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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 a-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 7ZV1 RAPPOPORT
October 2008 JOEL F. LIEBMAN

Xi






The Chemistry of Functional Groups
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 ZV1 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 ZV1 RAPPOPORT
Jerusalem, Israel
May 2000
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CHAPTER 1

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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. INTRODUCTION
A. The Compounds

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

N/
| G o o
— N—-OH N—-OH —C—NH
1 2) 3)

Formally, they can all be viewed as derivatives of hydroxylamine, H,N—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)'.

H,N-OH + R—C—H —— R'-C—H (an aldoxime)
Il I

(n
0 N-OH
H,N-OH + R—-C—R" —> R'-C—R" (aketoxime) @
Il 1]
0 N-OH
HoN-OH + R=C-X —= R-C-NH-OH &
o) o)
H,N-OH + R'=C—OR" — R'-C—NH-OH @
1] 1]

(6] O

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 Levine?, and in the overview by Irikura and Frurip®.
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Tables 1 and 2 compare the experimental values of several properties of hydroxy-
lamine and acetaldoxime, H;C—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 p(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 atoms*.

(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 atoms*).

(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 p(r) is not constant, to hybrid gradient-corrected DFT, such as B3LYP, which intro-
duces the Hartree—Fock exchange term into the density functional®. 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 p(r) are, overall, reasonably good®. 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 AE or AH for chemical
reactions. One way of addressing it in this context is by means of isodesmic and related
types of equations?.)

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 density®; the ESP are designed to reproduce the electrostatic
potential produced by the molecule’s electrons and nuclei’. Mulliken charges can vary
considerably with the basis set>3, 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 p(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°.

Il. 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 / (sometimes
written IE) and the polarizability «. 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 «.

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: P )dr’
A p(r)dr

V(r) = - 5

® §:|RA_1'| " —r| ©

Zx is the charge on nucleus A, located at R, and p(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. kcalmol™', which means that the value quoted is actually
the interaction energy of the system with a4+ 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, 7 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 methods® !0 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 radii''- 12

Noncovalent interactions are primarily electrostatic in nature'> !4, 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)'> 19,

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 coworkers'” in taking this to be the 0.001 au (electrons bohr™3)
contour of the molecule’s electronic density p(r); this contour encompasses about 96% of
the electronic charge. (1 bohr = 0.5292 A.) 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,
electrons and strained bonds. We have confirmed that other outer contours of p(r), e.g.
the 0.002 au, would be equally effective'®.

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, 7 electrons of
unsaturated molecules and strained bonds’. We have demonstrated that Vs.max and Vs min
correlate well with measures of hydrogen bond donating and accepting tendencies'®.

We will also refer in some instances to the overall most negative potentials, Vi, associ-
ated with nitrogen and oxygen lone pairs. These can be viewed as indicating the effective
‘center’ of the lone pair. Such Vp,, are always more negative than the corresponding
Vs.min, and are located within the molecular surface.

B. lonization Energy

The ionization energy / 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. / 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)?, in equation 6:
+ pi(0)l&il
Ir)=) ——— (6)
2 m

i

In equation 6, p;(r) is the electronic density of orbital i, having energy &;. The formal-
ism of Hartree—Fock theory (within the framework of which equation 6 was proposed)
and Koopmans’ theorem?!?? provide support for interpreting 7(r) as the local ionization
energy, which focuses upon the point in space rather than an orbital.

In analyzing chemical reactivity, we compute /(r) on the 0.001 au surface of the
molecule, just as we do V(r). The lowest values of the resulting /g(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. 7g(r)
computed via Kohn—Sham density functional procedures are equally successful for this
purpose23. It should be pointed out that the /s i, are invariably somewhat larger than the
magnitude of the highest occupied orbital energy, because /(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 p(r).

The local maxima of Tg(r), the TSJMX, 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 s min and Is 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, 7(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 Murray?*.

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 «. It was really o to which Pearson was referring in his hard and soft
acid—base theory?, 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 g is given by equation 7:

() —p0)=a-E )

Whereas u is a vector, with three components, & is a nine-component tensor, which can
be represented by a symmetric 3 x 3 matrix?® (equation 8):

Qxx Oyxy Oy
o=|0ay ay ay ®)
Oz Oy O

What this means is that a field along one axis, e.g. the x, can influence not only that
component of u, i.e. u,, but also the other two, u, and .. This is done through a,,
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and «,,. Quite often, however, matters are simplified by dealing only with the average,
or scalar, polarizability « (equation 9):

1
o = g(axx + Qyy + azz) (9)

It has long been recognized that o correlates well with volume'>27-28 (equation 10):
a~V (10)

In fact, « is customarily given in volume units, e.g. A3. Tt seems reasonable, however, that
polarizability should also depend inversely upon ionization enery, since / is a measure
of how strongly an outer electron is held. It has indeed been confirmed that equation 10
is improved by including an inverse dependence upon I, but even more so by using the
average of the local ionization energy Is(r) over the atomic or molecular surface?®. Thus,
for a group of 29 molecules, the relationship (equation 11)

o~ V/TS,ave (11)

has R? = 0.984 and root-mean-square error = 0.48 A3 compared to R? = 0.960 and root-
mean-square error = 0.76 A3 for equation 10.

Since o does correlate with V (equation 10) and molecular volumes can be treated
as summations over atomic and/or group contributions®®3!, it might be inferred that an
analogous approximation (equation 12) could be applied for o:

o~ Za,- (12)

In equation 12, the «; are the average polarizabilities of the molecule’s components.
The use of equation 12 for estimating molecular polarizabilities has been quite success-
ful, utilizing atomic, group and/or bond «; developed by various means®*32-35, The
key requirement is of course that the «; be sufficiently transferable from one molecule
to another. We have demonstrated that equation 11 also provides an effective basis for
obtaining component polarizabilities, purely computationally*® (equation 13):

o = Vi/TS,ave,i (13)

Thus, with o; for NH, and OH from equation 13, we have predicted® that the polariz-
ability of hydroxylamine is 2.55 A®; while we are not aware of an experimental value,
ours is in good agreement with the 2.76 A3 resulting from «; produced by Miller®> by a
completely different procedure.

Just as it is useful to have a local ionization energy, so would it be desirable, in the
context of reactive behavior, to have a local polarizability, «(r). Reflecting the discussion
earlier in this section, we have suggested that /g(r) be viewed as an inverse measure
of ag(r)®*2%37:38; we focus upon the surface local ionization energy and surface local
polarizability because the outermost electrons are expected to make the greatest contri-
butions to «. The volume dependence that is so important on a macroscopic scale should
not be a factor on the local level, which considers only infinitesimal volume elements dr.
We have presented evidence?37-38 in support of the concept expressed by equation 14:

as(r) ~ 1/15(r) (14)
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lll. COMPUTATIONAL APPROACH

In this chapter, energy minima have been located and geometries obtained with the
B3LYP/6-31G** method, since taking account of electronic correlation can be impor-
tant, especially for bond lengths. (Note the improvement in going from Hartree—Fock
to MP2-FC and B3LYP in Tables 1 and 2.) Energy differences AE between conformers
and between isomers were calculated with these geometries but utilizing a larger basis
set, B3LYP/6-311G(3df,2p), for greater accuracy. Zero-point and thermal corrections have
been added so that all AE will correspond to 298 K.

The same geometries were also used to compute electrostatic potentials and local ion-
ization energies, at the HF/6-31G* level. Hartree—Fock V(r) and I(r) are known to be
quite satisfactory 2122,

Formally, divalent oxygen has two lone pairs, both of which will normally produce
regions of negative electrostatic potential, overlapping to some extent. In many instances,
each of these regions will have a most negative point, a Vs min. On occasion, however,
due to extensive overlapping or some other factor, only one Vs nmin can be identified. This
will be seen in the next section, for hydroxylamine.

IV. LONE PAIR-LONE PAIR REPULSION

Hydroxylamines, oximes and hydroxamic acids all have adjacent nitrogen and oxygen
atoms, as part of their characteristic N—OH group. Since both of these atoms commonly
have significant lone pairs, a major determinant of these molecules’ conformations is the
need to minimize the repulsion between these lone pairs. This will be illustrated by the
example of hydroxylamine, H,N—OH.

We have found two energy minima for HN—OH, corresponding to two stable con-
formers 4 and 5%°. In the less stable 4, the nitrogen and oxygen lone pairs are in close
proximity; the distance between their effective centers, the respective Vyin, is only 2.40 A.
(The two oxygen lone pairs give rise to only one Vi, and one Vs min.) When the hydroxyl
group is rotated to give 5, this distance increases to 3.21 A. The energy simultaneously
decreases by 3.9 kcal mol~! [B3LYP/6-311G(3df,2p)].

H H
{ {4
‘o-N—H o-N—H

z

H
C)) ©))

H

It might be thought that 5 may also be stabilized by attractive interactions between
the hydroxyl hydrogen and the nitrogen lone pair and/or between the amine hydrogens
and the oxygen lone pair(s). To investigate these possibilities, we look at the distances
between these hydrogens and the Vg i, of the lone pairs. Here it is appropriate to use
Vs.min, because the hydrogens are external to the nitrogen and oxygen surfaces. The
respective H--- Vg min separations are rather large: H(hydroxyl)--- Vg min(N) = 2.75 A,
H(amine)- - - Vg min(0) = 3.05 A. They are indeed greater than the sums of the H---N
and H---O van der Waals radii*’, 2.72 A and 2.69 A. (The sum of the N---O van der
Waals radii is 3.07 A.) Thus the effect of any such hydrogen bonding interactions in
stabilizing 5 should be quite minor (or none) compared to that of separating the lone
pairs. In all of the hydroxylamines, oximes and hydroxamic acids treated in this chapter,
we have found the hydroxyl group to be rotated so as to achieve this separation.

This section was intended only to demonstrate the importance of minimizing lone pair
repulsions. A more representative hydroxylamine will now be discussed in greater detail.
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V. COMPARISON OF PROTOTYPICAL EXAMPLES

We shall now compare some properties of prototypical examples of hydroxylamines,
oximes and hydroxamic acids. These will be structures 1, 2 and 3 with methyl groups at the
remaining positions, i.e. dimethylhydroxylamine (6), acetoxime (7) and acetohydroxamic
acid (8).

HiC_ CHs
s § 9 o
H;C—N-OH N-OH H;C—C—-NH
(6) @) 8

In Table 3 are reported (a) bond lengths and bond angles, (b) most positive and most
negative values of the surface electrostatic potentials, Vs max and Vs min, and (c) the highest
and lowest local ionization energies, TS,min and Ts,max, for 6, 7 and 8. (Some of the data
in Table 3 are taken from Politzer and coworkers®.) The electrostatic potentials and local
ionization energies on the molecular surfaces are shown graphically in Figures 1-6.

