briefly, high cnergy eclectrons in a very short pulse
(microseconds or nanoseconds) at over a million volts are fired
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 clectron spin reson-
ance detectors have been used, the ones 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 species 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.

B. Hydroxyl Radical Reactions

Hydroxyl radicals have been shown to undergo four different
types of reaction with organic compounds—addition, hydrogen
abstraction, electron transfcr and displacement rcactions.

. Benzenoid compounds

a. Early studies. Weiss, Stein and co-workers**=24 studied the
radiation chemistry of aqueous solutions of benzene!?: 18, -benzoic
acid® 22, nitrobenzene®: 2! and chlorobenzene?t. One result was
to demonstrate that the oxidizing species was the hydroxyl 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 IV.B.). It
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
hydroxyl radical yielding the range of isomeric hydroxy compounds
(phenols) which were found among the products of the radiolysis.
Subsequent workers25-%¢, using improved methods of product separ-
ation and identification, made more refined measurements, irradi-
ating agueous solutions of various aromatic compounds, but mostly
benzene.

It was clear that in aerated solutions the yield of phenolic products
was greater than half the Goyp. value. (It is now known that hydroxyl
radicals react so rapidly with the solute that under the conditions
used 1t 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 studics showed that all the incorporated
oxygen came frora radiolysis of water. It was therefore proposed by
several workers28, 32, 33, 41 particularly Russian workers34—140, 47, 52,
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 proof®?, 58 by pulse radiolysis techniques.

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

H OH
O+ or — J
(1)

(equation 9) to give an absorption spectrum with a maximum at
313 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 at about one third the rate
of that from CgH,. Experimentally, no such kinetic isotope effect
was observed when CgD; in aqueous solution was irradiated.

The fate of this radical depended on whether molecular oxygen
was present in the solution. In deacrated solution, 1 disappeared by
second-order processes giving dimers which slowly decomposed to
biphenyl (G = 0-3 molecules/100 ¢V), phenol (G = 0:23) and other
products (equations 10 and 11).

2 HOCH¢ —> dimers — C4H, ;CoH; -+ 2 H,0 (10)
2 HOCgH,y —> C4H,O0H + C4HOH (1)

The adduct C;H;’, which had been formed by reaction between

benzene and the hydrogen atom, also reacted with 1 (equation 12).
HOCHy 4+ CH,  —> 2 C¢H, + H.0 (12)

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 lower wavelength which could
be attributed to the peroxy derivative 2. The final product was

H OH

Q

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.

H

H__O
+ 0, ——> @ (13)
0
2

2

HOC H 0, —> HOCH; -+ HO, (14)
2 HO, —> H,0, + O, (8)

At high pulse intensities, 2 disappeared by second-order processes

in competition with reaction (14), presumably giving peroxides or
hydroperoxides:

2 HOC H 0, —> peroxides (15)

HOC,H 0. + HO, —> hydroperoxides (16)

The yield of phenol decreased with increasing pulse intensity, i.e.,

with increasing concentration of 2. High concentration favoured
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1C

second-order reactions (equations iZ and 16) rather than rcaction
(14). At the highest pulse intensity used, where the maximum con-
centration of 2 was 9 x 10-% mole/litre, G(phenol) was 0-19. Post-
irradiation production of phenol with G = 0-3-0-5 was observed.

¢. Transient species. Spectra similar to that of 1 were obtained for
substituted 1 formed following the pulse radiolysis of aqucous solu-
tions of chlorobenzene, bromobenzene, iodobenzene, toluenc,
phenol®8, benzoic acid %, benzoate®, nitrobenzene®?!, etc.%2.

Although the transient species can be followed for but a fraction
of a millisccond, their absorption spectra resemble closely® those
of the carbonium ions formed when aromatic compounds are ring-
protonated by concentrated sulphuric acid or by Lewis acid—hydro-
gen halide complexes.

The molar decadic extinction coefficient has been estimated in
several cases. For 1 it is 3500 Mm~! cm-! (350 m?2/mole)?8. For the
benzoate-O—" adduct at pH 13 it is 3100 ¢,

d. Kinetics of OH addition. Because the hydroxyl radical absorbs
weakly®3-¢¢ in the short ultraviolet region (¢ = 530 M~! cm~?! or
53 m?/mole at about 230 nm with another broad maximum below
200 nm¢¢), 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 reactions of the hydrated electron®: 14. 16, Never-
theless, a considerable body of data is available®” from the applica-
tion of competition methods®8-7* and from following the appearance
of the transient adducts 1 % 75-77,

The rate constants for the reactions cxpressed by equation (17)
have been reported by Neta and Dorfman?? to range between

X X H_ _OH
@ + OH ——— > Q or Q (17)

OH X

3) :

14 4- 0-3 x 101 M~-15-1 (dm?® mole-!s-1) for phenol (X = OH)7s
and 3-2 4 0-4 X 10° m~! s-! for nitrobenzene (X = NO,). An
independent determination?® of the rate of formation of the nitro-
benzene-hydroxyl radical adduct gave a value 4-7 4 0-5 x 10° m~!
s—1. 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 hydroxyl radicals and substituted benzenes,
Anbar, Meyerstein and Neta?? showed that there was a reasonably
good correlation using Hammett’s?8 op relationship for electrophilic
substitution (equation 18).

lg[k(on+c,mm/k(ou+c.n.)] = op (18)

o denotes the Hammett substituent constant and p the 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 meta or para to
the substituent. As a near approach to the problem the overall
reaction rate constant was used in equation (18) in conjunction with
both o¢,.,, and o,,, values for deactivating substituents and 6,4,
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 as that found when rate constants for OH" reaction
with para-substituted benzoate ions were plotted in a similar fashion.
The o 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 Dorfman?? 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 mete- 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 compound as exprcssed by the ¢ 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 available8!, 85, 126 it would appear that the electron distri-
bution in the ring is perturbed on the approach of the strong dipole
of the hydroxyl radical.
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e. Spectral correlations. The spectra of a number of 3 structures have
been determined by pulse radiolysis techniques. Chutny? has shown
that there arc good correlations between these spectra and those of
the corresponding aromatic compounds. The relative bathochromic
shift of the primary band absorption maximum <aused by substitu-
tion can be expressed as (vcmon — Ycaroux)/(Yeuom). ¥ 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 was attributed to the influence
of the negative charge on the substituent group.

The constancy indicates that the transient species have similar
structure and the correlations may be used to predict absorption
spectra of unknown species. Neta and Dorfman?? have determined
the spectra of other OH" adducts, including those derived from some
disubstituted 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 II.B.1.h) the
observed spectrum in each case is an envelope of the contributions
of the possible isomeric structures and of the various fragments re-
maining from side chain and substituent group elimination.

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

XC4H,O0H" + O, —» XC¢H;(OH)O.’ (19)
(4)
2 XC¢H;OH® —> products (20)

measured by Cercek® 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.

g i“ MBI = gp + C (21)
(HOC,H +0.)

p=—1:0 and C= —14
A corresponding relavionship held for kgmocm,x) 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 repulsion 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 clectrons in the side chains -CH; and
-C;H;. 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 ¢ constants.

Once again, such linear free 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. It is known for instance that of the three
adducts formed during radiolysis of aqueous nitrobenzene solutions,
that giving finally ¢-nitrophenol behaves quite differently from that
giving meta- and para-products®?,

g. Formation of hydroxyl products. In deaerated solutions of benzene,
the radiolysis products contain in addition to biphenyl (equation
10), bicyclohexadienyl compounds$® (G ~ 1)3¢ formed by diradical
reactions (equations 22 and 23).

