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Foreword
The present book, The Chemistry of Hydroxylamines, Oximes and Hydroxamic Acids, deals
with the chemistry of three related functional groups that were not hitherto treated in ‘The
Chemistry of Functional Groups’ series. Professor Artem Melman, then at the Hebrew
University, who felt that such a book would be valuable, suggested the title and we
followed his advice; he also contributed a chapter. We will be grateful to other readers
who suggest other topics which, in their opinion, deserve to be included in new volumes
in the series.

The two parts of the present volume contain 18 chapters written by experts from
14 countries. They include theoretical aspects, structural analysis, thermochemistry and
NMR spectra of the three groups, chapters on the synthesis of the groups and on synthetic
aspects, such as their use for synthesis of a variety of heterocyclic systems, the use of
hydroxylamines and oximes for electrophilic amination, their use as analytical reagents,
their electrochemistry and rearrangements both in the laboratory and in large-scale indus-
try. Biological properties and use as therapeutic agents as well as the iron transfer ability
of natural hydroxamic acids are covered in several chapters. Mechanistic aspects of these
systems, including their effect as substituents, with emphasis on their α-effects, which are
important both theoretically and as anti-toxic agents, are covered in two chapters. One
sub-group, the N-heteroatom-substituted hydroxamic acids, is covered extensively from
the synthetic, theoretical and biological aspects. Special chapters are devoted to related
topics such as nitroxyl radicals, nitrosomethanides and their acids.

A few of the originally planned topics not covered in the present book are organometal-
lic derivatives, analysis of, mass spectrometry, photochemistry and acidities and basicities
of the title groups. We hope that these topics will soon be covered in an additional volume.

The literature coverage is up to the end of 2007, and extends in several chapters into
2008.

One of the editors (J. F. L.) is especially pleased to participate in this volume because
the classes of compounds encompassed in the volume figured prominently in his chemical
upbringing.

We would be grateful to readers who draw our attention to mistakes in the present
volume and to omissions of important chapters related to the three groups.

Jerusalem and Baltimore ZVI RAPPOPORT
October 2008 JOEL F. LIEBMAN
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TheChemistryofFunctionalGroups
Preface to the series
The series ‘The Chemistry of Functional Groups’ was originally planned to cover in
each volume all aspects of the chemistry of one of the important functional groups in
organic chemistry. The emphasis is laid on the preparation, properties and reactions of the
functional group treated and on the effects which it exerts both in the immediate vicinity
of the group in question and in the whole molecule.

A voluntary restriction on the treatment of the various functional groups in these
volumes is that material included in easily and generally available secondary or ter-
tiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, various
‘Advances’ and ‘Progress’ series and in textbooks (i.e. in books which are usually found
in the chemical libraries of most universities and research institutes), should not, as a rule,
be repeated in detail, unless it is necessary for the balanced treatment of the topic. There-
fore each of the authors is asked not to give an encyclopaedic coverage of his subject,
but to concentrate on the most important recent developments 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 postgraduate level.

It is realized that no plan can be devised for a volume that would give a complete cov-
erage of the field with no overlap between chapters, while at the same time preserving the
readability of the text. The Editors set themselves the goal of attaining reasonable coverage
with moderate overlap, with a minimum of cross-references between the chapters. In this
manner, sufficient freedom is given to the authors to produce readable quasi-monographic
chapters.

The general plan of each volume includes the following main sections:
(a) An introductory chapter deals with the general and theoretical aspects of the group.
(b) Chapters discuss the characterization and characteristics of the functional groups,

i.e. qualitative and quantitative methods of determination including chemical and physical
methods, MS, UV, IR, NMR, ESR and PES—as well as activating and directive effects
exerted by the group, and its basicity, acidity and complex-forming ability.

(c) One or more chapters deal with the formation of the functional group in question,
either from other groups already present in the molecule or by introducing the new group
directly or indirectly. This is usually followed by a description of the synthetic uses of
the group, including its reactions, transformations and rearrangements.