A. Dimethylhydroxylamine (6)

The nitrogen in 6 is pyramidal, with bond angles similar to those in dimethylamine
(107, 107, 111.8 deg*!). Accordingly it has a significant lone pair, as shown in Figure 1(a),
which is manifested in a Vg i, of —28.1 keal mol~! (Table 3). The oxygen’s lone pairs,
Figure 1(b), give it a single but even more negative Vs min, —35.0 kcal mol~!. In order
that these negative regions associated with the nitrogen and oxygen avoid each other, the
hydroxyl group rotates to give the structure shown below, in which the hydrogen is in
the plane bisecting the C—N—C angle. The two C—N—O—H dihedral angles were found
to be —120.7 and 120.8 deg.

The positive nature of the hydroxyl hydrogen is clearly evident in Figure 1; its Vg max is
44.1 kcalmol~!. To put this into perspective, the methyl hydrogens have Vs m.x between
7 and 13 kcalmol~'. The bond lengths in 6 are as would be expected. For example,
representative C=N and N=0 distances in such configurations (in crystals) are 1.469 A
and 1.463 A, respectively*?.

The dominant feature of the local ionization energy on the surface of 6 is the low Ts(r)
of the nitrogen lone pair, Figure 2(a). The oxygen lone pairs, so much in evidence in
terms of Vs(r), do not stand out at all now, Figure 2(b).

The Vs min and TS,min of 6 (Table 3, Figures 1 and 2) illustrate an important point.
The more negative Vs min of the oxygen means that (a) it could be the site for a non-
covalent electrostatic interaction with a positive portion of another molecule, and (b) an
electrophile might initially be attracted to the neighborhood of this oxygen. However, any
significant charge transfer and covalent bond formation with an electrophile should occur
preferentially at the nitrogen, which has the lower TS,min and hence the more reactive, less
tightly held electronic charge. Thus Vs(r) is more relevant for noncovalent interactions,
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TABLE 3. Some computed properties of dimethylhydroxylamine (6), acetoxime (7) and acetohy-
droxamic acid (8)?

Property (H3C),N—OH (6) (H3C),C=N—-OH (7) H3C—-C(O)—-N(H)—OH (8)
Bond lengths (A)

C—-N 1.460 1.283 1.368
N-O 1.453 1.414 1.403
O—-H 0.967 0.966 0.984
C-C — 1.505 1.510
Cc-0 — — 1.231
N-H — — 1.012
Bond angles (deg)

C-N-0 105.6, 105.7 112.6 115.3
C-N-C 111.7 — —
N-O-H 102.1 101.5 100.2
C—-C—-N — 115.8, 125.9¢ 116.0
C-C-C — 118.3 —
C-C-0 — — 124.3
O—-C—-N — — 119.6
C—N—-H — — 121.0
O—N—H — — 110.6
Electrostatic potentials (kcalmol ")

Vs.min (N) —28.1 -31.5 —
Vs.min (hydroxyl O) -35.0 —28.8, —28.9 -33.0
Vs.min (acetyl O) — — —39.7
Vs.max (hydroxyl H) 44.1 45.9 30.7
Vs.max (amine H) — — 54.9
Local ionization energies (eV)

Ts.min (N) 12.3 — 13.5
Ts.min (C=N) — 129, 12.94 —
Is min (hydroxyl O) 15.1, 15.1 15.2, 15.2 154, 15.5
Is,min (acetyl O) — — 14.9, 15.0
75,max (hydroxyl H) 19.1 194 20.8
Ts.max (amine H) — — 19.9

¢ Computational levels: bond lengths and bond angles, B3LYP/6-31G**; electrostatic potentials and local ionization
energies, HF/6-31G*//B3LYP/6-31G**.

b Some of the data for 8 are taken from Reference 39.

¢ The larger C—C—N angle is the one on the same side of the double bond as the hydroxyl group.

4 These TS,min are above and below the central portion of the C=N double bond.

Ts (r) for covalent ones, although Vs(r) may play an important role in guiding an elec-
trophile to the /g min. For a more extensive discussion of this distinction between Vs(r)
and Is(r), see work by Politzer and coworkers? 43,

B. Acetoxime (7)

In 7, the hydroxyl group, the nitrogen and all three carbons are coplanar. The nitrogen
can now be viewed as having sp? hybridization, but it still has a lone pair, in the non-
bonded sp? orbital. This produces a Vs min of —31.5 kcal mol~! (Table 3 and Figure 3)
and a Vi, of —57.7 kcalmol™!, both located in the plane of the molecular framework.
The angles that these Vg min and Vi, make with the nitrogen and the oxime carbon are
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(b)

FIGURE 1. Computed electrostatic potential Vs(r) on the molecular surface of dimethylhydroxy-
lamine, (6), (H3C),N—OH. Color scale, in kcal mol~!: Purple, more negative than —30; blue, between
—30 and —20; green, between —20 and 0; yellow, between O and 25; red, more positive than 25.
Part (a) shows the nitrogen lone pair (blue) and the hydroxyl hydrogen (red). The methyl groups
are at the top. Part (b) is the other side of the molecule, with the oxygen lone pairs (purple). The
methyls are now at the bottom, the hydroxyl hydrogen at the top (See color plate 1)

126.5 and 128.7 deg, respectively; these are larger than expected for sp? hybridization.
This may help to account for the deviation of the C—N—O angle from the standard
120 deg (Table 3). The two C—C—N angles differ considerably, the larger being on the
same side of the double bond as the hydroxyl group. This may reflect steric features (see
Chapter 2). We have found an analogous situation in dimethylimine, (H3C),C=NH.

In each of the hydroxylamines that have been discussed (4, 5 and 6), the two oxygen
lone pairs together have just a single Vs min. In the oxime 7, however, each of the oxygen
lone pairs is represented by a Vs min; these are located above and below the framework
plane. Figure 3 shows very clearly the negative potentials due to the oxygen and nitrogen
lone pairs (the latter being stronger) and that they are on opposite sides of the molecule,
to minimize lone pair—lone pair repulsion.

The C—N and N—O bond lengths in 7 are quite typical of oximes, the relevant overall
values being 1.281 A and 1.416 A*, respectively. Table 3 shows that the N—O distance
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(b)

FIGURE 2. Computed local ionization energy Is(r) on the molecular surface of dimethylhydrox-
ylamine, (6) (H3C);N—OH. Color scale, in eV: Purple, less than 13; blue, between 13 and 15.2;
green, between 15.2 and 18; yellow, between 18 and 19; red, greater than 19. Part (a) shows the
nitrogen lone pair (purple) and the hydroxyl hydrogen (yellow). The methyl groups are at the top.
Part (b) is the other side of the molecule, with the oxygen lone pairs and with the methyls at the
bottom. The hydroxyl hydrogen is at the top (See color plate 2)

is somewhat shorter in 7 than in 6. This is consistent with the argument that there is some
charge delocalization in oximes** (equation 15).

D +
() CoH _ ,OH (15)
R"R'C=N -~— R"'RC—N

This would explain the shortening of the N—O bond in 7 relative to 6, and also the
less negative Vs min of the oxygen in 7, —28.9 kcalmol~! vs —35.0 kcalmol~! in 6.
Equation 15 has been invoked to rationalize the greater stability toward nucleophilic
attack of oximes, compared to imines (R'R”"C=NH)*.

An interesting feature of 7 is that the lowest Ts,min are not by a specific atom but
rather are above and below the central portion of the C=N double bond (Figure 4). This
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y

FIGURE 3. Computed electrostatic potential Vgs(r) on the molecular surface of acetoxime (7),
(H3C),C=N—OH. Color scale, in kcal mol~—': Purple, more negative than —30; blue, between —30
and —20; green, between —20 and 0; yellow, between 0 and 25; red, more positive than 25. The
hydroxyl hydrogen is at the left (red), the methyl groups are at the right and bottom. In the central
portion are the lone pairs of nitrogen at the top (purple) and oxygen at the bottom (blue) (See color
plate 3)

FIGURE 4. Computed local ionization energy Ts(r) on the molecular surface of acetoxime (7),
(H3C),C=N—OH. Color scale, in eV: Purple, less than 13; blue, between 13 and 15; green, between
15 and 18; yellow, between 18 and 19.4; red, greater than 19.4. The hydroxyl hydrogen is at the left
(yellow), the methyl groups are at the right and bottom. In the center are seen the low Is(r) of the
C=N double bond (purple) and the nitrogen lone pair (blue) (See color plate 4)

is consistent with our earlier finding of zs,mm associated with C=C double bonds*>4°.
We will return later to this aspect of the /s(r) of 7.

C. Acetohydroxamic Acid (8)

The hydroxamic acid 8 can be viewed as a derivative of hydroxylamine, H,N—OH%, in
which one of the amine hydrogens has been replaced by an acetyl group, H;C—C(O)—.
However, the nitrogen in 8 is less pyramidal than might be expected, as can be seen
by comparing its bond angles to those in 6 (Table 3). Indeed the C—N bond length in 8,
1.368 A, is much closer to the typical C(sp?)—N(sp?), 1.355 A, than the C(sp?)—N(sp>),
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FIGURE 5. Computed electrostatic potential Vg(r) on the molecular surface of acetohydroxamic
acid (8), H3C—C(0)—N(H)—OH. Color scale, in kcal mol~!: Purple, more negative than —30; blue,
between —30 and —20; green, between —20 and 0; yellow, between O and 25; red, more positive
than 25. The acetyl oxygen is at the top (purple), close to the hydroxyl hydrogen (red) at its right.
The amine hydrogen is at the bottom (red), the methyl group at the left and the hydroxyl oxygen
lone pairs at the right (blue) (See color plate 5)

FIGURE 6. Computed local ionization energy Is(r) on the molecular surface of acetohydroxamic
acid (8), H3C—C(O)—N(H)—OH. Color scale, in eV: Purple, less than 14; blue, between 14 and 15;
green, between 15 and 18; yellow, between 18 and 19; red, greater than 19. The acetyl oxygen is at
the bottom, the methyl group at the left and the hydroxyl group at the right. The nitrogen lone pair
is in the upper center (purple) (See color plate 6)

1.416 A*2. The N—O distance, 1.403 A, is similar to what would be expected for
N(sp?)-0(2), 1.397 A, rather than for N(sp*)-0(2), 1.463 A. In fact, the whole molecular
framework of 8, excluding the methyl and amine hydrogens, is nearly planar. This is
indicated by the relevant dihedral angles: C—C—N—-O = —-171.3, O—C-N-0 =119
and C—N—O—H = —7.0 deg.

The near-planarity of 8 can be attributed at least partially to intramolecular hydro-
gen bonding between the hydroxyl hydrogen and the acetyl oxygen®; their separation
is 1.95 A, considerably less than the sum of their van der Waals radii, 2.69 A*. The
proximity of these two atoms in 8 is quite evident in Figure 5. When this hydrogen
bond is prevented from forming, by forcing the hydroxyl group to rotate through 125
deg, the near-planarity disappears; the aforementioned dihedral angles become, respec-
tively, —26.4, 156.7 and 118.1 deg. In addition, the nitrogen is more pyramidal, the C—N
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distance increases by 0.026 A and the N—O distance by 0.011 A. The rotation increases
the energy [B3LYP/6-311G(3df,2p)] by 1.9 kcal mol~!.