2 HOC‘;Hu‘ - (HOCGHO) 2 (22)
HOCHy 4 CoHy —> HOCHCoH, (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 products3s.
It should be noted that these diradical reactions are speculative as
there is no report of a complete analysis of the radiolytic products
from any aqueous aromatic solutions. Sitharamarao (quoted in
Ref. 82) has found dihydroxybiphenyl (G = 0-8) from irradiation
of deaerated salicylate solution at pH 6:3 and no other hydroxylation
products. In acid and alkaline solutions he found other products—
clihydroxy-benzoic acids, benzoic acid, phenol and catechol®s,
Cercek?® 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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X
H X H X X X
o Jo O 3 D
©H H” “OH H™ ~OH
®) (6) {7)

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 thought®8
to follow equations (17), (19) and (24), giving a phenol. The amount

XC H;(OH)O, —> XCcH,OH + HO, (24)

of hydrogen peroxide found (G = 2-2) in neutral solution can be
accounted for by such a scheme in conjunction with equation (8)
but more detailed evidence is lacking.

When X = NO,, 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 ortho position and an oxygen
of the nitro group®!. At modecrately high dose rates (10 krad per
minute and higher) the diradical reaction (equation 25) predomin-
ates8l, 83—85,

2 O,NC¢H4(OH)O, —> O,NCH,OH + O,NC¢H; - H.O + 20, (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 Ebert?® showed that, when the substrate is a phenol,
3 (X = OH) is able to climinate water in a unimolecular reaction,
giving a phenoxyl radical, C;H;O". A special case is hydroquinone
which gives a semiquinone radical HOCH,O" 8¢, Fendler and
Gasowski8% suggest that this may be a general reaction lcading to
the elimination of substituent groups, NO,, Cl, OMe from the ring.

Cercek and Ebert87? 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 agreement with Gog, one would not have
suspected from steady radiolysis studies?®> 8 that anything unusual
was nappening.

The nitro group is strongly electron-withdrawing and is assisted
by the phenolic hydroxyl group which is an electron donor to ortho-
and para-positions. Hence the nitro group in this compound is more
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thiain usually clectron-rich and is attacked by the hydroxyl radical in
preference to the ring.

HOCHNO, + OH" —> HOCH,NO H' (26)

(8)
8 was found 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 structure®?’. 8 is a weak acid
(pK, = 5-3) and ionizes in neutral solution giving HOC,HNO;-".
In deaerated solution this species undergoes an interasting first-order
rearrangement (equation 27) whereby the hydroxyl group is trans-
ferred to the aromatic ring giving a species absorbing at 400 nm.
The rate constant for this rearrangement (k,;) was found to be
14 4 25—,
%) (0] 0

(o]
‘\N/ \o__ \N/“’\O_ O‘\ 40
- . Y
~— o — (27)
o-
OH 3 H
OH

A cyclohexadienyl structure would enable the OH group to
migrate from the nitro group of the p-nitrophenol-O~-" adduct to the
2-position without having to pass via the electron-deficient 3-posi-
tion. In the benzvalenc form positions 2, 3 and 5 can be depicted as
equidistant from position 4. A cyclohexadienyl intermediate which
provides a six-membered cyclic transition state for the oxygen trans-
fer would therefore appear more likely than a benzvalene inter-
mediate.

OH

Two of these species disproportionate to give p-nitrophenol and
the hydroxylated product. In aerated solution, 8 also disappeared

NO, NO,
2 © OH O,NCgh,OH + + H,0 (28
OH
OH OH

CHG-F
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by a first-order process but 160 times faster than by reaction (27).
Each hydroxyl radical gave one molecule of hydroxylated product®s.

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 nitresobenzene® and phenylhydroxylamine®! there
is no subsequent transfer to the ring and no hydroxylation. Com-
pounds in which the side chain is hydroxylated will be considered
in section II.B.2.b.

h. Isomeric yields. The 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
the possibility of a rearrangement resulting in migration of the OH
group to another position on the ring.

Volkert and Schuite-Frohlinde?? irradiated benzoic acid in
nitrous oxide-saturated solution and measured a yieid of G(hydroxy-
benzoic acids) = 5-3. This total remained constant when ferri-
cyanide ion was present during irradiation but the G(ortho) : G(meta) :
G(para) yields changed from 1-6:1-7:1-9 at zero to 2:3:2-0: 1-1 at
2 mmole/litre of ferricyanide ion and above. Allowing for enhance-
mer:t by the addition of N,O, the ratio of yields is comparable with
that of 0-74: 0-42: 0-33 found in aerated solution4?> 5!, The change
in the relative proportions of the three isomers must be due to
tautomerism between the possible structures. It was suggested®?
that the OH" radical might form a charge-transfer complex as has
been observed for Cl-atoms®3. This seems unlikely as does the possi-
bility of 3 (X = COOH) remaining, or reverting to, a s-complex.
There is the possibility of a prismane or benzvalene structure being
formed?+?8 although these are usually associated with some form of
excitation®? in the case of substituted benzenes. Cercek?® discounted
the possibility of formal bonds between non-neighbouring carbon
atoms on the grounds that this required a greater amount of energy
than the other structures 5, 6, 7, etc. Nevertheless, 3 is already non-
planar and formation of one of these structures may be easicr for
cyclohexadienyl 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 G, can ionize allowing the
C1)~Cz bond to be broker by rearrangement through a prismane
or similar intermediate. Conversion from meta to para precursor is



3. Frec radical and electrophilic hydroxylation 149
COOH

@ - @COOH @ o Q
H OH H™ "OH H™ "OH

H™ "OH
(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-lived®! and would be expected to have time to rearrange
before reacting with oxygen®? if such rearrangement were favoured.

It seems that, with a sufficiently high concentration of oxidizing
agent present—ferricyanide ion®?, dichromate ion®!, molecular
oxygen, etc.—there are fewer uncertainties. The isomeric ratios
determined in aerated solution are usually considered to reflect the
position of attack on the ring®- %, By careful choice of the right
mixture of nitrous oxide and oxygen, it is possible to eliminate inter-
ference by the hvdrated electrons, to increase the available amount
of hydroxyl radicals and to obtain oxidized product ratios reflecting
the initial positions attacked. Further, O,~, 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 O~-" might have toreact with H,O to give OH" before
reacting with many solutes. Nakken, Brustad and Hansen!*! 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 clectron gives
a species similar to, but not identical with, the hydroxyl radical. A
complete chemical study and a full product analysis might be neces-
sary to decide this point. The author has carried out some com-
petition experiments with pare-aminobenzoic acid and has been
unable to find evidence for a separate species!o?,

Some unexpected results were obtained by Nakken and co-
workers'®! when hydrogen peroxide was added before irradiation.
Hydrogen percxide 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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In most illustrations of peroxy radical structure, 2 or 4, the O,
from aerated solution is drawn attached to the ring location of the
radical spot or is represented as attached to any reasonable location.
There is the possibility of its being in a transannular position as has
often been found in photochemical attachments.

Zhikharev and Vysotskaya!®3, using oxygen-18 isotope, found
that the water was the source of most of the oxygen in the phenol
formed by radiolysis of aqueous benzene solution®2. A small amount
originated from the dissolved oxygen, but, since the dosc 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 from the solvent water.

p-Nitrosodimethylaniline has a strong absorption band with a
maximum at 440 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 %, 72, 73, 1047106 One of the main products of OH" re-
action with this compound is the nitro derivative'®® as would be
expected from studies with nitrosobenzene® but some hydroxy
isomers could also be formed 108,

In the early days of radiation chemistry the radiation bleaching
of aqueous solutions of very many dyes was investigated in the
search for a radiation dosimeter3, 107, 108 Pylse and stecady state
radiolysis studies have continued!®-118 but although hydroxylation
of the aromatic ring is probably involved in some of these, the actual
products have not been identified for certain.