(d) Additional chapters deal with special topics such as electrochemistry, photochem-
istry, radiation chemistry, thermochemistry, syntheses and uses of isotopically labeled
compounds, as well as with biochemistry, pharmacology and toxicology. Whenever appli-
cable, unique chapters relevant only to single functional groups are also included (e.g.
‘Polyethers’, ‘Tetraaminoethylenes’ or ‘Siloxanes’).

xiii



xiv Preface to the series

This plan entails that the breadth, depth and thought-provoking nature of each chapter
will differ with the views and inclinations of the authors and the presentation will neces-
sarily 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 problem at least to some
extent, some volumes may be published without giving consideration to the originally
planned logical order of the chapters.

Since the beginning of the Series in 1964, two main developments have occurred. The
first of these is the publication of supplementary volumes which contain material relating
to several kindred functional groups (Supplements A, B, C, D, E, F and S). The second
ramification is the publication of a series of ‘Updates’, which contain in each volume
selected and related chapters, reprinted in the original form in which they were published,
together with an extensive updating of the subjects, if possible, by the authors of the
original chapters. Unfortunately, the publication of the ‘Updates’ has been discontinued
for economic reasons.

Advice or criticism regarding the plan and execution of this series will be welcomed
by the Editors.

The publication of this series would never have been started, let alone continued,
without the support of many persons in Israel and overseas, including colleagues, friends
and family. The efficient and patient co-operation of staff-members of the Publisher also
rendered us invaluable aid. Our sincere thanks are due to all of them.

The Hebrew University SAUL PATAI

Jerusalem, Israel ZVI RAPPOPORT

Sadly, Saul Patai who founded ‘The Chemistry of Functional Groups’ series died in
1998, just after we started to work on the 100th volume of the series. As a long-term
collaborator and co-editor of many volumes of the series, I undertook the editorship and
I plan to continue editing the series along the same lines that served for the preceeding
volumes. I hope that the continuing series will be a living memorial to its founder.

The Hebrew University ZVI RAPPOPORT

Jerusalem, Israel
May 2000
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Some intrinsic features
of hydroxylamines, oximes
and hydroxamic acids:
Integration of theory
and experiment

PETER POLITZER and JANE S. MURRAY

Department of Chemistry, University of New Orleans, New Orleans, LA 70148, USA
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I. INTRODUCTION
A. The Compounds

The structural link between hydroxylamines (1), oximes (2) and hydroxamic acids (3)
is the N−OH group:

(1) (2) (3)

N

C

N OH OH C NH

O OH

Formally, they can all be viewed as derivatives of hydroxylamine, H2N−OH; indeed,
oximes can be prepared by the addition of hydroxylamine to aldehydes and ketones
(equations 1 and 2), and hydroxamic acids by its reactions with acetyl halides and esters
(equations 3 and 4)1.

OH (an aldoxime)+H2N R' C H

O

R' C H

N OH
(1)

OH (a ketoxime)+H2N R' C R"

O

R' C R"

N OH
(2)

OH +H2N X

O

R CR C NH

O

OH
(3)

OH +H2N R' C OR"

O

R' C NH

O

OH
(4)

However, there are also important features that very significantly differentiate between
hydroxylamines, oximes and hydroxamic acids: the C=N double bond in 2 and the acetyl
group in 3.

In this chapter, our objective will be to integrate theory and experiment in relating
chemical and physical properties of these three classes of compounds to electronic and
structural factors. We will begin with an overview and comparison of some computational
approaches.

B. Survey of Computational Procedures

The purpose of this section is to present a short overview, with relevant examples, of
some aspects of molecular computations. In-depth treatments can be found in textbooks
such as that by Levine2, and in the overview by Irikura and Frurip3.
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Tables 1 and 2 compare the experimental values of several properties of hydroxy-
lamine and acetaldoxime, H3C−C(H)=NOH, with the results obtained by nine different
computational procedures. These are of three general types:

(a) Hartree–Fock (HF): Until a few years ago, this was the most widely used ab initio
method. It does not account for electronic correlation (i.e. the repulsions between electrons
are treated in an average rather than instantaneous manner) and therefore is not reliable for
predicting interaction energies. However, properties that depend upon the average elec-
tronic density distribution ρ(r), such as the dipole moment and the electrostatic potential,
are generally reasonably satisfactory. We have used the Hartree–Fock approach in ana-
lyzing the electrostatic potentials of carbon and boron/nitrogen model nanotubes with as
many as 120 atoms4.