The O—H---0 hydrogen bonding in 8 accounts for the sizeable decrease in the Vg m,x of
the hydroxyl hydrogen to 30.7 kcal mol~', in contrast to its values in 6 and 7. Decreases
in the magnitudes of the donor Vs . and the acceptor Vg min have been found in the
past to be associated with the presence of hydrogen bonding*”-“8. On the other hand, the
Vs.max of the amine hydrogen is the highest in Table 3. Both the hydroxyl and the amine
hydrogens can readily be identified in Figure 5, as can the lone pairs of the oxygens;
however, the nitrogen lone pair is not reflected in this Vs(r) plot. In marked contrast, the
nitrogen lone pair is the dominant feature of the /s(r) of 8 (Figure 6), showing that these
are indeed the most reactive electrons in the molecule.

VI. OXIME ISOMERISM

The restricted rotation around the C=N double bond in oximes (2) gives rise to two pos-
sible isomers, 9A and 9B for aldoximes and 10A and 10B for ketoximes. For aldoximes,
these are labeled syn (9A) and anti (9B).

R\ JH R\ JH R R R ,R
C C C
Il Il 1] Il
N N N -
OH HO OH HO
syn (9A) anti (9B) (10A) (10B)

We will look at three pairs of syn and anti aldoxime isomers, 9A and 9B, corresponding
to R = CHj3 (acetaldoxime), R = CH,Cl (chloroacetaldoxime) and R = C¢Hs (benzal-
doxime). We will also consider the two isomeric forms 10A and 10B of acetophenone
oxime, a ketoxime in which R" = CH; and R” = C¢Hs.

Since our interest is in fact in the equilibria between isomers, we have computed both
energy and free-energy changes, AE and AG, for going from one isomer to the other.
From AG can be determined the equilibrium constant, K.q, by means of equation 167,

Keq = exp(—AG®/RT) (16)

in which R is the universal gas constant and 7 is the absolute temperature. Our calculations
correspond to pressures of one atmosphere, so that our AG is the standard value AG°,
as required by equation 16.

In Table 4 are the computed AE, AG and K., for the aldoxime isomerization equilibria
syn = anti, and also for the ketoxime equilibrium 10A = 10B. It should be kept in mind
that all of these results come from single-molecule calculations, and do not include any
intermolecular interactions.

A. Acetaldoxime, 9 (R = CHj3)

As is the case for acetoxime, 7, the two isomers of this oxime are both planar (except
for two methyl hydrogens in each case). Their energy difference, E(anti)— E(syn), is
only 0.7 kcalmol ™! (Table 4), while AG actually has the opposite sign, but is also very
small. At the B3LYP/6-311G(3df,2p) computational level, we can only conclude that these
two isomers are intrinsically very similar in stability. If one or the other is found to be
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TABLE 4. Computed energy and free energy changes, AE and AG, and equilibrium constants
Keq, for isomerization equilibria at 298 K, at the B3LYP/6-311G(3df,2p) level

Oxime Process AE (kcalmol™!) AG (kcalmol™) Keq
Acetaldoxime, 9 syn = anti 0.7 -0.5 2.2
(R = CHjy)
Chloroacetaldoxime, syn = anti —1.6 —1.3 9.0
9 (R = CH,Cl)
Benzaldoxime, 9 syn = anti 23 2.4 1.7 x 1072
(R = C¢Hs)
Acetophenone 10A = 10B 2.7 32 2.2 x 10?
oxime, 10
(R" = CH;j,
R” = Cg¢Hs)

more stable in a condensed phase (pure liquid or solid, or solution), it is presumably due
to intermolecular interactions, such as hydrogen bonding.

B. Chloroacetaldoxime, 9 (R = CH,CI)

In each isomer of chloroacetaldoxime, the chlorine is coplanar with the remainder of
the molecule (other than the methyl hydrogens) but it points away from the other atoms.
When we tried to rotate the chloromethyl and hydroxyl groups in the anti structure so as
to permit —CH,Cl---HO—intramolecular hydrogen bonding, the molecule preferentially
returned to its original conformation, perhaps because these rotations also lead to increased
repulsion between the nitrogen and oxygen lone pairs.

Table 4 indicates that the anti isomer of chloroacetaldoxime is energetically slightly
the more stable one. The equilibrium constant is predicted to be 9.0.

C. Benzaldoxime, 9 (R = CgHb5)

In both the syn and the anti isomers of benzaldoxime, the entire molecule was found to
be planar. Rotating the aromatic ring out of the plane of the other atoms is energetically
unfavorable. The computed energy difference between the isomers is again quite small,
but the syn is favored, the syn = anti equilibrium constant being 1.7 x 1072,

D. Acetophenone Oxime, 10 (R’ = CH3, R” = CgH5)

In acetophenone oxime, the aromatic ring is rotated out of the plane of the molecular
framework, by about 30 deg when it is syn to the hydroxyl group but only by about 6
deg when they are anti. As was observed for acetoxime, 7 (Table 3), the two C—C—N
angles differ notably, the one on the same side of the double bond as the hydroxyl group
being the larger: 128.3 vs 113.0 deg for 10A, 124.1 vs 116.0 deg for 10B. As in 7, the
C—N—O-—angles are smaller than would be expected for sp? hydridization: 114.4 deg in
10A, 113.1 deg in 10B.

The isomer in which the methyl and hydroxyl groups are syn to each other, 10B,
was found to be favored energetically (Table 4); the calculated 10A = 10B equilibrium
constant is 2.2 x 102. The difference in the stabilities of 10A and 10B is greater than for
any of the other isomer pairs in Table 4.
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E. Comments

The magnitudes of the computed AE and AG are relatively small for all four of the
oxime isomerizations that have been considered. Thus the effects of intermolecular inter-
actions with the surroundings— whether the pure liquid or solid phases or a solvent—may
often determine which isomer is more stable in a condensed phase. (This point will be
addressed again in Section VIIL.) For example, benzaldoxime is known to be in the anti
form in an acidic environment but syn in a basic one*’. Temperature also plays a role in
affecting Kq. It should further be noted, as can be seen in Table 4, that even AE and AG
in the neighborhood of just + 3 kcal mol~! can produce K4 of two orders of magnitude.

VIl. HYDROGEN BONDING

The presence of nitrogen and oxygen lone pairs, and hydroxyl and amine hydrogens,
means that each hydroxylamine, oxime and hydroxamic acid has several possibilities
for accepting and donating hydrogen bonds. These can be characterized in terms of the
electrostatic potentials associated with the respective atoms, in particular the Vg pi, of the
nitrogens and oxygens and the Vs max of the hydrogens. It was shown some time ago that
the magnitudes of Vg min and Vs max correlate directly, and quantitatively, with empirical
measures of hydrogen-bond accepting (Vs min) and donating (Vs max) tendencies'®.

As points of reference, we will take two well-established hydrogen-bond donor/
acceptors, H,O and NHj. Their computed gas-phase Vg max and Vs min are in Table 5,
along with the same data for all of the molecules that have been discussed: hydroxy-
lamine (5), dimethylhydroxylamine (6), acetoxime (7), acetohydroxamic acid (8), and the
isomeric pairs of oximes examined in the last section. Finally, we included an additional
hydroxamic acid, 11, to see the effects of the strongly electron-withdrawing cyano group.

W
NC—C—NH
€3]

A few generalizations can be made before analyzing individual molecules. The Vs min
of the oxygen in H,O and the nitrogen in NH; are more negative than any others in
Table 5. This is not surprising; in all of the other molecules, the oxygen and nitrogen
are bonded to each other, which diminishes the amount of electronic charge that each
of these electronegative atoms can attract. Thus the oxygen and nitrogen in H,O and
NH; should be the best hydrogen-bond acceptors in Table 5, although many of the others
certainly have that capability as well, and the Vs pmin of some of the oxygens approach
that of H>O. In fact the two hydroxamic acids have intramolecular hydrogen bonding
between the acetyl oxygens and the hydroxyl hydrogens, as was already mentioned for 8
and can readily be seen in Figure 5; the O---H distances in 8 and 11 are 1.95 and 2.05 A,
respectively, much less than the sum of the van der Waals radii, 2.69 A%,

The Vs max of the hydroxyl hydrogens are almost all in the neighborhood of 50 kcal
mol~!, indicating that these molecules should be as good hydrogen-bond donors as H,O
and better than NH3. The only low hydroxyl hydrogen Vs max is in the case of acetohy-
droxamic acid (8), in which the hydrogen is already interacting with the acetyl oxygen
(Figure 5). In 11, the effect of the intramolecular hydrogen bonding upon the hydrogen’s
Vs.max s countered by electron withdrawal due to the cyano group (to be discussed later
in this section).

There are three amine hydrogens in Table 5, in hydroxylamine (5), and in the two
hydroxamic acids, 8 and 11. The magnitudes of their Vs m.x range from 32.3 to 67.6 kcal
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TABLE 5. Most positive and most negative values, Vs max and Vs min, of computed surface elec-
trostatic potentials, HF/6-31G*//B3LYP/6-31G** ¢

Molecule Vs.min (kcal mol™1) Vs.max (kcalmol™1)
H,0 oxygen: —42.1 hydrogens: 49.0, 49.0

NH; nitrogen: —48.1 hydrogens: 27.6, 27.6, 27.6
Hydroxylamines

H,N—-OH (5) oxygen: —33.6 hydroxyl H: 44.5

(H;C);N—OH (6)

Oximes
H;C—C(H)=NOH, syn

H;C—-C(H)=NOH, anti

H,C(C1)-C(H)=NOH, syn

H,C(Cl)—C(H)=NOH, anti

CgHs—C(H)=NOH, syn

C¢Hs—C(H)=NOH, anti

C¢Hs—C(CH;)=NOH

(C6Hs, OH syn)

CsHs—C(CH3)=NOH
(C¢Hs, OH anti)

(H3C),C=NOH (7)

Hydroxamic Acids
H;C—C(0O)—N(H)—OH (8)

NC—-C(O)—N(H)—OH (11)

nitrogen: —31.7

oxygen: —35.0
nitrogen: —28.1

oxygen: —30.5, —30.5
nitrogen: —29.6

oxygen: —27.3, —27.3
nitrogen: —31.6

oxygen: —25.2, —25.2
nitrogen: —20.6
chlorine: —13.2, —13.4, —13.4

oxygen: —16.6, —16.6
nitrogen: —25.0
chlorine: —14.0

oxygen: —29.1, —29.1
nitrogen: —23.4
ring: —15.9, —15.9

oxygen: —25.0, —25.0
nitrogen: —30.9
ring: —16.3, —16.3

oxygen: —18.0, —34.6
nitrogen: —29.7
ring: —16.3

oxygen: —26.2, —27.4
nitrogen: —21.4, —25.0
ring: —17.6, —18.2

oxygen: —28.8, —28.9
nitrogen: —31.5

hydroxyl oxygen: —33.0
acetyl oxygen: —39.7
nitrogen: -

hydroxyl oxygen: —18.4
acetyl oxygen: —28.9
amine nitrogen: -

cyano nitrogen: —25.6

amine H: 32.3, 32.3

hydroxyl H: 44.1
methyl H: 6.7-12.8

hydroxyl H: 47.6
oxime H: 18.4
methyl H: 10.6-14.9

hydroxyl H: 47.9
oxime H: 19.3
methyl H: 7.3-14.8

hydroxyl H: 54.7
oxime H: 18.8
methyl H: 23.3, 23.3

hydroxyl H: 56.6
oxime H: 22.0
methyl H: 20.6, 20.6

hydroxyl H: 49.4
oxime H: 21.5
phenyl H: 11.4-18.2

hydroxyl H: 49.9
oxime H: 21.8
phenyl H: 16.1-18.3

hydroxyl H: 47.6
phenyl H: 8.4-20.5
methyl H: 8.0, 10.8

hydroxyl H: 48.6
phenyl H: 9.2-19.6
methyl H: 6.2

hydroxyl H: 45.9
methyl H: 5.7-14.5

hydroxyl H: 30.7
amine H: 54.9
methyl H: 21.0, 22.9
acetyl C: 16.3

hydroxyl H: 50.7
amine H: 67.6
acetyl C: 31.1

“ The data for 5, 8 and 11 are taken from Reference 39.