In addition to the studies already described, benzene!l$—122
benzoate!?? or benzoic acid!?, p-aminobenzeic acid?%, anisole!2¢,
fluorobenzene!2?> 128 and compounds reiated to tyrosine (p-hydroxy-
phenylalanine)?29-131 have been investigated recently in aerated
aqueous solution and the isomeric yields determined at the low to
moderate dose rates of steady state radiolysis. In some cases, dose
rate, pH and other effects have been studied in order to arrive at a
better understanding of detailed reaction mechanisms. The yiclds
in acrated or oxygenated solutions probably reflect the ratio of
attack at the 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 the different isomeric forms of 3.

The gencral reaction scheme outlined above and the exceptions
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described explain most of the phenomena observed in the radiolytic
hydroxylation of aromatic biochemical compounds!*~131,

t. Effect of additives. If ferrous ion is added to benzene solution before
irradiation the G-value for phenol production is increased to
6 34, 36, 15 or, under favourable conditions, to 14 1321332, This indi-
cates a chain reaction involving reduction of 2 (equation 13) by
ferrous ion to a hydroperoxyl derivative HOOCH,OH which is
further reduced to OC;H,OH’ (9). This can then react (equation 29)
giving phenol and more 1 to continue the chain.

OCeHOH' + C¢H; —> C(HOH" + C,HOH (29)
® 1)

HQ, and H,0, arc also made available as oxidizing agents by
reaction with ferrous ion. G(Fe®+) was found to be 65. Substantial
post-irradiation production of ferric ion, phenol and mucondialde-
hyde was found. In the presence of ferrous ion, the isomeric ratio
G(ortho) : G(meta) : G(para) hydroxy benzoic acids was 1-9:3:1: 16
(compare section II.B.1.h) in irradiated benzoic acid solution?3?%,

These high yiclds of phenol from benzene have attracted attention
to the industrial possibilities of the process because a chain reaction
often has potential for increasing yields even further. Studics have
been made in the presence of ferrous ion or cupric ion or inorganic
oxides and at high temperatures (up to 200°C or so)33152, It is
thought that at high temperatures above 130°C, a chain reaction
sets in. Also HO,  becomes effective as a hydroxylating agent even
in the absence of metal ions. G{phenol) is more than 30. This has a
bearing on the autocatalytic decomposition of aqueous solutions of
benzene or toluene at high temperatures!49-152,

Irradiation of naphthalene 53 produced predominantiy 1-naphthol
with an apparent G = 1-44 up to 130°C. Beyond 140°C the yield of
I-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 diflerent distribution of the isomeric
phenolic products.

Irradiation of benzene dissolved in agueous solution containing
0-5—1-0 mole/litre nitrate ion gave nitration as well as hydroxyla-
tion3+ 155 At pH 2, G(o- and p-nitrophenol) totalled 1-5 and
G(phenol) = 1-5. At higher pH lower yields werc found. Higher
yields wese found when oxygen was excluded. Similar effects have
been found in radiolysis of other organic compounds in nitrate
solutions!?% 156, No detailed mechanism has been proposed for this
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hydroxylation-nitration process. The absence of m-nitrophenolin the
products suggests that phenol is formed first and is then nitrated.
j. Other conditions. In alkaline solutions the hydroxyl radical is
ionized (equation 30)157713¢,
OH + OH- 5 0" -+ H,O0 (pK = 11:9) (30)

Very little study has been made of the reactions of O~* with organic
compounds!®8 but it appears to be relatively unreactive towards
benzoate!??, chlorobenzene?? or benzene03, It combines with oxygen
to give Os—' 12, 160, 181.

Irradiation of a gaseous mixture of benzene and oxygen gave
phenol but no chemical mechanism was established!¢2. Hydroxyl
radicals are 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!¢3, The nitrous oxide captured electrons to
give O-" which attacked the benzene to give phenol with G =
23-6.

k. Conclusions. To summarize, the early steps 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.

XCHs(OH)O, + O,=" —> XC¢H(OH)0,~ -+ O, (31)

C) (10)

This is similar to the reaction proposed by Daniels, Scholecs and
Weiss32 and Loeff and Stein?! except that in equation (31) the
reducing agent is not H' or e,, but the much more probable HO,’
or O, formed by their reaction with oxygen (equations 4 and 5).
Although HO;" and O, are stoichiometrically identical, they may
react at different rates with 4 or with its protonated form. Compound
10 or its protonated (un-ionized) form might react in different ways
depending on what iis 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. In the trans configuration, cquation (33)
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‘@ + H,0, (32)

= C
> X (33)

=
O

@

OOH C\
gives mucondialdehyde which has been found in irradiated bhenzene
solutions?!, G = 1-5 in acid and 0-8 in neutral solutions but sce
Ref.163a.

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

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

XC4H;(OH)O," + Ox —» XCHOH + HOx + O, (34)
XC4H;(OH)O.H 4 Ox —> XC;H,OH + HOx -+ HO,’ (35)

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

equation (25) 1s equation (36).

NO, OH H NO, NO, NO, H,0
~H HO- HC

L 25— S e
‘OOH HCO~ l

H,0, + 0O,

Table 2 lists values for the hydroxylation products from radiolysis
of aerated aqueous solutions of 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
benzene!?!l. The differences in each case between Gy which is 2-8
(Table 1) and the total G (isomeric phenolic products) are due to
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reactions of OH radicals with the sidec chains or at the substituted
carbon atoms or other reactions at ring positions which do not yield
isomeric phenolic products.

TasLE 2. Isomeric yiclds and reaction rate constants {or radiolytic hydroxylation
in ncutral acrated solution.

Solute G-valucs Reks. Reaction rate constants
R . ) Absolute  Relative Refs.
- ~—— v I mole—1s-1
Benzene 2-3 58 7-8 » 10° 77
19 121 1-1 102
Benzoate 067 037 037 48 G0 77
0-62 0-32 0-26 123 1 68, 102

0-49 0-31 0-39 101
0-66 034 031 102

Nitrobenzene 1-03 0-48 0:51 81 4.7 76

3-2 77

0-5 102

Anisolc 0-19 0 0-32 126 12 77
Fluorobenzene 0 0-2 0-32 128

Chlorobenzene 1-1 68

Values for overall 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 overall rate constant by the ratio G(isomer) : Gog.

2. Non-benzenoid compounds

a. Saturaied compounds. The rates of reaction of hydroxyl radicals
with aliphatic compounds have been measured by Anbar, Meyer-
stein and Necta04, In parallel with aromatic compounds, the op
correlation shows that the attack is electrophilic. The predominant
reaction is hydrogen abstraction which leads to dimerization or
peroxy, hydroperoxy or aldehyde compounds. In the case of aecrated
aqueous solutions of acetic acid a small yield (G = 0-1) of glycollic
acid, CH,(OH)COOH, has been found®4. The radiolysis of solu-
tions of amines gave oximes!®® with a G-value about 0-4. Aqueous
solutions of cyclohexane gave cyclohexanol and cyclohexanone?6%,

b. Unsaturated compounds. With organic chemical compounds con-
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taining a double bond, OH" addition reactions predominate over
the slower hydrogen abstraction rcactions. For aqueous solutions
of cthylenc!%6-1%5 the following reaction scheme (equations 37-40)
has been proposcd for deaerated solutions!?0, 172, 174,

CH,=CH, 4+ OH" —» HOCH,CH," (37)

2 HOCH,CH, —> CH,CHO +- C,H,OH (38)
HOCH,CH," + C,H, —> HOCH,’ (39)
2 HOC Hy —> C,H.CHO + C,H,0H (40)

G(C.H;OH) and G(G,;H,OH) were both about 0-5.
The radiolytic hydrogen atoms also add to ethylene to give ethyl
radicals!?* which do not result in any hydroxylation products.