(b) MP2-FC: Moeller–Plesset second-order perturbation theory is an extension of
Hartree–Fock that takes some account of electronic correlation, although not for inner-
shell electrons (FC = frozen core). MP2-FC requires more computer time and space, and
thus is limited to smaller molecules (25–50 first-row atoms4).

(c) B3LYP: This is one of the Kohn–Sham density functional theory (DFT) procedures
that have had such a dramatic impact upon computational chemistry since about 1990.
Kohn–Sham DFT methods have evolved from the local density approximation, based
upon the concept of a uniform electron gas, to gradient-corrected DFT, which recognizes
that ρ(r) is not constant, to hybrid gradient-corrected DFT, such as B3LYP, which intro-
duces the Hartree–Fock exchange term into the density functional2. Density functional
theory does include electronic correlation, to varying degrees, and in the Kohn–Sham for-
malism it is only somewhat more demanding of computer resources than is Hartree–Fock
and therefore can treat equally large systems. Hybrid density functional techniques (e.g.
B3LYP, B3PW91) are now very extensively used for molecular calculations.

After choosing a computational procedure, the next decision generally concerns the
basis set, by which is meant the mathematical functions (usually corresponding to atomic
orbitals) in terms of which the system is to be described. The computed results in Tables 1
and 2 are for three different basis sets; in order of increasing size, they are 6-31G∗ <
6-311G∗∗ � cc-pVTZ. While a bigger basis set should permit a better description of
the system, the processor time and space requirements increase very rapidly with size;
furthermore, as will be seen, the variations in the values of computed properties, other
than the energy, do not necessarily improve as the basis set becomes larger. For a given
ab initio or DFT method, the molecular energy can be expected to decrease monotonically
as the basis set increases in size (see Tables 1 and 2).

It seems fair to say that one of the consequences of the evolution and success
of Kohn–Sham density functional methodology has been a diminished role for semi-
empirical procedures (AM1, PM3, INDO etc.). While these can still be very useful, the
capability of DFT to treat relatively large systems, and at an overall higher level of
accuracy, has led to its being the method of choice in cases that earlier would have been
treated semi-empirically.

Proceeding now to Tables 1 and 2, it is seen that bond lengths and bond angles are
predicted well by both B3LYP and MP2-FC, Hartree–Fock being less effective. These
results depend relatively little upon the basis set for the three that were used, which can
be viewed as medium to large in size.

The atomization enthalpies show sharper distinctions between the nine approaches. The
Hartree–Fock are very poor, as expected given the non-inclusion of electronic correlation.
The MP2-FC are much better, but do not match the B3LYP, which actually achieve essen-
tially 0% error in the two best cases. (Such perfection should not be expected regularly!)
The atomization enthalpies do show a steady improvement as the basis set is increased.
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The situation is quite different for the dipole moment. The Hartree–Fock values are
comparable to the MP2-FC and B3LYP for hydroxylamine, and significantly better than
the others for acetaldoxime. This reflects the fact that Hartree–Fock electronic density
distributions ρ(r) are, overall, reasonably good5. The errors in the MP2-FC and B3LYP
results may seem rather large, especially on a percentage basis, but it should be noted
that dipole moments are obtained as a small difference between two much larger numbers
(the electronic and nuclear moments), so that any errors in these are greatly magnified
in the former. (The same problem is encountered in computing �E or �H for chemical
reactions. One way of addressing it in this context is by means of isodesmic and related
types of equations2.)