1. Features of hydroxylamines, oximes and hydroxamic acids 21

mol~!, reflecting their different molecular environments, but all are more positive than
the Vs max of the hydrogens in NHj. Finally, hydrogens attached to carbons have Vg max
between 6 and 23 kcal mol~.

It is particularly interesting to compare the electrostatic potentials of each pair of
oxime isomers in Table 5. In the case of acetaldoxime, H;C—C(H)=NOH, the Vg min
and Vs max of the syn and anti forms are quite similar. However, in chloroacetaldoxime,
H,C(Cl)—C(H)=NOH, the oxygen Vs min are significantly more negative in the syn isomer
than in the anti, which suggests that the former could be more stabilized by intermolecular
hydrogen bonding in a condensed phase. In benzaldoxime, CcHs—C(H)=NOH, the more
negative Vs min Of the nitrogen in the anti form may have analogous consequences.

A new feature to mention concerns the aromatic rings that are in two of the oximes in
Table 5: benzaldoxime, C¢Hs—C(H)=NOH, and acetophenone oxime, C¢Hs—C(CH3)=
NOH. Most of them have Vg min of about —16 kcal mol~! above and below the central
portions of the rings. These can be attributed to the aromatic 7 electrons; benzene itself
has two such Vg nin of —20.1 kcal mol~! (HF/6-31G*)®. The only exception is the isomer
10A of acetophenone oxime, in which the C¢Hs and the OH are syn; this is the one in
which the ring is most out of the plane of the molecular framework. Only one Vs i, was
found for this ring, because the negative m potential on the other side merges with one of
the oxygen lone-pair regions. This makes the latter more negative, and helps to account
for the large difference between the two oxygen Vs min, —18.0 and —34.6 kcal mol .

Another notable point, pertaining now to 10B, in which the C¢Hs and OH are anti, is
that there are two Vs min associated with the nitrogen. This is not observed for any other
nitrogen in Table 5. Thus 10B has six significant Vs yin, compared to four for 10A. If the
result is an enhanced capacity for intermolecular hydrogen bonding, then this—together
with the intrinsically greater stability of 10B (Table 4)—may explain why 10B is much
more stable than 10A in the crystalline phase®.

Two of the molecules in Table 5 contain strongly electron-withdrawing substituents:
chloroacetaldoxime, H,C(Cl)—C(H)=NOH, and the cyanohydroxamic acid 11, NC—
C(O)—N(H)—OH. The effects of these substituents are readily apparent. In chloroac-
etaldoxime, the oxygen and nitrogen Vs i, are less negative and the hydrogen Vs max are
more positive than in acetaldoxime itself. The contrast between cyanohydroxamic acid,
11, and its unsubstituted parent 8 is even greater, particularly with regard to the Vs max
of the hydrogens. The cyano group also induces a reasonably strong Vg m.x on the acetyl
carbon.

VIIl. ACIDITY/BASICITY

The previous section focused upon the numerous hydrogen-bond donating and accepting
possibilities of hydroxylamines, oximes and hydroxamic acids: the hydroxyl and amine
hydrogens and the oxygen and nitrogen lone pairs. These also translate into possible
acidic and basic sites, capable of donating and accepting protons. However, whereas
hydrogen bonding is a noncovalent interaction and can be analyzed in terms of molecular
surface electrostatic potentials (Vs min and Vs max), proton transfer requires local ionization
energies, specifically the surface minima 75,min~

The strength of an acid HA is quantified by means of the pK,, which is the negative
logarithm of the equilibrium constant for the process described in equation 17%7:

HA + H,0 —— H;0" + A~ a7

(In practice, the concentration of the water is included in K,.) The smaller the pK,, the
stronger the acid.
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One can analogously measure base strength via pKp, which refers to equation 18:
B + H,0 —— BH" + OH™ (18)

in which B is the base. Again, the smaller the pKy, the stronger the base.

The values of 75,min on a surface indicate the locations of the most reactive electrons,
most readily transferred to a proton. Accordingly, the lower the Is pi,, the more basic
should be the site; thus it could be anticipated that pKy, ~ I min-

The same reasoning applies of course to the reverse reaction in equation 17, in which
A~ acts as a base. The lower the 7s,mm of A~, the stronger it is as a base, and hence
the weaker is HA as an acid. The pK, of HA should therefore increase (and its acidity
decrease) as the Ts,min of A~ decreases.

These expectations have been borne out. We have confirmed the anticipated correlations
of experimental aqueous acid and base strengths with jsmmso, 31 A base becomes stronger,
and its pKy lower, as the TSJmn of the basic site decreases. An acid becomes stronger,
and its pK, lower, as the Ts min of the conjugate base’s basic site increases. To assess
basicity and predict pKy, therefore, YS,min should be computed for the basic site itself; to
assess acidity and predict pK,, TS,min must be obtained for the conjugate base, i.e. A~ for
an acid HA.

It should be noted that some literature tabulations list only pK, values, for bases as
well as for acids. For example, the Handbook of Chemistry and Physics*' gives a pK, of
9.25 for NHs. This corresponds to the process in equation 19:

NH," + H,O == NH; + H;0% (19)
whereas our interest is more often in the pKy, for the basic action of NH; (equation 20):
NH; + H,O == NH,* + OH™ (20)

If the expressions for K, and K} are written out, it is seen that K,K}, equals Ky, the
ion product of water, which is 1.01 x 107'# at 25°C*!. It then follows that pK, + pKp, =
14.00, so that pKy, = 4.75 for NHj. Thus the pKy, for a base can easily be ascertained
from its quoted pK,.

When a molecule contains several potential acidic and/or basic sites, as do those treated
in this chapter, the relative Is i, can help to rank them and also to clarify possible
ambiguities. For example, hydroxylamine, H,N—OH, has a reported pK, of 5.94*'. Does
this correspond to the loss of the hydroxyl proton, or an amine proton? Or is it telling us
that the nitrogen, or the oxygen, has pKy, = 14.00 — 5.94 = 8.06?

Table 6 presents the computed Is i, at the potentially basic sites in hydroxylamine
(5), dimethylhydroxylamine (6), acetoxime (7) and acetohydroxamic acid (8). In the case
of hydroxylamine, for example, this means the Is i, at the oxygen and nitrogen. Table 6
also lists the Ts mn at the conjugate base sites corresponding to the loss of the potentially
acidic amine and hydroxyl protons; in the case of hydroxylamine, for instance, these are
the Ts,min for the oxygen in H,N—O~ and for the nitrogen in HN~—OH. Finally, for
reference purposes, the table provides the nitrogen TS,min for the two bases, NH3 and
pyridine, and the conjugate base Ts min for acetic acid, H;C—C(O)—OH, i.e. the TS,min
at either oxygen in [H3C—C(O)—O]~. Experimental aqueous solution pK, values are
included when available, although, as mentioned above, for 5—8 there is some uncertainty
as to the process to which these pK, values refer.

Looking first at the basic sites in Table 6, it is clear that the oxygens TS,min are weaker
in this respect than the nitrogens; the oxygen YS,min are in the neighborhood of 15 eV,
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TABLE 6. Values of 75,mm relevant to the acidities or basicities of hzdroxylamine (5), dimethyl-
hydroxylamine (6), acetoxime (7) and acetohydroxamic acid (8). The /s min Were computed at the
HF/6-31G*//B3LYP/6-31G** level and are in eV “

Molecule ? Acidic site TS,min (conj. base) ¢ Basic site TS,mind
H,N—OH (5). hydroxyl H 39 o 15.2
pK, =5.94 amine H 2.3 N 12.8
(H3C),N—OH (6) hydroxyl H 44 (0} 15.1
N 12.3
(H3C),C=N—-OH (7), hydroxyl H 6.4 (6] 15.2
pK, =12.42 C=N 5.1 C=N 12.9
H;C—C(O)—N(H)—OH (8), hydroxyl H 6.3 hydroxyl O 15.4
pK. =8.70 amine H 5.9 acetyl O 14.9
N 13.5
Reference Values
H;C—-C(0O)—OH, hydroxyl H 7.0
pK, =4.756
NH;, N 11.9
pK, =9.25
pyridine, N 12.7
pK, =523

¢ The data for 5, 8, H;C—C(0O)—OH, NH; and pyridine are taken from Reference 39.

b Experimental pK, values in aqueous solution are from Reference 40.

¢ For the acid sites, the Ts,mi“ are those of the conjugate bases, i.e. after the removal of the proton.
d Only the lowest TSvn,m is given for each site, even if there are two TS,min associated with it.

which is at least 2 eV (46 kcal mol~!) higher than most of the nitrogen TSJmn. The oxygen
values in Table 6 are also higher than those of H,O, 14.8 eV.

The nitrogens are accordingly the stronger basic sites in these molecules—but they are
not very strong in absolute terms. This can be seen by noting that the lowest nitrogen
Is min among the molecules 5-8 is for 6, dimethylhydroxylamine, which is therefore
predicted to be the strongest base, but its I mi, is approximately midway between those
of NH3; and pyridine, which indicates that the K, of 6 may be about two orders of
magnitude smaller than that of NH3. Hydroxylamine (5) and acetoxime (7) are expected
to be close to pyridine in basicity, having very similar nitrogen s ni,. However, that of
acetohydroxamic acid (8) is significantly higher, which suggests very weak basicity.

It can be concluded therefore that the experimental pK, of 8.70 of acetohydroxamic
acid pertains to its action as an acid. Its K, is then four orders of magnitude less than
that of acetic acid. The rate of change of pK, with respect to conjugate base Is min is
thus roughly the same in magnitude as was observed above for the pKy and basic site
TS,min of NH; and pyridine, and as was found in our earlier work®®>!. The TS,mm for
the conjugate bases of 8 in Table 6 indicate that the hydroxyl hydrogen is somewhat
more acidic than the amine. There has been considerable disagreement in the literature
concerning the relative acidities of the hydroxyl and amine protons in various hydroxamic
acids; for a summary of this, see Garcfa and coworkers®2.