CH,=CH, + H' —> CH,CH,’ (41)
Some of the radicals were able to initiate a polymerization chain.
HOCH,CH, + nC H, —> HOCH,(CH)ans 1" (42)
Reaction (43) also cccurred to a small extent.
OH" + C.H,—> C,H, -+ H,0 (43)
In aerated solution?!, 173
HOCH,CH;" + O, — HOCH,CH.O, (44)
1)
CH,=CH" 4+ 0, —> CH,CHO,’ (45)
CH,CH," + O;—> CH,CH.0. (46)
and HQ,' also appcared able to add on to ethylene.
CH,—CH. + HO," —> HOOCH,CH.’ 22) HOOCH22§IH202' (47)
1

Compound 11 corresponds to 2, which is formed in the case of
benzene. Interactions between the four peroxy compounds gave the
observed product yields: G(glycollaldehyde) = 2-4, G(formalde-
hyde) = 2, G(acctaldehyde) = 1 and G(hydrogen peroxide) = 2-6.
At very low doses G(glycollaldehyde) was about 30 and the rcason
for this is unknown.

The early parts of the reaction scheme have been confirmed by
pulse radiolysis measurements!?i: 175, The reaction rate constants
measured are k3; = 1 X 10°M~1s-1 (I mole-1s-1), kg = 6-3 x 108
and £,; = 6-6 x 10° The last value is about ten times that mcasured
for the corresponding rcaction for benzene?® 8 (equation 13).

In parallel with aromatic solutes, ferrous ion was found to increase
the product yield—in this case, formaldehyde and acctaldehyde.
The system is complex but the species, HOCH,CH,O" which corres-
ponds to 10 for aromatic solutes has been proposed??* as formed by a
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similar reaction. Another possibility is that ferric ion is present in
two complexed forms which react differently?2,

HOCH,CH,” -+ FeSO,+ —> CH,CHO +4- Fe®+ 4 HSO,~ (48)
HOCH.CH, + Fe(OH)*+ —> HOCH,CH,0H -+ Fe?* (49)

Various other unsaturated compounds have been investigated.
Propylenc and allyl alcohol have been found to give mainly organic
peroxides incorporating a hydroxyl group!?® 177, Acrylamide also
adds OH’ at the double bond!?8. Styrene and «-methylstyrene are
attacked mainly at the aromatic ring but 20—40% and 15—309%,
respectively of the OH’ radical adds on at the side chain double
bond175, 179.

Acetylene in aerated aqueous solution gave glyoxal in yields indi-
cating a chain reaction under some conditions8°,

The double bonds of olefinic acids are hydroxylated®8?,

¢. Biochemical compounds. The rates of reaction of hydroxyl radicals
with a number of organic chemical compounds found in living
organisms have been measured®? 70, 71, 74,

(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 hydroxylation!82-183 jn aqueous solution.

Pulse radiolysis techniques have now been applied in these
studies184-188 and some of the reaction rate constants are known.

In neutral solution thymine (pK 9-8) is in the undissociated form.
Hydroxyl radicals add on at the 6-position (equation 50)189, 190,
although there is also the possibility of addition at position 5 (the C
atom to which the CH, group is attached)?!8°.

(o] O
HN)‘E CH, + OH HN .CH3 (50)
_—> OH
OJ\N H O'él\N H
H H

The overall rate for the (thymine + OH®) reaction has been
measured?®® as 7-4 x 10° I mole-! s-1. 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 double bond is a chromophoric group so its destruc-
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tion is easily followed in either pulse radiolysis or steady radiolysis

studics G( —double bond) = 1-9.

Oxygen, if present, then adds on at the 5-position. The radical is
reduced by O,~".

o
HN N o N o +0,7  HN o2 (1)
Ao o T 1 Jon T—o OH
O0Z>SN"H 07 >N""H 0" ™N"™H
H H H
A/Lwr
o)
X
)\ OH
O >N""H
H
(13)

In this case the 6-hydroxy-5-hydroperoxythymine (13) is stable
enough to be isolated??. G = 1-05. 13 is formed with a lower yield
below pH 5. Perhaps HO," (pK 4-4) is not as effective as O,~" 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
at 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 formm may be an intermediate between
the aromatic solute-hydroxyl radical-oxygen adduct (4) and the
final product, a phenol. In the case of aromatic solutes, as for
cytosine, the hydroperoxides might be unstable and decompose
giving hydrogen peroxide and hydroxylated product. Between cyto-
sine and uracil there may be compounds of structure like 13 which
have a gradation of stabilities. Neutral aerated irradiated solutions
of pyrimidine bases on 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 the 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 the pH Is increased.
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(@] 0]
HN . HN .
_OK l CH, +OH N _OK/NjCHz (52)
N N

At still higher pH, the ionization of the hydroxyl radical to
O-’ is manifest and there is no longer any clectrophilic hydroxyla-
tion.

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

The purine bases adenine and guanine appear to be more resistant
to radiation than are the pyrimidinc bases18? 183, Hydroxyl radicals
appear to add at the 4,5 central double bond but no hydroxylation
products have been found.

In the double helix conformation the DNA bases are protected
somewhat from attack®l. At physiological pH, the major reaction
is OH" attack on the pentose part of DNA.

(2) Steroids, vitamins, etc.

The eflects of radiation on aerated aqueous solutions of other bio-
chemicals have been summarized by Swallow? 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 at low doses up to 30 krad. In the light of subsequent investiga-
tions with simpler model compounds, one must doubt the validity
of reaction schemes in which the solute-OH" adducts react with
HO,". It is far more likely that they will first react with oxygen
which is present at higher concentrations.

3. Use in synthesis

There are very few examples of the radiolytic hydroxyl radical
being used in organic synthesis. Merger and Grisslin®?, 1922 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. Davison®?® prepared the ¢-, m- and p-hydroxybenzoic
acids from benzoic 14C-acid. The mela derivative, in particular, is
more difficult to preparc by conventional methods.
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C. Hydroperoxyl Radical Reactions
1. General

The radiolytic production, spectra and subsequent reactions of
the hydroperoxyl radical, HO.", and its ionized form, O, (pK, 4-4)
have bcen characterized (see section II.A.3) 11-13, 194, 185, Tt jg
almost always formed in dilute aerated aqueous solutions and its
rate of disappearance is low (kyg.yyo, = 07 X 108, kyo,. 0.~-
= 30 x 107 and kg -.40,— = 12 X 107 1 mole—*s-1) *S compared
with some other reactions. Thereforc it can reach significant con-
centrations, and figures in many reaction schemes described in
section IL.B particularly in reaction with other radicals. Virtually
no studies have been made of its reactions with organic solutes.

2. Hydroquinoiies

In general, HO," abstracts hydrogen from the hydroxy group of
a hydroquinone and no hydroxylation results!?¢: 127, Hydroxylation
of the ring has been observed on irradiation of 1,2,4-trihydroxy-
benzene, p-hydroquinone, toluhydroquinone and monochloroquin-
one!®$, 199 Syuch hydroxylation did not occur in the absence of
oxygen but it was not established that ring attack was initiated by
HO,'. More recently, Bielski and Allen'® have found that HO,'
adds to the ring of semiquinone radicals, which have been formed
either by hydrogen abstraction or by OH" attack on the ring followed

by water elimination?®s.
OOH aad
—HO g
(14) (53)

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

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

3. Ethylene

Basson and du Plessis consider that HO,' radicals add to ethylene
(equation 47)173,

Compound 12 forms a ring peroxide which, in acid solution, is
converted into glycollaldehyde.
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o, CH,~CH CH,CHO
2HOOCH,CH,0p ——2—> 2 | [ @ ——— 2 | ° (54)

—H:0 0—-0 OH
4. Dyes

Schulte-Frohlinde and co-workers2®® have shown that some dyes
are bleached by HO,  radicals. No product analysis was carried out.

il. PHOTOLYTIC HYDROXYLATION
A. Production

If an aqueous solution of hydrogen peroxide is exposed to light
of wavelength 370 nm or less, hydroxyl radicals are formed 201, 202,
H,0; + hv —> 2 OH' (55)
Hochanadel® 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 reported?°2. Obviously
a chain reaction is involved. At higher light intensities the quantum
yield falls tc 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 system?01. At wavelengths less than 242 nm the photo-
dissociation of water becomes energetically possible (equation 56) 205,
H,0 + Av—> H' + OH" (56)
The hydroxyl radicals produced by photolysis can hydroxylate
benzenoid, olefinic and heterocyclic compounds. In some cases the
hydroxyl radicals can be prepared 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 bond?®*. The final product is often a hydroxyl
compound but, because a free 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. It was con-
sidered that free hydroxyl radicals were produced?0¢ 207 (equa-
tion 57).

by
Fe3+OH~ —> Fe?+OH —» Fe?+ + OH’ (57)
Similarly the hydroxy ion, OH-, on illumination releases an

electron leaving a hydroxyl radical (equation 58).

hv
OH- —> e,, -+ OH’ (58)
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B. Benzenoid Compounds

Compounds related to naphthalene were irradiated in aqueous
hydrogen peroxide solution with ultraviolet light by Boyland and
Sims28, Phenols were the main products found. Benzoic acid, for
example, gave the three isomeric hydroxybenzoic acids. The ortho :
meta : para ratio was 2 : 1 : | approximately.