Calculated atomic charges are included in Tables 1 and 2, even though these are not
physical observables and cannot be determined experimentally, because they are concep-
tually convenient and are widely used in analyzing molecular electronic structures and
reactive properties. Numerous definitions of atomic charge have been proposed over the
years, but all of them are arbitrary and purport to quantify something that has no experi-
mental basis. In Tables 1 and 2 are listed two sets of atomic charges. The Mulliken, which
are very popular due to ease of computation, result from partitioning the molecular orbital
expression for the electronic density6; the ESP are designed to reproduce the electrostatic
potential produced by the molecule’s electrons and nuclei7. Mulliken charges can vary
considerably with the basis set2,8, as is seen in Tables 1 and 2; note, for example, the
B3LYP values. This is less of a problem for the ESP since they come from ρ(r), which
is much less dependent upon the basis set. What is particularly serious, however, is that
the Mulliken and the ESP results actually differ even qualitatively in predicting whether
the nitrogen or the oxygen in hydroxylamine is the more negative. This example illus-
trates the inherent uncertainty associated with trying to assign a charge to an atom in
a molecule.

We conclude this section with a comment concerning notation. To identify a computa-
tional approach, it is customary to write ‘procedure/basis set’, e.g. MP2-FC/6-311G∗∗. If
the geometry is obtained by procedure 1 and basis set 1, and that geometry is then used
in calculating a particular property with procedure 2 and basis set 2, this is designated by
‘procedure 2/basis set 2//procedure 1/basis set 1’.

II. ANALYSIS OF COVALENT AND NONCOVALENT INTERACTIONS
Three fundamental properties that play key roles in determining covalent and/or nonco-
valent interactions are the electrostatic potential V (r), the ionization energy I (sometimes
written IE) and the polarizability α. All three can be obtained experimentally. It is pri-
marily in terms of these properties that we will examine the inter- and intramolecular
interactions of hydroxylamines, oximes and hydroxamic acids. Accordingly we shall first
briefly discuss V (r), I and α.

A. Electrostatic Potential

V (r) is the electrostatic potential that is created throughout the space of a system by
its nuclei and electrons. It is given by equation 5, which is simply a form of Coulomb’s
Law:

V (r) =
∑

A

ZA

|RA − r| −
∫

ρ(r′)dr′

|r′ − r| (5)

ZA is the charge on nucleus A, located at RA, and ρ(r) is the electronic density of the
system. Thus V (r) is the net result at any point r of the positive contributions of the
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nuclei and the negative ones of the electrons. Although V (r) is a potential, it is usually
given in energy units, e.g. kcal mol−1, which means that the value quoted is actually
the interaction energy of the system with a + 1 point charge placed at r. The general
interpretation of V (r) is that regions in which it is positive will interact favorably with
negative portions of the surroundings, such as lone pairs, π electrons, anions etc., and
unfavorably with positive portions, e.g. hydrogens, cations etc.; negative regions of V (r)
will do the reverse.

The electrostatic potential V (r) is a physical observable, which can be determined
experimentally by diffraction methods9,10 as well as computationally. It directly reflects
the distribution in space of the positive (nuclear) and the negative (electronic) charge in
a system. V (r) can also be related rigorously to its energy and its chemical potential, and
further provides a means for defining covalent and ionic radii11,12.

Noncovalent interactions are primarily electrostatic in nature13,14, and thus can be inter-
preted and predicted via V (r). For this purpose, it is commonly evaluated on the surfaces of
the molecules, since it is through these surface potentials, labeled VS(r), that the molecules
‘see’ and ‘feel’ each other. We have shown that a number of condensed-phase physi-
cal properties that are governed by noncovalent interactions—heats of phase transitions,
solubilities, boiling points and critical constants, viscosities, surface tensions, diffusion
constants etc.—can be expressed analytically in terms of certain statistical quantities that
characterize the patterns of positive and negative regions of VS(r)15,16.

All of this is of course predicated upon finding some reasonable way to define the
surface of a molecule, for which there is no rigorous physical basis. We follow the
suggestion of Bader and coworkers17 in taking this to be the 0.001 au (electrons bohr−3)
contour of the molecule’s electronic density ρ(r); this contour encompasses about 96% of
the electronic charge. (1 bohr = 0.5292 Å.) In contrast to another approach to defining a
molecular surface, involving fused ‘atomic’ spheres, the method of Bader and coworkers
has the advantage of reflecting features specific to that molecule, such as lone pairs, π
electrons and strained bonds. We have confirmed that other outer contours of ρ(r), e.g.
the 0.002 au, would be equally effective18.