Hydroxylamine and dimethylhydroxylamine, S and 6, are extremely weak acids, judging
from how much less are their conjugate base /s min than that of acetohydroxamic acid, 8.
Accordingly the experimental pK, of hydroxylamine, 5.94, must refer to its behavior as
a base, with pK}, = 8.06. Indeed its pK, and its nitrogen Ts,min are both quite similar to
those of pyridine.
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Acetoxime (7) is a particularly interesting case. The lowest TS,min in both the neutral
molecule (Figure 4) and the conjugate base are above and below the central portion of the
C=N bond. Acetoxime is also the only molecule in Table 6 for which the lowest I min
of the conjugate base is not at the site from which the proton was lost. The acidity of
acetoxime is determined, therefore, by the degree to which the proton resists interacting
not with the oxygen from which it came but with the C=N double bond, forming a
protonated complex. Taking the C=N Tg i, of 5.1 eV as the criterion, and comparing it
to those of hydroxamic and acetic acids, indicates that acetoxime is a very weak acid,
consistent with the experimental pK, of 12.42.

The Ismin of 12.9 eV of neutral acetoxime implies that it should also act as a base,
somewhat weaker than pyridine. Indeed an important application, especially of the double
oxime dimethylglyoxime (12), is in chelating metal ions3.

H;C—C—C—CH;
Il Il
HO-N N-OH
(12)

The aldoxime and ketoxime isomers 9 and 10, which were discussed in Section VI,
all follow acetoxime (7) in having /g min above and below the C=N double bonds. For
the most part, these Is min are the same or slightly larger than those of 7, ranging from
12.9 to 13.1 eV, the syn aldoximes having the higher values. However, the C=N I min
of chloroacetaldoxime (9, R = CH,Cl) are significantly greater than the others, 13.5 eV,
reflecting—as do its Vs min and Vs max (Table 5)—electron withdrawal by the chlorine.
It should be noted, however, that for the oximes having aromatic rings, the lowest /s min
are not those of the C=N but rather are near (above and below) specific carbons of the
rings (unlike the Vg min of the rings, which are associated with their central portions; see
Section VII). These /s min are between 11.9 and 12.1 eV, and are usually in the vicinities
of ortho and para carbons, but sometimes meta as well.

IX. GLOBAL AND LOCAL POLARIZABILITY

The average polarizability «, defined by equation 9, is a global property, which pertains
to a molecule as a whole. It is a measure, to the first order, of the overall effect of
an external electric field upon the charge distribution of the molecule. We are unaware
of any experimentally determined « for the molecules that are included in this chapter.
However, they can be estimated using equation 12 and the atomic hybrid polarizabilities,
and corresponding group values, that were derived empirically by Miller’®. These were
found to reproduce experimental molecular o with an average error of 2.8%. The relevant
data, taken from his work, are in Table 7.

The resulting estimated average polarizabilities for the hydroxylamines, oximes and
hydroxamic acids that we have discussed are given in Table 8. (It should be noted that
Miller’s approach does not distinguish between oxime isomers.) As anticipated from the
correlation between average polarizability and volume (equation 10), the « in Table 8
increase with molecular size.

Some idea of the relative polarizabilities of various portions of the molecules in Table 8
can be obtained by looking at the group values in Table 7. However, a more detailed
picture is provided by the variation of the local ionization energy Is(r) over the molecular
surface, if it is accepted that this is an inverse measure of local polarizability (equation 14).

Proceeding on this basis, Figure 2 shows that the most polarizable portion of dimethyl-
hydroxylamine, (H3C),N—OH, is the lone pair of the nitrogen. Although the oxygen lone
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TABLE 7. Empirical hybrid atom and group polarizabilities*

Atom or group Atom hybridization” Polarizability o (A%)
H 0.387
C trtrtror 1.352
N te’tetete 0.964
N trtrtrsr 1.030
Cl 2.315
CH, 1.835
CH; 2222
C=N 2.239
Cc=0 1.921
NH 1.351
NH, 1.738
OH 1.024
CeHs 10.047

¢ Reference 35.
b te = tetrahedral, tr = trigonal.

TABLE 8. Estimated average molecular polarizabilities, based
on empirical hybrid atom and group values® (Table 7)

Molecule Average polarizability o (A%)
H,N—-OH 2.76
(H;C),N—OH 6.43
H;C—C(H)=N—-OH 6.02
H,C(Cl)-C(H)=N—-OH 7.94
(H;C),C=N—-OH 7.85
C¢Hs—C(H)=N—OH 13.84
C¢Hs—C(CH3)=N—OH 15.68
H;C—C(0O)—N(H)—OH 6.52
NC—-C(O)—N(H)—OH 6.54

¢ Reference 35.

pairs are more negative (Table 3 and Figure 1), they are less polarizable than even the
methyl groups. Least polarizable is the hydroxyl hydrogen, which is typical for hydroxyl
and amine hydrogens (Figures 2, 4 and 6).

Figure 4 provides an interesting contrast to Figure 3. The latter shows very clearly
the nitrogen and oxygen lone pairs in acetoxime, (H3C),C=N—OH. However, Figure 4
indicates that the most polarizable region is not one of these lone pairs, but rather above
and below the C=N double bond. This is followed in polarizability by the nitrogen lone
pair, its sp? form being very apparent.

Again in the case of acetohydroxamic acid, H;C—C(O)—N(H)—OH, the acetyl and
hydroxyl oxygen lone pairs that dominate its Vs(r) (Figure 5) are only intermediate in
terms of Is(r) and hence polarizability (Figure 6). The most polarizable region is associ-
ated with the nitrogen—which does not manifest itself at all in Vs(r).

X. CONCLUSION

We began this chapter by pointing out that the feature common to all of the molecules to
be considered is the NOH group. This has, bonded to each other, two atoms with high
electronegativities and significant lone pairs, i.e. basic sites, with an attached potentially
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acidic hydrogen. These three atoms in such close proximity give rise to a variety of
possible inter- and intramolecular interactions; even more are introduced by other portions
of some of the molecules that were studied, e.g. amine hydrogens, acetyl oxygens, aromatic
rings and the C=N double bond.

We have approached these multi-faceted systems by looking in particular at two local
molecular properties: the electrostatic potential, V(r) and Vs(r), and the local ionization
energy, Is(r). In terms of these, we have addressed hydrogen bonding, lone pair—lone
pair repulsion, conformer and isomer stability, acidity/basicity and local polarizability.
We have sought to show how theoretical and computational analyses can complement
experimental studies in characterizing and predicting molecular behavior.

The discussion at the end of Section IX illustrates very well how Vs(r) and /(r) com-
plement each other in bringing out different aspects of a molecule’s reactive tendencies.
For example, the Vs(r) of acetohydroxamic acid in Figure 5 shows the availability of
its oxygen lone pairs for hydrogen bonding and other noncovalent interactions, while its
Ts(r) in Figure 6 reveals its most basic and most polarizable site to be the nitrogen. The
complementarity of Vs(r) and Is(r) was already mentioned at the end of Section V.A,
and it certainly emerges as well from Section IX.

In this chapter, we have looked at some of the intrinsic features of hydroxylamine,
oxime and hydroxamic acid molecules. The insights obtained, particularly concerning
the electrostatic potentials on their molecular surfaces, should provide a useful basis for
proceeding to their gas phase and crystal structures and properties.
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. INTRODUCTION

One of the main points emphasized in the first chapter of this volume is the variety of
inter- and intramolecular interactions that are available to hydroxylamines, oximes and
hydroxamic acids. The structural element common to all of them is the NOH group,
which consists of two strongly electronegative atoms with significant lone pairs plus a
presumably positive hydrogen. In addition, hydroxylamines and hydroxamic acids often
have amine hydrogens, which should have positive character, and hydroxamic acids also
have acetyl oxygens, which can be more negative than the hydroxyl ones (see Table 5 of
Chapter 1).

All of these features can be expected to affect both the gas phase and the crystal
structures of these compounds, our focus in the present chapter. Some evidence of this was
given already in the first chapter, e.g. the effects of lone pair repulsion in the NOH groups
and intramolecular hydrogen bonding in hydroxamic acids. The scope of our discussion
will now be greatly expanded. Our emphasis will be upon (a) identifying and interpreting,
insofar as possible, general trends and patterns that may exist, and (b) comparing structures
in the gas phase, which reflect intrinsic features of the molecules, to those in the crystalline,
which may be influenced by the surroundings.

Il. GAS PHASE STRUCTURES
A. Procedure

With the methodology, software and processors that are now available, an appropri-
ate computational approach can be a very reasonable and practical means for obtain-
ing accurate gas phase molecular structures. For example, Table 1 compares calculated
and experimentally-determined gas phase geometries for hydroxylamine and for formal-
doxime. The agreement is very good; the largest discrepancy is for the H-N—H angle
of hydroxylamine, for which the uncertainty in the experimental value is given as +1° to
+£2°.

We shall accordingly base our discussion of gas phase molecular structures upon
computationally-obtained data, resulting from geometry optimizations using the density
functional B3LYP/6-31G(d,p) procedure. (For a brief overview of different computational
methods, see Section I.LB of Chapter 1.) The Gaussian 03 code was utilized!. In order
to ensure that true energy minima had been achieved, the vibration frequencies were
calculated for each molecule and it was confirmed that there were no imaginary values>.

In Table 2 are listed the hydroxylamines, oximes and hydroxamic acids for which we
have determined the gas phase structures. We tried to select a representative group in each
category. There are two types of oximes, as indicated, aldoximes and ketoximes. Due to
restricted rotation around the C=N double bond, these can exist in two isomeric forms
(except when R = H for an aldoxime and R’ = R” for a ketoxime). We have investigated
both isomers in nearly every instance. For aldoximes, they are generally labeled syn when
the H and OH are on the same side of the double bond and anti when on opposite sides.
Note that the ketoximes in Table 2 contain one pair of isomers in which the >C=NOH
group is not bonded to two carbons; instead one bond is to a chlorine. One of these
isomers will be of interest in Section II.D in the context of hydrogen bonding vs lone
pair—Ilone pair repulsion.

As was seen in Chapter 1, in which four pairs of oxime isomers were examined in
some detail, the energy difference AE within each pair tends to be relatively small
(Table 4, Chapter 1). That is true as well for the larger group being considered now; AE (0
K), B3LYP/6-31G(d,p), averages about 2 kcal mol~!, just as was found in Chapter 1 for
AE(298 K) at a higher level, B3LYP/6-311G(3df,2p). Any pronounced preference for one
isomer over the other that is observed in condensed phases may be due to interactions
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TABLE 1. Comparison of computed [B3LYP/6-31G(d,p)] and experimental structures; the latter
are in parentheses ¢

Property Hydroxylamine, H,N—OH Formaldoxime, H,C=N—-OH

Bond length (A)
N-O 1.448 (1.453) 1.402 (1.408)

C=N — 1.274 (1.276)

N-H 1.022 (1.016) —

O-H 0.966 (0.962)” 0.967 (0.956)

C—H — 1.085,1.090 (1.085,1.086)
Bond angle (deg)

N-O-H 101.7 (101.4) 102.4 (102.7)
C-N-0O — 111.2 (110.2)
H-N-O 103.4 (103.2) —

H-C-N — 116.7,123.1 (115.6,121.8)¢
H-C-H — 120.2

H-N-H 104.8 (107.1) —

¢ Experimental data for H,N—OH and H,C=N—-OH are from M. D. Harmony, V. W. Laurie, R. L. Kuczkowski,
R. H. Schwendeman, D. A. Ramsey, F. J. Lovas, W. J. Lafferty and A. G. Maki, J. Phys. Chem. Ref. Data, 8, 619
(1979).

b O—H bond is in plane bisecting H—N—H angle.