Loeff and Stein4® 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.

Jefcoate, Lindsay Smith and Norman have recently investigated
the photolysis of hydrogen peroxide-toluene and hydrogen peroxide-
benzene mixtures2°8®,

Norman and Radda?® 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 Matsuura?!® found that ultraviolet-irradiated mix-
tures of phenols and hydrogen peroxide in aqueous solutions gave
predominantly ¢-dihydroxy compounds. Smaller quantities of pare-
derivatives were also formed but there was no substitution mefa 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 Straley21% have observed hydroxylation of the aroma-
tic nuclei of polyesters exposed to ultraviolet light.

C. Unsaturated Compounds

Milas and co-workers?0! studied the photolysis of mixtures of un-
saturated compounds and hydrogen peroxide. Allyl alcohol gave
glycerol, crotonic acid gave dihydroxybutyric acid, maleic acid or
diethyl maleate gave mesotartaric acid and ethylene gave di-
ethylene glycol or, in oxygenated solution, aldehydes21%b,

Kraljic?® has used the bleaching of p-nitrosodimethylaniline®® by
the photolytic hydroxyl radical as a basis for determining relative
rate constants for reaction of solutes with OH’. The agreement with
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rate constants measured for radiolytic OH" is said to be satisfactory.
Fluorescein is also bleached?10,

The results obtained in all these cases can be explained readily in
terms of the reactions 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 studics2!! 212,
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 aqueous 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 investigations, valuable informa-
tion regarding intcrmediate species is obtained. Strangely, allyl
alcohol2!1-2122 does not add hydroxyl radicals but undergoes hydro-
gen abstraction giving ‘CH,CHCHOH. Oxygen, if present, adds
to the radicals giving peroxy radicals.

D. Irradiation of Complexes

Bates, Evans and Uri20¢ showed that 300—400 nm ultraviolet
irradiation of ferric complexes such as Fe3+OH™, Fe?+Cl- and
Fe3+F~ gave a species which hydroxylatcd aromatic compounds.
Benzoic acid gave the o-, m-, and p-hydroxybenzoic acids in the
statistical ratio 2:2:1 27, Saldick and Allen?!® showed that the
hydroxylating species was definitely the free radical OH" and not
an activated complex, such as (Fe®+OH). With benzoic acid present
as substrate the products were the hydroxybenzoic acids®*? which
were further attacked on continued exposure?®!3,

Benzene solutions were studied by Baxendale and Magee?!,
They found that Fe?+ ions could be replaced by Cu?* ions.

Solutions containing (UQO,?+*H,0) and (Ce** OH-) have been
reported by Stein and Weiss®!® as giving free OH" capable of
hydroxylating aromatics. Richardson?!® has investigated aqueous
Ce(1v) solutions. Yandell and Stranks?!7 have shown that the action
of light on (TI13+OH-) solutions liberates hydroxyl radicals. This
list is by no means exhaustive.

Hydroxyl radicals have also been reported?®!® as being formed by
the action of the radical cation of 9,10-anthraquinone-2-sulphonate
(A). The radical cation is formed from a photo-excited state
(equation 59).

OH~
A* - A—>A - - A"+ —> A 4 OH (59)
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E. Gas Phase

Photolysis of water vapour and of hydrogen peroxide vapour also
gives hydroxyl radicals but very little is known about their re-
actions¥19-221a,

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 electrophilic 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 systems222 223, The first, based
on hydrogen peroxide together with a metal ion of variable valency,
is typified by Fenton’s reagent (ferrous ion and H,0,), titanous ion
and H,O, and Hamilton’s system (ferric ion, catechol and H,0,).

M"+ + H,0,—> M("+1+ 4 OH- + OH’ (60)
The second type is based on oxygen and is typified by Udenfriend’s
reagent?24, 225, In the presence of ferrous ion, EDTA (cthylene-
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’22¢ 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 oxidase is able to reduce molecular oxygen and to convert
it into a form so that one atom of cach molecule of oxygen is reduced
and the other appears in the product in a new hydroxyl group (in
the cases we will consider).

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

Mn+h+ 4 H,0,—> M+ 4 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-
workers?22-2220 and by Staudinger and co-workers223, 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 turn followed by

peracids and the other methods of hydroxylation which have been
used.

B. Fenton’s Reagent
. General

Fenton’s reagent, a mixture of ferrous ion and hydrogen peroxide,
has been known since 1394227, Haber and Weiss22® proposed a
series of reactions in which the hydroxyl radical was the zeactive
species. Baxendale and co-workers22°-231 and Kolthoff and Med-
alia23%, 233 proposed some modifications to the original scheme but
OH’, and to a minor extent HO,", remained as essential fcatures
(equations 62—65).

Fe?+ + H,0, —> Fed+ + OH" + OH- (62)
OH® + Fe2+—> OH- 4 Fe®+ (63)
OH’ and hydrogen peroxide react giving HO," (equation 7).
Fed+ 4 H,0, —> HO," + H+ + Fe?+ (64)
HO." + Fe?*—> 0, 4 H*+ + Fe®+ (65)

The kinetics of the system were recently investigated by Grinstead 234,
The arguments for the radical nature of the reagent are summarized
by Norman and Lindsay Smith?22, 235,

By adding EDTAZ22¢ or other chelating agents?35, 237, 238 to the
system, the ferric ion is complexed. This means that the reagent may
then be used over a far greater pH range. Kraljic?? 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 acid?23¢, 239 3]lso increases
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the yield presumably by reducing the ferric ions to ferrous ions.
Ascorbic acid reacts with OH® radical. The rate constant at pH 1|
is listed®? 7® as 7-2 x 10° 1 mole-1 s-1,

The relative rates of reaction of Fenton’s OH® with a variety of
solutes were measured by Merz and Watcrs240-242, In the light of
present knowledge, the values they obtained for aromatic (non-chain
reaction) compounds must be doubled to allow for a modification to
their reaction scheme®8, Uri202 criticized Merz and Waters’ treat-
ment on other grounds. Kraljic?® has used p-nitrosodimethylaniline
to evaluate some relative ratc constants. Norman and Radda?e®

have also measured the relative rates of some reactions by a com-
petitive methed.

2. Benzenoid compounds

Hydroxylation of the aromatic ring by Fenton’s reagent was
found for benzeneZ?2, 235, 242, 245 nitrobenzene?0, 242, 244 henzoic
acid or benzoate?3s, 239, 242, 246, 247 henzamide?42, phenylacetic
acid?4?, dimethylaniline?*?, chlorobenzene?® 235, 242, 214" flyoro-
benzene?22: 244 phenol?3. 216 anisole44, p-cresol?48, naphthalene??,
toluene (also some hydrogen abstraction from the side chain)?33%, 244
and acetanilide?23, 236,

The course of reactions is considered to be the same as for ths
radiolytic OH' radical and equation (7), followed by equation (19),
has been applied under acrated conditions. Since there is a rather
higher 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
Norman?35 showed that 3 was oxidized by ferric ion to phenol
(equation 66).