Our focus in this chapter shall be primarily upon the surface electrostatic potential,
specifically its most positive and most negative values, denoted by VS,max and VS,min,
respectively. There may be several local and absolute maxima and minima on a given
surface. They indicate the most positive and negative sites. The former are often associated
with hydrogens, especially acidic ones, and the latter with lone pairs, π electrons of
unsaturated molecules and strained bonds5. We have demonstrated that VS,max and VS,min

correlate well with measures of hydrogen bond donating and accepting tendencies19.
We will also refer in some instances to the overall most negative potentials, Vmin, associ-

ated with nitrogen and oxygen lone pairs. These can be viewed as indicating the effective
‘center’ of the lone pair. Such Vmin are always more negative than the corresponding
VS,min, and are located within the molecular surface.

B. Ionization Energy
The ionization energy I is the amount of energy required to remove an electron from an

atom or molecule. This normally involves the least tightly held electron, which is in the
highest occupied orbital. I is clearly a governing factor in any process involving charge
transfer from the system.

Whereas V (r) and VS(r) are local properties, i.e. have a different value at each point r,
I is global, in the sense that there is just a single value for the whole system (assuming
that only the highest-energy electron is considered). Chemical reactions, however, are
site-specific, and so there is a need for a local ionization energy, that gives the energy
needed to remove an electron at each point r in the space of a system.
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We introduced such a quantity, the average local ionization energy I (r)20, in equation 6:

I (r) =
∑

i

ρi(r)|εi |
ρ(r)

(6)

In equation 6, ρi(r) is the electronic density of orbital i, having energy εi . The formal-
ism of Hartree–Fock theory (within the framework of which equation 6 was proposed)
and Koopmans’ theorem21,22 provide support for interpreting I (r) as the local ionization
energy, which focuses upon the point in space rather than an orbital.

In analyzing chemical reactivity, we compute I (r) on the 0.001 au surface of the
molecule, just as we do V (r). The lowest values of the resulting I S(r), its local minima
I S,min, indicate the locations of the least tightly held, most reactive electrons, and are an
effective means for identifying and ranking sites favorable for electrophilic attack. I S(r)
computed via Kohn–Sham density functional procedures are equally successful for this
purpose23. It should be pointed out that the I S,min are invariably somewhat larger than the
magnitude of the highest occupied orbital energy, because I (r) averages over all of the
system’s electrons, and there is always some probability of inner, more tightly held ones
being at the point in question, even on an outer contour of ρ(r).

The local maxima of I S(r), the I S,max, reveal the locations of the most strongly bound
electrons. While we have found some evidence that these may be sites reactive toward
nucleophiles, this is not well-established. Since I S,min and I S,max are local features, refer-
ring to specific points in space, it is quite possible to have one or more of each in the
neighborhood of a given atom in a molecule; this simply means that there are both tightly
and loosely held electrons in different regions around the atom. Some examples will be
seen later in this chapter.

In addition to its role with regard to chemical reactivity, I (r) is also linked to atomic
shell structure and electronegativity, local temperature (or kinetic energy), radical char-
acterization, bond strain and local polarizability. For a recent overall review, see Politzer
and Murray24.

C. Polarizability

The extent to which an atom or molecule’s charge distribution is affected by an external
electric field E (which could be due to an approaching reactant) is governed, to first order,
by its polarizability α. It was really α to which Pearson was referring in his hard and soft
acid–base theory25, which rationalizes a large number of chemical reactions. The terms
‘hard’ and ‘soft’ refer, respectively, to low and high polarizability.

Specifically, the change in the system’s dipole moment µ is given by equation 7:

µ(ε) − µ(0) = α · E (7)

Whereas µ is a vector, with three components, α is a nine-component tensor, which can
be represented by a symmetric 3 × 3 matrix26 (equation 8):

α =
(

αxx αxy αxz

αxy αyy αyz

αxz αyz αzz

)
(8)

What this means is that a field along one axis, e.g. the x, can influence not only that
component of µ, i.e. µx , but also the other two, µy and µz. This is done through αxy