¢ The longer C—H bond and the larger H-C—N angle are on the OH side of the C=N double bond.

with the surroundings, or may perhaps result from the synthesis process. In our discussion
of gas phase structures, we will accordingly include all of the isomers, not just the lower
energy member of each pair.

One set of aldoxime isomers merits further comment. These are the ones having R = 2-
pyridyl (Table 2). The syn and anti isomers both have two conformers, arising from
rotation of the 2-pyridyl ring. The four optimized geometries are shown in Figure 2; each
corresponds to an energy minimum, although the energies of the two syn conformers are
the same. The anti-2 conformer is 4.6 kcal mol~! higher in energy than the anti-1 [AE(0
K), B3LYP/6-31G(d,p)], with syn-1 and syn-2 between them. [A E(0 K) is the difference
in the energy minima at O K. Note that for transitions between isomers, AE = AH at
any temperature, within the ideal gas approximation.]

B. The NOH Group

The NOH group is the structural element that links hydroxylamines, oximes and hydrox-
amic acids. We will accordingly begin by examining its key features, namely the N—O
and O—H bond lengths and the N—O—H angle, for all three families of molecules taken
together.

1. O—H bond lengths

Figure 3 is a histogram showing the spread of the O—H bond lengths for the 55
molecules for which we computed optimized geometries (Table 2). The values fall very
neatly into two distinct groups. Nearly all of the hydroxylamine and oxime O—H bonds
are between 0.965 and 0.969 A in length; in the two remaining hydroxylamines, they
are 0.970 (R" = H, R” = CN) and 0.971 A (R’ = H, R” = Cl). There is no differentiation
between aldoximes and ketoximes, nor between their isomers.

The hydroxamic acids also all have very similar O—H bond distances, but they are
slightly longer, 0.981 to 0.984 A. This can be attributed to the intramolecular hydrogen
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TABLE 2. Molecules for which B3LYP/6-31G(d,p) optimized geometries have been computed

Oximes
Hydroxylamines Aldoximes Ketoximes Hydroxamic acids
R R, R\ o)
N-OH ,C=NOH ,C=N "
R H R" ‘OH R—-C-NOH
R =H,R"=H R=H R’ = CHj;, R” = CH3 R=H
R'=H, R" = CH; R = CHj3 syn R’ = CHj;, R" = C4Hy R =CHj;
R = H, R’ = C(,Hs R = CH‘; anti R = C4H9, R" = CH'; R = C(,HS
R’ =H, R" =NH, R = C¢Hs syn R’ = CHj;, R” = C¢Hs R =CN
R =H R'"=Cl R = C¢Hs anti R’ = C¢Hs, R” = CH;3 R = NH,
R'=H,R"=CN R = CH,Cl syn R' =CH;, R" =Cl R = CH,(Cl
R’ =H, R" =NO, R = CH,Cl anti R’ =Cl, R” =CH; R = C(=0)CH3;
R =H, R = CCl; syn R’ = CH;, R = p-CcH4,OH
R" = p-C6H4N02 R" = CH=C(CH3)2
R = CH3, R = CC13 anti R = C(,Hs, R’ = C6H5 R = p—C6H4N02
R” = CH;
’ NOH
R’ = C¢Hs, R = C(O)CHj3 syn = R = p-C¢H4Cl
R// = C6H5 %

R = C(O)CHj; anti
R = 2-pyridyl syn-1

R = 2-pyridyl syn-2

R = 2-pyridyl anti-1

R = 2-pyridyl anti-2

HON=C(H)—
C(H)=NOH, 1“

HON=C(H)—-C(H)=
NOH, 2¢

HON=C(H)—(CH,),—
C(H)=NOH*“

HON=(C,4H;)C—
C(C4Hs) = NOH, 1¢

HON=(C,H;s)C—
C(C4H5)=NOH, 2¢

¢ Structure is shown in Figure 1.

bonding between the hydroxyl hydrogens and the acetyl oxygens that is known to occur
in hydroxamic acids>~®, as shown in 1. For example, when we disrupted this hydro-
gen bonding in the case of acetohydroxamic acid (R = CHj3) by rotating the hydroxyl
group away from the acetyl oxygen and reoptimizing the geometry, another energy min-
imum was obtained, 1.9 kcalmol~! higher [AE(298 K), B3LYP/6-311G(3df,2p)]®, and
the O—H bond was shortened from 0.984 to 0.969 A, the latter being exactly in the range
observed for the hydroxylamines and oximes. (The intramolecular hydrogen bonding in
acetohydroxamic acid was also discussed in Chapter 1, Section V.C.)

R.._N
i 0

O--y4
(€))
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FIGURE 1. Structures of the five indicated compounds in Table 2

syn-1 syn-2

FIGURE 2. Structures of the four 2-pyridyl aldoxime isomers in Table 2, shown from top to bottom
in order of increasing stability. The black atom in each ring is the nitrogen; the small white atoms
are hydrogens. (Figure 2 is continued on the next page.)
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FIGURE 3. Histograms showing distributions of calculated gas phase O—H bond lengths in the
hydroxylamines, aldoximes, ketoximes and hydroxamic acids in Table 2. The horizontal axis is the
same in each case
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The O—H lengthening in the hydroxamic acids that is seen in Figure 3 is typical
of what is observed in many hydrogen bond interactions, X—H---Y, and has, in the
past, sometimes been viewed as a ‘fingerprint’ of hydrogen bonding. However, it is now
recognized that X—H bond shortening can also occur, depending upon the properties of
X—H and Y. Since X—H lengthening is often accompanied by a decrease in the X—H
stretching frequency and shortening by an increase, they are frequently labeled ‘red-
shifting’ and ‘blue-shifting’ hydrogen bonding. For a recent review, see Kryachko’. The
factors that are involved in red-shifting vs blue-shifting have been analyzed in terms of the
dipole moment of X—H and the electric field due to Y by Hermansson® and by Qian and
Krimm? and the results of their analyses have been applied to another type of noncovalent
interaction, o -hole bonding (discussed in Section IV), by Murray and coworkers'”.

The hydrogen bonding in hydroxamic acids produces, in effect, five-membered rings
(as in 1) and thus it should not be expected to be linear. For the hydroxamic acids in
Table 2, the O—H---O angles are between 118° and 122°.

2. N—O—H bond angles

The N—O—H angles for the 55 molecules in Table 2 do not require a histogram,
because they range only between 100° and 103°, except for the hydroxylamine having
R’ = H and R” = NO,, for which the angle is 104°. This remarkable uniformity is all the
more noteworthy because the molecules encompass a variety of structural features, such
as the C=N double bonds in the oximes and the intramolecular hydrogen bonding in the
hydroxamic acids.

3. N-O bond lengths

The distribution of N—O distances is in Figure 4. For the aldoximes, ketoximes and
hydroxamic acids, they are from 1.38 to 1.42 A, congregating especially around 1.40 A.
The hydroxylamines are separate, forming two groups, one around 1.43 A and the other
around 1.45 A, except for two short ones, when R" = H and R” = Cl or NO;.

The ‘characteristic’ gas phase N—O single bond length is given as 1.43 A''. Thus
it is the shorter values in Figure 4 that are anomalous. There may be several factors
involved. The nitrogens are essentially planar in the oximes and nearly so in most
of the hydroxamic acids, in contrast to the usually pyramidal nitrogens in hydroxy-
lamines; this shall be demonstrated in later sections. N(sp?)—O(2) bonds are typically
shorter than N(sp*)—0(2)'2. Our longest hydroxamic acid N—O bond, for R = NH,, is
indeed for the most pyramidal nitrogen, the sum of its bond angles being 334° com-
pared to 342°-357° for the other hydroxamic acids. For oximes, there may in addition
be some charge delocalization'?, as in 2, which would decrease the N—O bond lengths.
(See also Section V.B of Chapter 1.) Some charge delocalization may also be occur-
ring in the two hydroxylamines with short N—O distances, under the influence of the
electron-withdrawing Cl and NO, substituents, e.g. 3. This has been invoked to explain
the unusually long CI—N distance, 1.864 A, in chlorohydroxylamine®.

(3 C.(.)-H N\ N e
R'RC=N CI” (OH
@ @



36 Peter Politzer and Jane S. Murray

Hydroxylamines Aldoximes
[ 6k 1
4 L ]
[ 5F 1
< | v 1
£ 3 B 1
2 L S 4
= I 2 r 1
s I B T ]
2 Ot 5 ,f ]
E 2 T F B
= L 4 E k 4
z 1 Z ]
1 2 .
! ; ]
] 1
0 b NG it D) % ‘§‘ 0 ! g h
Lo I o T s o B e o Y o o I o o B o o N s o B LU S o B sl o B s o N o o A o o N B o N o o I
W WD O~ = a0 T N X XD O~ =A<t N
ISIRSIEIRC TS T T T T A A S S ISIRSERIR I SR SRR SRS S
Bond length (A) Bond length (A)
Ketoximes Hydroxamic Acids
I s Ri s ata aa s o n U L R S it R e e (O T R a et o at e e n it e i s ey
kL 4 5 B
4

Number of bonds
Number of bonds

2%

Bond length (A) Bond length (A)

FIGURE 4. Histograms showing distributions of calculated gas phase N—O bond lengths in the
hydroxylamines, aldoximes, ketoximes and hydroxamic acids in Table 2. The horizontal axis is the
same in each case

C. Hydroxylamine Configuration and Conformations

The nitrogens in the hydroxylamines in Table 2 are pyramidal. The sums of the nitro-
gen bond angles in nine of the ten hydroxylamines in Table 2 are between 309° and
334°; for comparison, it is 320.1° for NH;'!. The molecules in which the NOH is
attached to a phenyl group have among the largest values: 329° for R” = C¢Hs, 334°
for R” = p-C¢H4yNO, and the outlier, 346° when R’ = R” = C¢Hs. These may reflect
charge delocalization from the NOH to the ring.

The hydroxylamines illustrate well the importance of intramolecular lone pair—Ilone
pair repulsion. This has been examined in detail for hydroxylamine itself, H,N—OH, by
Politzer and coworkers®; see also Chapter 1, Section IV of this volume. It was demon-
strated that the preferred conformation of H,N—OH is 4A, which maximizes the separation
between the nitrogen and oxygen lone pairs and hence minimizes their repulsion. Rotating
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the OH by 180° to give 4B does produce another energy minimum, but it is 3.9 kcal mol~!
higher in energy [A E(298 K), B3LYP/6-311G(3df,2p)].