XCoH,OH' + Fed+—> XCHOOH + Fe?+ + H+ (66)

A lower amount of phenol was formed if the ferric ion was re-
moved by complexing it with fluoride ion or by replacing Fe2+ with
Ti3+ which gives Ti*+ a weaker oxidizing agent than Fe3+. More
phenol was formed if an excess of ferric was added. Alternatively,
3 reacts with oxygen (equation 19). Another possibility advanced
was reaction with a second OH" radical. On 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
therc was an isotope effect when chlorobenzene was present. Less
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phenol was formed from deuterated benzene than from proto-
benzene. This was explained by a crossed disproportionation between
the two adducts present in the solution (equations 67 and 68—
compare equation 11).

C,D,OH 4 CIC4H,OH —> C,D;OH + CIC,H ,DOH (67)

C(D,OH" 4 CIC4H,OH" —> CICH,0H + C,D,HOH (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 co-workers22? related the greater effectiveness of
certain metal ions (Cu+ or V3+ in place of Fe?+) with their redox
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. These authors also gave
consideration to the role of HO,  radicals. It was not appreciated
at that time that these are considerably more stable and less reactive
than are OH" radicals.

Grinstcad ?4? has suggested OC;H,COO-* as an intermediate in
the attack of Fenton’s reagent on salicylate ion. This corresponds to
the phenoxyl radical found in the pulse radiolysis of phenols (sec-
tion I1.B.g) 75, 8%, Consequently the subsequent reactions with either
0,, H,0, or OH" 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. Olefini:zc compounds

Baxendale, Evans and Park?2?® showed that the Fenton’s radical
added on to either side of the double bond of acrylonitrile and
methyl methacrylate. Because of its industrial application as a redox
initiator for olefin polymerization, there was considcrable interest in
Fenton’s reagent in about the year 1950. Most of these investigations
do not throw much light on its behaviour as a hydroxylating agent.

5. Heterocyclic compounds

The literature on the action of Fenton’s reagent on heterocyclic
compounds has been reviewed by Norman and Radda?4,

Hydroxylation of furans has been investigated recently®53®,

Scholes and Weiss2% studicd the degradation of nucleic acids and
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DNA bases by Fenton’s reagent. Breslow and Lukens:% showed
that quinoline gave 3-hydroxyquinoline. Cier, Nofre and co-
workers?31-253 ysed Fenton’s reagent modified by addition of pyro-
phosphate to complex the 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.

6. 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 sufficient investigations have been done on it to merit separate
treatment. Ceric ions will also be dealt with separately because the
reactive species behaves quite differently from that in Fenton’s
reagent.

Other metal ions which have been studied in a mixture with
hydrogen peroxide are listed by Walling?54. The energetics of OH"
radical production is discussed by Uri%2. An interesting onec 1is
cupric ion?2322b, 244, 246 whjch increases the radiation chemical yield
of hydroxylated products (scction 11.B.i.1). Ferrocyanide has also
been used?34e,

The osmium tetroxide-catalysed addition of a hydroxyl group on
cach side of the double bond of an olefin (Milas reaction) has
recently been reinvestigated by Norton and White?%5. The main
product is the glycol.

C. Titancus System
l. General

Titanous ion reacts with hydrogen peroxidc by a one-electron
reaction (equation 69) and has been reported as procceding more
readily than the corresponding reaction of ferrous ion?223, 256
(Fenton’s rcagent).

Ti*+ + H,0,—>Ti** -+ OH~ +4- OH"’ (69)

Dixon and Norman?237, 238 found this sytem superior to the Fenton’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 be obtained
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than in a solid. (Ultraviolet irradiaticn of a low temnperature glass
of the compound mixed with hydrogen peroxide is another way of
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 #22b,

2. Benzenoid compounds

Using such a flow system with benzene as the substrate Dixon and
Norman?%® were able to show uncquivocally 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 XCHOH" 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 Biihler’s3® con-
clusions arrived at from pulse radiolysis studies (section I1.B.1.b).

Dixon and Norman?3® 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 studies?s
have shown that in a two-stage reaction the hydroxyl radical adds
to the ring and then water is eliminated (section II.B.l.g).

Lindsay Smith and Norman?35 showed that the titanous system
and Fenton’s reagent behaved similarly in the hydroxylation of
aromatic compounds such as fluorobenzene and chlorobenzene, and
was unaffected by the addition of EDTA. Armstrong. and Hum-
phreys2% 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 characterized?08, 259, 261263,

3. Olefinic compounds

Dixon and Norman?2%® showed that allyl 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, as compared with the substituted carbon atom.
Smith and co-workers2¢4: 265 observed the same phenomenon also
for acrylate esters. Oximes add an OH" radical to the carbon atom
of the C==N bond?2¢% 267 hut losea hydrogenatom togive a nitroxide.
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Malcic acid, fumaric acid and crotonic acid add OH" at the double
bond?¢8. The reagent demonstrates clectrophilic character28ss,

4. Heterocyclic compounds

Pyridine does not react with this reagent?2¢6,

Ormerod and Singh?% found that thc titanous reagent did not
react with purines but attacked pyrimidine bases to give results 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-workers!88
have also studied this system.

Furans are hydroxylated at position 5 or 4253,

D. Hamilton’s System

Hamilton and co-workers2%-27¢ during an investigation of Uden-
friend’s reagent, tried the effect of replacing ascorbic acid by other
cne-diols. They found that catalytic amounts of catechol, (10-*
mole/litre) or other 1,2-dihydroxy- or 1,4-dihydroxy-aromatics and
of ferric ion or less efficiently cupric ion enabled H,O, to hydroxylate
aromatic compounds.

Using competition kinetic methods the ratio of the rate constants
anisole : benzene : chlorobenzene: 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 CH;Y is the substrate which is hydroxylated to
HOCGCH,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 clectron donor to
make dissolved molecular oxygen available as a hydroxylating agent
is that proposed by Udenfriend and co-workers22+ 225, The reagent
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consists of ferrous ion, EDTA, ascorbic acid and oxygen. It was
suggested that the oxygen was first reduced to hydrogen peroxide
which then formed hydroxyl radicals. Norman and Radda?%®
showed that the distribution of isomers following attack on anisole
and chlorobenzene 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. In all| it is considered to be 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+Q,, 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 reduced itself in the
process (equation 71).
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In high concentrations of metal ion, Fe?+O,Fe2+ is formed and
this gives a preponderance of meta-substitution, presumably because
Fe is first attached to the activated ortho- or para-position 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 X
{1, —> —> AN
?Fe + (I)_Fe:H- -~ (l) OH
2+ 24~ 2+ .
Fe"O H Fe“" 0 H Fe\JO Fe* T OH

(72)

meta substituent even at low ferrous ion concentrations. Catechol
and quinol are also found.

2. Systems

Some alternative complexing agents, but not all of them, and
other metal ions such as titanous and copper ions2?5-2762 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 thereforc of some 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 compounds?2?eb,27ee,

Smith and Hays??? have recently compared the effect of X-radia-
tion on uracil with that of ascorbic acid-I'eSO;. They found many
similarities.
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F. Ceric System

Baer and Stein??8 showed that ceric ion reacted with hydrogen
peroxide to give the hydroperoxyl radical (equation 73).

H,O, + Ce'+ —> HO, -+ H+ - Ce3+ (73)

HO," reacted with an excess of Ce*+ giving oxygen (equation 74)
HO. + Ce'+—> 0, + H" + Ce?+ (74)

The kinetics of these reactions were investigated by Baxendale?™,
Sigler and Masters2#, ancd Czapski, Bielski and Sutin?28!, They found
that equation (73) was reversible. Anbar?32 proposed that an inter-
mediate complex Ce™-OOH was formed and existed for a finite
time. '

Using a flow system Saito and Bielski2$? 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 methods282. Bains, Arthur and Hinojosa?84 found
that addition of Ti*+ ions produced a narrower 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?33
and is generally not very reactive. In these respects it resembles the
radiolytic hydroperoxyl radical.

G. Peracids

1. Genera!

Peracids can undergo either homolysis giving free hydroxyl
radicals:

RCO-0-0OH —> RCOO" -+ OH' (15)
or heterolysis giving hydroxyl cations:

RCO-0-0OH —> RCOO~ + OH~+ (76)
Both of these species appear to be capable of acting as electrophilic
hydroxylating agents.
Uri202 calculated that there should be a small amount of OH+
present in equilibrium in hydrogen peroxide solution:
H,0, + H+==H,0 + OH+ (717)
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Derbyshire and Waters?85 chose mesitylene to demonstrate this.
Mesitylene on hydroxylation with hydrogen peroxide in acetic acid—
sulphuric acid mixtures gave mesitol. In this compound the positions
activated by the OH group were blocked against further attack by

more reagent so complications due to secondary reactions were
minimized.

CH, CH; . CH,
CH3©> + OHt——u—o CH3@<H =" CHy OH (78)
CH, ~OH

CH, CH,

A Lewis acid such as boron trifluoride may be used in place of
the acetic acid-sulphuric acid mixturc?28s,

2. Pernitrous acid

Pernitrous acid is formed when nitrous acid and hydrogen per-
oxide are mixed (equation 79). It is unstablec.

—H.0
H,0, 4- HNO, — ONOOH — ONO" + OH~ (79)

Halfpenny and Robinson?287, 288 concluded that the OH’ radical
added almost always ortho or para to any existing substituent group
in the benzene ring. This was followed by nitration in the meta-
position giving either 1-hydroxy-2-nitro or 2-nitro-3-hydroxy deriv-
atives. The incoming groups occupied adjacent positions in all the
products found, probably because in 1 the unpaired electron was
localized in that position (equation 80). Compound 15, which is

OH OH
+OH’ " +NO, H
- . - ” NO, (80)
H

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 the isomeric distribu-
tions of the products. It is always possible that the pernitrous acid
does not dissociate until it reacts with the aromatic compound.
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3. Trifluoroperacetic acid

a. General. Derbyshire and Waters?285 suggested that other peracids
might give OH+, The hydroxylating action of perbenzoic 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 clectrons from the O-O bond
thus facilitating the fission of this bond?28:

56—~ S5+
CF;CO0-OH —» CF,CO0- + OH+ (82)
(16)
Once again decomposition does not necessarily2® take place giving
free OH+. The rcagent may act as in equation (83).

X
H OH At
- (I —_— @OH + OOCCF, (83)
H OOCCF, H
l—H*
X
o

Evidence that 16 may decompose in this way is given by the
reaction?®! with tetramethylethylene (equation 84).

: CH
HC  _CHs H,C._| _OH
~c”

~c”
J /‘ —_— | (84)

OOCCF;, .

H,C” H,C~ | SO0CCF,

CH,
The reactions of 16 are described in several texts and re-
views?22, 292, 293, Tt has proved to be a very useful electrophilic

hydroxylating agent.
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b. Benzenoid compounds. The reaction with some aromatics has been
studied by Davidson and Norman?4, The isomeric distributions
obtained were quite different from those obtained with Fenton’s
reagent. More importantly, published values for radiolytic hydroxyl
radical reactions!?® 128 show quite a different distribution. The
conditions are not strictly comparable but there seems little doubt
that the attacking species is not the hydroxyl radical?®%. The reagent
can be considered as an electrophile of low selectivity but more
selective and less reactive 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 clear?91,
In radiolytic hydroxylation nitro compounds are attacked quite
readily (section I1.B).

Oxidative cyclization can also be the result of attack by 16
(equation 85) 294,

0O0CCF,

H2 i H
SO oH § OH _ —m* OH
(85)

Attack at a ring carbon on which there is already a substituent
sometimes induces methyl migration by a Wagner—Meerwein re-
arrangement. Prehnitene gives a variety of products including
isodurenol??! (equation 86).

OH
-
CF,CO,H N (86)

HO D o
—D+ 4D+
_35\& He ::x{\ (87)
¥ 3
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An analogous rearrangement has been observed for deuterated
acctanilide?®® (equation 87). 7-59, of the product is that deuterated
in the 3-position. It is suggested that hydrogen migration might be
a common reaction for phenolic cations.

c. Effect of additives. Usually hydrogen peroxide and trifluoroacetic
acid are mixed to prepare 16 in situ. The effectiveness of 16 may be
increased by carrying out the reaction in methylene chloride. Also
effective is addition of boron trifluoride, a Lewis acid, which has
been used by Hart, Buchler and Waring?! to obtain high yields of
products. The Lewis acid coordinates with one of the oxygens not
used in the hydroxylation and thus facilitates decomposition. Iodine
in conjunction with 16 has been used by Hey and co-workers2?¢ to
hydroxylate steroids.

4. Other peracids

Hydroxylation has been reported following the action of peracetic
acid, perbenzoic acid and persuccinic acid?®? 297 The presence of
acid assists reaction?®® (equation 88). Smith and Fox2¢8 found that

: — ROH
H

H
H+

Ti3+ and peracetic produce a species which reacts like the OH"®
radical.

Inorganic peroxy acids such as persulphuric acid and peroxy-
chromic acid have been observed to effect hydroxylation®® but
hydroxyl radicals are not necessarily involved.

5. Peresters

Diisopropyl peroxydicarbonate has been shown by Kovacic and
Morneweck?*® and by Kovacic and Kurz2?4? to give a reasonably
good yield (about 509,) in the hydroxylation of aromatic compounds
to produce phenols. 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 give a phenol ester—alumin-
ium chloride complex which resists further attack by the reactant.
On 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 ¢-nitrophenol by the Baudisch reaction
(hydrogen peroxide, hydroxylamine hydrochloride and cupric ion).
The first step involves hydroxylation®?, 30,

In the analogous system morpholine, copper salt and oxygen,
phenols are oxidized to quinones3°l. Since known scavengers have
no effect, OH" radicals are most probably not involved.

Heckner, Landsberg and Dalchau®? concluded that alkaline
permanganate oxidized toluic acid and malonic acid through an
intermediate OH" radical which existed in equilibrium in solution?3?
(equation 89).

MnO,- + OH- === Mn0,*~ + OH" (89)
Relative reaction rates were determined and agreed well with pulse
radiolysis values?7: %,

Powdered silica has some OH groups on the surface. If an organic
compound is ground up with it, some hydroxylation results3®4. It
would be interesting to know the isomeric distribution for the product
from some monosubstituted benzenes.

An electrical discharge in water vapour produces OH" radicals303,
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 vapour305?,

Hydrogen atoms are readily produced in the gas phase By reac-
tion with oxygen, HO, radicals are produced3°¢.

Hydrogen peroxide can be homolysed by pyrolysis. Hydroxyl
radicals result.

Ultrasonic waves can break up water, and one of the products
1s the OH" radical32!, 322,

V. COMPARISON OF REAGENTS
A. | fentity of Species
E..cept where there is clear evidence to the contrary, the hydroxyl-
ating 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 speculation 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. spectra of short-
lived radiolytic species so these points may soon be resolved.

There is now reasonable agreement that the radiolytic and photo-
Iytic species are free OH" radicals and are electrophilic reagents.
However, only rzcently have techniques been available to study
them without interference from other species and other reactions.
The chemiczlly produced species are undoubtedly similar in their
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 the chemically generated
species is known to be the hydroxyl radical. On 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. In many cases ccrditions are
different and the chemistry not understood.