In 4A, the OH is in the plane bisecting the H-N—H angle; the H-N—O—H dihedral
angles are £125°. The same qualitative picture as in 4A holds for most of the other
hydroxylamines in Table 2; the OH is oriented so as to minimize lone pair repulsion
and is approximately in the R"—N—R” bisector plane. The two dihedral angles usually
have similar magnitudes for each molecule, although differing from one molecule to
another. In three instances, however, the dihedral angles differ significantly: R" = H and
R” = Cl, NH; and NO,. In these molecules, the R*—N—O—H and R"—N—O—H angles
are roughly 155° and 90°, respectively. These deviations probably reflect the fact that
these R” introduce additional lone pairs which may interact repulsively with those already
present or attractively with the hydroxyl hydrogens.

D. Oximes

The >C=NOH portions of all of the aldoximes and ketoximes in Table 2 are planar.
Any nonplanarities in these molecules are within the attached substituents. The lengths
of the C=N double bonds fall within a rather narrow range (Figure 5), 1.27-1.29 A. The
longer of these are primarily ketoximes in which both R” and R” involve phenyl groups.
These distances are significantly longer than what is considered to be characteristic of gas
phase C=N double bonds, 1.21 A''. The C—N—O angles are mostly between 110° and
114° (Figure 6), those of the ketoximes tending to be the slightly larger ones. Finally, the
C—H bond lengths in the aldoximes are all 1.09 A, exactly what would be expected'!.

The bond angles around the central carbons in the oximes present some interesting pat-
terns. First, Figure 7 shows that the H—C—R angles in the aldoximes and the R’—C—R”
angles in the ketoximes tend to be 116°—120°. Since these carbons have planar config-
urations, the sums of the other two angles must be, in nearly all cases, 240°—244°. The
distributions of these angles can be seen in Figure 8. In the aldoximes, they are often
between 120° and 123°. These are all syn isomers; in these, the H—C—N and R—C—N
angles are approximately equal. In the anti isomers, however, these angles are quite dif-
ferent, the R—C—N being much larger than the H—C—N. This certainly suggests a steric
factor. When the OH is on the same side of the double bond as the hydrogen, in the syn
aldoximes, there is little or no interaction between them and the H—-C—N and R—C—N
angles can be approximately equal, but when the OH and R are on the same side, in
the anti isomers, the R—C—N angle expands, to increase their separation; this in turn
decreases the H—C—N angle.

The same considerations apply, for the most part, to the ketoximes. The R’'—C—N and
R”—C—N angles are mainly in one of two groups, 113°~116° and 124°-129°. Now there
are substituents and hence steric factors on both sides of the double bond, so the larger
angle is always on the side having the OH.

The ketoxime in which R” = CH; and R” = Cl is worthy of special attention in that
it is an example of a molecule needing to choose between two opposing factors. We
found two energy minima, corresponding to SA and 5B. SA minimizes the repulsion
between the nitrogen and oxygen lone pairs. (As shown in Chapter 1, Sections V and VII,
the lone pairs of oxime nitrogens are in their nonbonded sp? orbitals.) On the other
hand, 5B allows Cl---H hydrogen bonding; their separation is only 2.29 A, much less
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FIGURE 5. Histogram showing distribution of calculated gas phase C=N bond lengths in the
aldoximes and ketoximes in Table 2
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FIGURE 6. Histogram showing distribution of calculated gas phase C—N—O angles in the aldoximes
and ketoximes in Table 2
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FIGURE 7. Histograms showing distributions of calculated gas phase H—C—R and R'—C—R"” bond
angles in the aldoximes and ketoximes in Table 2. Horizontal axes are the same in both cases
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than the sum of their van der Waals radii, 2.95 A'*. Which factor will win? In this
instance, lone pair repulsion dominates over hydrogen bonding; SA is more stable by
1.3 kcal mol~! [A E(298 K), B3LYP/6-311G(3df,2p)]. Gas phase oximes typically do have
the C—N—O—H conformation of SA. In the SB-type conformation, the hydroxyl hydrogen
would usually interact unfavorably with whatever occupies the position of the Cl, and thus
complement the desire to minimize nitrogen/oxygen lone pair repulsion.

E. Hydroxamic Acids

The —C(=0)—NOH portions of the hydroxamic acids in Table 2 are near-planar; the
C—N-O-H dihedral angle is in no instance greater than 7°. The amine hydrogens are
somewhat out of the plane, by an average of about 30°. The near-planarity of the hydrox-
amic acid frameworks was shown by Politzer and coworkers® to be promoted by the
intramolecular hydrogen bonding between the hydroxyl hydrogen and the acetyl oxygen
(see also Section V.C in Chapter 1).

Hydroxamic Acids
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FIGURE 9. Histogram showing distribution of calculated gas phase C—N bond lengths in the
hydroxamic acids in Table 2
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The C=O0 distances in the hydroxamic acids congregate around 1.23 A, slightly longer
than the characteristic 1.21 A, and the N—H around 1.01 A. (In the hydroxylamines,
the N—H bonds are all about 1.02 A, exactly the characteristic value.) In contrast, the
C—N bond lengths in the hydroxamic acids are quite dispersed, between 1.34 and 1.40 A
(Figure 9). The C—N—O angles are between 112° and 118°, but 7 of the 10 values are
between 114° and 116°,

lll. CRYSTAL PHASE STRUCTURES

Due to the unreliability associated with crystallographically-determined positions of hydro-
gen atoms, our discussion of the molecular structures in crystals will focus on the
interatomic distances and angles that do not involve hydrogens. Our data are from the
Cambridge Structural Database'> '© unless stated otherwise.

A. N-O Bond Lengths

The variations in N—O bond lengths can be seen in Figure 10 for hydroxylamines and
hydroxamic acids and in Figure 11 for aldoximes and ketoximes. To give an overall picture
for just the oximes, the Cambridge Structural Database gives the following summary of the
N—O bond lengths in a group of 915 compounds: mean = 1.400 A, median = 1.404 A,
standard deviation = 0.028 A.
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FIGURE 10. Histograms showing the distributions of N—O bond lengths in crystal phase hydroxy-
lamines and hydroxamic acids. The horizontal axes are the same in both cases
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Hydroxamic Acids
50 B B I
40
2 L 4
= 30
3
2 L 4
St L -
S
St - 4
D
-E L 1
5 20
r4 L 4
10
g J N N N A N TEEEEEN Lol
Wy wmuymuyunmymynunwunuyunwunnyununymymunn,muyny
SO0~ N TN O~ —~Alon T O 0N O
I e e R e R A e B s B B A A A A A
o
Bond length (A)

FIGURE 10. (continued)

The patterns in Figures 10 and 11 are much like those found in the gas phase; the
majority of the aldoximes, ketoximes and hydroxamic acids are between 1.38 and 1.42 A,
with the hydroxylamines mostly slightly higher, 1.43-1.46 A. The spreads of values are
greater than in the gas phase, which is not surprising in view of the intermolecular
interactions that must be expected in the crystal.

B. Hydroxylamine Configurations

As was pointed out in Section II.C, the nitrogens in the hydroxylamines in Table 2
are pyramidal to varying degrees. We find the same tendency in the crystalline phase,
although we did note an instance in which the effect of the remainder of the molecule is
to conslt7rain the nitrogen to planarity. In this case, the nitrogen is part of an unsaturated
ring, 6''.

(6)
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In the crystal phase, hydroxylamines may form intermolecular hydrogen bonds. Two
obvious possibilities are the hydroxyl hydrogen of one molecule interacting with the oxy-
gen or nitrogen of the NOH group on a neighbor; an example of the latter is crystalline 7'%.
In 6, however, the intermolecular O—H---N interaction involves not the NOH nitrogen
but rather the one across from it in the triazole ring!”.

0
S N CH;
| CH;
Vi CH;
/N CH;3
HO
(7

C. Oximes

The molecular geometries of oximes in crystals are quite similar to those in the gas
phase. The central carbons are planar. The C=N double bonds are primarily between
1.27 and 1.29 A in length (Figure 12) and the C—N—O angles are mostly 110°-114°
(Figure 13). These histograms, which combine aldoximes and ketoximes, are based on
data taken from Bertolasi and coworkers'®. For comparison, Allen and coworkers give the
mean C=N distance in a collection of 67 crystalline oximes as 1.281 A, with a median
of 1.280 A and standard deviation 0.013 A2,
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FIGURE 12. Histogram showing distribution of C=N bond lengths in crystal phase oximes
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FIGURE 13. Histogram showing distribution of C—N—O bond angles in crystal phase oximes

The R'—C—N and R"—C—N angles again tend to be in two groups, the larger ones
being on the same side of the C=N double bond as the OH group. In this context, we noted
two interesting exceptions, one in the gas phase (Table 2) and one in the crystalline?.
Both involve R” = CI. Their geometries and the relevant angles, in degrees, are shown
below:

O,N
H3C 12 bie
C=N :
/ \ C=N
'3 o-H 171206 gy
5A, gas phase 8, crystal phase

In these two examples, the R'—C—N and R"—C—N angles are nearly equal. It might
be thought that this is due to O—H---Cl intramolecular hydrogen bonding causing the
R”—C—N angles to become smaller than what would normally be the case, but it was
pointed out in Section II.D that such hydrogen bonding is energetically not favored, at
least for 5 in the gas phase; 5A is lower in energy than 5B. It may be that the C—Cl
bonds, with lengths of 1.766 A in 5A and 1.726 A in 8, are sufficiently longer than the
C—C more typical of oximes as to greatly diminish the role of the steric factor that seems
to be responsible for the differences in the R"—C—N and R”"—C—N bond angles that are
usually seen.
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Intermolecular hydrogen bonding is an important factor in crystalline oximes; Bertolasi
and coworkers found it to be present in each of the 57 compounds that they investigated'®.
They identified three different types, i.e. the NOH group acting as a donor or as an acceptor
through either the nitrogen or the oxygen. A given NOH group can actually be involved in
all three types of interactions, with three other molecules. Much more common, however,
occurring in 35 of the 57 oximes, is for each NOH to take part in two hydrogen bonds,
forming dimers such as 9 within the crystal. The N---O distances are typically 2.7-2.9 A.
Bertolasi and coworkers observed a rough relationship, the N—O bond tending to lengthen
as the number of hydrogen bonds in which the NOH group is participating increases.

N JH-O( /
C=N N=C
7 “o-H N
9

On occasion, a hydrogen bond may be to an acceptor other than an NOH nitrogen or
oxygen. This was observed by Bertolasi and coworkers in 10 '°, in which the donor OH
interacts with the nitrogen that is linked to the phenyl ring (which has a C—N—C angle
of 120°). This results in the crystal containing chains of hydrogen-bonded molecules.

CH;,
I > _OH
H,C N=C-C-N
CH;

(10)

D. Hydroxamic Acids

As in the gas phase, the —C(=0)—NO portions of hydroxamic acids in the crystal
phase tend to be near-planar. We have observed this in a series of eight compounds found
in the Cambridge Structural Database, and Dietrich and coworkers have reported the same
for five out of six others?!, and in the sixth the deviation is rather minor.