B. Some Discrepancies

Livingston and Zeldes?!1: 212 found that photolysis of allyl
alcohol-H,;O, mixturcs gave a spcctrum quite different from ':hat
obtained by Dixon and Norman?% using the flow system. Atkins
and Symons®® pointed out that since OH" reacts so readily “with
H,0, giving HO,’, a more stable radical, it is difficult to be’sure
what species one is studying in ultraviolet-irradiated hydroger' per-
oxide solutions. Similarly, they consider HO," or possibly (Ti0OO")4+
to be the active species formed from titanous salts and hydrogen
peroxide.



3. Free radical and clectrophilic hydroxylation 179

From product yields using the competitive method, Norman and
Radda?°® have 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 theradiolytic values 1-5:1:1:0-4 68, 77,

Myers and co-workers!8¢ 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 double bond. Ormerod
and Singh?® noted a difference in site of attack between pH 1 and
2.

There is plenty of evidence that ferrous ion forms complexes with
many anions30?, 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. Shiga®1! found that Fenton’s reagent attacked
the hydrogens on the w carbon atoms of alcohols whereas the titanous
reagent attacked the « position. The radiolytic and photolytic OH’
radical attack the « position. He concludes that Fenton’s radical
may be a complex, such as Fe~-EDTA-H,0,. In a subsequent publi-
cation Shiga and co-workers3!? distinguished between the electro-
philic titanous reagent and nuclcophilic (sic) Fenton’s reagent. On
the other hand Smith and Wood?!? 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.

Staudinger?2? 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 reagents13®,

Chiang and co-workers3!® and Armstrong and Humphreys2é0
consider that in the titanous system a complex [Ti(H,O),OH
(substrate)]*+ i1s formed. To react, a substrate must be able to form
this complex. If this is so, the dependence of yields on pH should
differ from that in the radiolytic system. Norman?3!+ states that it is
now apparent that the titanous reagent is far more complex than
was at first thought.

Turkevich and co-workers®!3, Fischer?!¢, Florin, Sicilio and
Wall®1?” and Mickewich?!8, 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 complex, perhaps (TiOO)2+ which is essentially a
complexed O,~". Such a complex does not nccessarily behave like
O,

The difficulty in finding an e.s.r. spectrum for OH" radical

cHG G
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in Fenton’s system may be due to its very short life vis-a-vis dimer-
ization (kog4om = 5 X 10°Imole—*s—1). Whenscavengers are present
the time scale 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 mmole 1-! benzoate all
hydroxyl radical reactions are more than 99% complete in a1
microsecond .

Sicilio, Florin and Wall®?® and Takakura and Ranby320 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 Hinojosa2?84 mixed H,O, with pairs of metal
ions (Fe2?+, Ti3+ and Ce4t). From the changes of the e.s.r. spectra
with relative concentrations they deduced that Ti*+ forms stable
complexes with the radical species generated 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 cxample, in most comparative tables one finds listed the pioneer-
ing radiation chemical results of Weiss, Stein and co-workers!7—24
obtained twenty years ago; both experimental and interpretative
techniques have advanced greatly since then. It 1s interesting that
only recently did new information appear, published by three
independent groups®8: 76, 85, % on the aqueous radiation chemistry
of solute nitrobenzene—a key compound in the study of directive
effects of substituents in the benzene ring. It is quite apparent that a
greater understanding of the chemistry of the systems is necessary
before valid comparisons can be made.

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 necessarily 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
cases®?!, Addition of ferrous or copper 1ons 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
hydroxyl radicals can be controlled with fair accuracy while other
conditions are varied over a wide range. It 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 reactant’s kinetic
behaviour as well as the isomeric distribution of its products, can its
identity be established with any certainty.

In 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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LLINTRODUCTION: 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
193
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oxidation has increased markedly in recent years and excellent texts
giving extensive coverage arc available (c.g., 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 treated in secondary sources elsewhere. Additional considera-
tions have been the actual or potential synthetic utility and theore-
tical importance of the reactions.

A. The Formation of OH Groups at Saturated Carbon

The most direct method of inserting a hydroxyl group at saturated
carbon is by autoxidation. This is essentially a homolytic chain
reaction between triplet ground state, 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 alcohois. 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 much 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 pL-3-p-menthene in the presence of
the optically active catalysts manganese p(—)- and -L(+4-)-mande-
late®.

Many carbon acids, e.g., tri-p-nitrophenylmethane, are quite
inert towards attack by molecular oxygen but react readily in the
form of their carbanions to yield hydropcroxides. Examples of these
and the proposed mechanisms appear in section II1.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 dienes 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. The evidence for this important
development is reviewed in section ITILA.

Of considerable interest are the autoxidations of organometal
compounds, particularly boron and aluminium trialkyls, which find
technical use in the manufacture of aliphatic alcohols and of per-
oxides as polymerization catalysts. The mechanistic features of these
reaciions appear in section II1.C.

Formally resembling the autoxidation is the oxidation of trialkyl-
boranes with hydrogen peroxide, alkyl hydroperoxides and peroxy
acids. Trialkylboranes, which may be formed by hydroboration of
alkenes, are oxidized by alkaline hydrogen peroxide to alcohols
which correspond to an anti-Markownikofl hydration of the
alkene?®s 10, This very useful procedure continues to be extended,
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
dienes with 2,3-dimethyl-2-butylborane!2.

Peresters undergo a copper-catalysed reaction of homolytic type
with alkenes to introduce an ester group at the allyl position?3, e.g.,
t-butyl perbenzoate when heated with cyclohexene and a catalytic
amount of cuprous bromide produces 739, of 3-benzoyloxycyclo-
hexene. The mechanism of these reactions is probably as follows4-16,
c.g.. for cyclohexene:

PhCOO —OCMe; + Cu'l ————> PhCOOCU® + Me,CO" (1)

Me,CO" + O —————> Me,COH +_© ' (2)

OCOPh

O + PhcoOCuT ——» cu! + (3)

Thers is evidence that equation (3) involves a carbonium ion!®.
Unsymmetrical alkenes yield mixtures of isomeric products which
may result from a mesomeric allylic radical, terminal alkenes pro-
duce mostly an unrearrangcd product. Appropriate reagents are
able to effect the conversion of cumene into 3-acetoxycumene in
30% vyield*¢ and tetralin into I-benzoyloxytetrahydronaphthalene in
159, yield!”. 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 thiocthers'3. The method offers a convenient route
for the synthesis in particular of allyl alcohols.

Chromium compounds arc 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):

Ar,CH + VT — A c + crY ()

——> Ar,C—0-—Cr% (5)

the fate of the radical in equation (4) is probably conversion into a
chromium ester. Oxidation with chromium compounds has been
reviewed recently!8-2 and the possible use of these in synthesis,
e.g., of t-butyl chromate?! 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 in many organic solvents. The use of tri-
phenylmethylarsonium permanganate which 1s soluble in chloro-
form has been described?3. Potassium permanganate will effect the
oxidation of tertiary hydrocarbon groups to carbinol as in branched
chain carboxylic acids and in 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:

R;CH + MnO,~ —> [R;C'MNnOH~-] — R,COMNO H~- (6)
The ester may decompose by several routes; these mechanisms and
other features have been reviewed recently?i.
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Lead tetraacetate is able to effect acetoxylation at carbon-
hydrogen bonds and thus affords a possible stage to the overall intro-
duction of a hydroxyl group. The synthetic use of the method is
limited by the occurrence of additional reactions and thc reagent’s
ability to attack readily only thosc carbon-hydrogen Londs which
are adjacent to carbonyl, phenyl, alkeny! or ether groups. The reac-
tion with carbonyl compounds probably proceeds via a heterolytic
mechanism involving the deccomposition of an intermediate ester of
the enol with lead tetraacetate:

ory
H%j \FTb(OA_c)z 