There are various opportunities for hydrogen bonding in crystalline hydroxamic acids.
The intramolecular O—H---O=C that is seen in the gas phase (Section II.B.1) may be
disrupted in favor of intermolecular interactions. Three such have been noted in 11%%:
O—H---0=C, N—H---0=C and O—H---O(H)N. On the other hand, the thiohydroxamic
acid 12 maintains its intramolecular hydrogen bond while also interacting intermolecularly
via some C—H---S and C—H---O bonds?*. When the hydrogen bonding is primarily
O—H---0=C, it may simply lead to dimers within the crystal>'-?*, but when several
different interactions are occurring, as in 11 and 13, then hydrogen-bonded networks can
result. In crystalline 13 are found O—H---O, N—H---O, C=0---C=0 and C—H---0O
links, which produce two-dimensional sheets that then form three-dimensional structures

via C—H---7 (arene) interactions®.

<”) —
Cl C—N(H)—OH <:j§ﬁ=
\ N

S
cl ‘o-H
an (12)
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FIGURE 14. Histogram showing distribution of C=0 bond lengths in crystal phase hydroxamic
acids

The distributions of C=0 and C—N bond lengths in a group of 13 crystalline hydrox-
amic acids are given in Figures 14 and 15. The C=0O show slightly greater variation
than in the gas phase (Section ILE), 1.22—1.25 A vs 1.23 A. The C—N bonds tend to be
somewhat shorter than in the gas phase, but again have a significant range, now 0.05 A.
The fact that the small overall changes in the C=0 and C—N distances in going from the
gas phase to the crystal phase are in opposite directions is consistent with the suggestion
by Dietrich and coworkers that there is a rough inverse relationship between these bond
lengths?!. Finally, the C—N—O angles have a spread of values, as in the gas phase, but
they are a little larger in magnitudes, 115°-123°.

IV. SUMMARY
The basic molecular frameworks of the three classes of compounds examined in this
chapter are >N—OH for hydroxylamines, >C=NOH for oximes and —C(=O)Ill —op for
hydroxamic acids. Within the scope of the data that have been presented, the bond lengths
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FIGURE 15. Histogram showing distribution of C—N bond lengths in crystal phase hydroxamic
acids

and bond angles associated with these frameworks have been found, overall, to be much
the same in the crystal as in the gas phase. This can be seen from the histograms in
Figures 3—15, and has been pointed out in the discussion for the individual properties,
but for convenience, a summary is given in Table 3. The parallels between the gas and the
crystal phases are quite evident. Crystal factors appear to be greatest for the hydroxamic
acids. The histograms also show the values of some bond lengths and bond angles to be
somewhat more dispersed in the crystal phase.

A focus of both Chapters 1 and 2 has been the number of significantly positive and
negative sites in hydroxylamines, oximes and hydroxamic acids. The NOH group itself
provides three to each molecule—the nitrogen and oxygen lone pairs and the positive
hydroxyl hydrogen. The hydroxylamines and hydroxamic acids often have another positive
hydrogen, on the amine nitrogen, and the hydroxamic acids also feature lone pairs on the
acetyl oxygens. The remainder of each molecule may contain additional positive and/or
negative sites.

The structures of these molecules show the effects of intramolecular electrostatic
interactions. Two examples are the lone pair—Ilone pair repulsion that is an important
determinant of hydroxylamine and oxime conformations, and the intramolecular hydro-
gen bonding in hydroxamic acids that promotes the near-planarities of their —C(=0)—NO
frameworks.

In the crystals, the prevalent electrostatic intermolecular interaction that has been
reported is hydrogen bonding. This has taken several forms, due to the frequent availabil-
ity of multiple donor and acceptor sites. Thus, O—H---N, O—H---O(H)—N, N—H---N,
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TABLE 3. Comparison of gas and crystal phase bond lengths and bond angles encountered most
frequently in the present work

Property Gas phase Crystal phase
Bond lengths (A)

Hydroxylamine N—O 1.42-1.45 1.43-1.46
Aldoxime N—O 1.38-1.42, esp 1.40 1.38-1.42
Ketoxime N—O 1.38-1.42, esp 1.40 1.38—-1.42
Hydroxamic acid N—O 1.38-1.42, esp 1.40 1.38-1.41
Oxime C=N 1.27-1.29 1.27-1.29
Hydroxamic acid C—N 1.34-1.40 1.32-1.37
Hydroxamic acid C=0 1.23 1.22-1.25
Bond angles (deg)

Oxime C—N-0O 110-114 110-114
Hydroxamic acid C—N—-O 112-118, esp ~ 115 115-123

N—H---O(H)—N, O—H---O=C and N—H---O=C are among the possibilities. Such
interactions can have a variety of consequences for crystal packing, which can involve
dimers, two-dimensional sheets, three-dimensional networks etc. Examples have been
cited.

Before ending this chapter, we would like to draw attention to another type of electro-
static intermolecular interaction that could be quite relevant to hydroxylamines, oximes
and hydroxamic acids. We refer to o-hole bonding. This is a highly-directional, nonco-
valent interaction between a region of positive electrostatic potential (or o-hole) on an
outer portion of a Group V, VI or VII covalently-bonded atom and a negative site on
a neighboring molecule, e.g. the lone pair of a Lewis base!%2°=3!. (When a Group VII
atom is involved, this is often called ‘halogen bonding.”) o-Hole bonding has now been
observed in numerous crystalline compounds®®32:33 and there is a growing recognition of
the importance of halogen bonding, in particular, in molecular biology?”-?%. The possibil-
ity of o-hole bonding is now being increasingly exploited in crystal engineering?® 3034,
It is certainly to be anticipated that attractive interactions can take place between positive
o-holes on appropriate Group V, VI and VII atoms and the nitrogen and oxygen lone
pairs in hydroxylamines, oximes and hydroxamic acids. It is important to be aware of
such interactions that may already be present, as well as to make use of them in designing
new systems.
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I. INTRODUCTION: SCOPE OF THE CHAPTER, DEFINITIONS OF KEY
TERMS AND SOURCES OF DATA

A. Thermochemical Properties of Interest

As has been the approach for the authors’ other reviews on organic thermochemistry
(many of which are referenced throughout the current text) this chapter is dominated by
discussions of the ‘molar standard enthalpy of formation’ (also called ‘heat of formation”)
and written symbolically as A¢Hp,,° (also as A Hy or AH;®). This chapter largely foregoes
discussion of Gibbs energy and entropy and ignores concerns of heat capacity and excess
enthalpy. We have also chosen to ignore questions of acid or base strength and of any
complex or chelate forming energy.

The temperature and pressure are assumed to be 25°C (‘298K’) and 1 atmosphere or
1 bar (101,325 or 100,000 Pa), respectively. Enthalpies are always given in the thermo-
chemist’s preferred units of kJmol~! where 4.184 kJ equals 1 kcal by definition. The
descriptors s, 1q, g and aq refer to solid, liquid, gas and aqueous, respectively.

Unreferenced enthalpies of formation of organic compounds are taken from the now
‘classic’ thermochemical archive by Pedley'. Other, generally early, data are taken from
the archive by Stull, Westrum and Sinke?. It is noteworthy, but left unexplained, how
few of the species discussed in Stull, Westrum and Sinke appear in Pedley’s book writ-
ten some decades later. Much of the recent data are taken from the NIST WebBook?
wherein some data evaluation and ‘correction’ were occasionally performed; the pri-
mary reference is given for more complete attribution. Other enthalpy of formation data
for a variety of one- through four-carbon species are taken from the recent study* by
Shaikhlislamov, Talipov and Khursan, where we use their accompanying (but otherwise
unreferenced) experimental data with which they compared their highly accurate quantum-
chemically derived findings: citations to this source will make clear whether it is their
cited (but still sparse) calorimetric or calculational results. We also include in our dis-
cussion ‘old’ numbers ignored by all of these authors where they are the only data for
a given species, as well as some new numbers appearing in none of the above archival
compendia. Where there are conflicting data, the most recent value is generally preferred,
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where we assume that the later authors were cognizant of earlier studies as well as
of their presumed greater capability of achieving better sample purity and instrumental
precision.

B. The Data

Compared to many other functional groups for which we have reviewed their thermo-
chemistry, we find that our archival sources give us the enthalpy of relatively few species
and there are few new values to complement and supplement these sources. Table 1 gives
the enthalpy of formation data for hydroxylamines. Tables 2—4 present the admittedly
sparse data on monooximes, dioximes and ketooximes, respectively, while Table 5 gives
the data for other oxime derivatives. Table 6 is for hydroxamic acids and their derivatives.
Furthermore, within each table, the compounds are arranged according to the Chemical
Abstracts ‘Hill’ sort scheme. There will be additional vignettes for each class of com-
pounds that follow the individual tables. These admittedly brief discussions will refer to
special species, very often involving estimates and for which the resulting numbers will
not appear in the tables because they lack the provenance of literature citations.

In thermochemical discussions, the gas phase is preferred—we wish to avoid what we
consider the diverting considerations of intermolecular interactions whenever possible.
Indeed, when the phase is left unsaid, the reader should assume we are talking about this
ideal and idyllic state. Most often, however, only the condensed phase data are available
for the hydroxylamine, oxime or hydroxamic acid that is discussed in this chapter. The
unavoidably selected phase will be denoted explicitly. Not uncommonly, we need enthalpy
of formation data for the solid phase of some ancillary species and have but liquid (or
the other way). Accordingly, we have accepted the enthalpy of fusion data from the
compendium cited as Reference 5 without making any temperature corrections as the
necessary approximations to do so are generally small and too ill-defined to be of much
use. To further simplify the reading and writing of text, we do not give attribution to this
source or the primary source found therein. The implicit reference for all inorganic (and
aqueous) species in the chapter is Reference 6.

Il. HYDROXYLAMINES AND N-SUBSTITUTED DERIVATIVES
A. Hydroxylamine

There are few enthalpy of formation data for substituted hydroxylamines of any type—
Table 1 presents the available values for these species where we start with the parent
compound hydroxylamine itself. Even though hydroxylamine is not organic we start with
this species, since it is the parent compound for all of the classes of compounds that fill
this chapter and indeed, the current volume. With its recommended* gas phase enthalpy of
formation of —41.8 kJ mol~!, hydroxylamine is seen to be more stable than the average
of its ‘homonuclear’ counterparts, hydrogen peroxide® (A Hy(g) = —136.3 kImol™!) and
hydrazine® (AH;(g) = 95.4 kImol™"). Said differently, the N—O bond energy is larger
than the arithmetic average of the N—N and O—O bonds. As such, the relative values
are an immediate corollary of the use of Pauling’s electronegativity equation and its
contemporary analysis and extension’ to polyatomic species of more general interest to
the organic chemistry community.

B. N- (and O-)Methylated Hydroxylamines and Other Alkyl Derivatives

Thermochemical data on aliphatic hydroxylamines is sparse. Indeed, it is almost totally
limited to methylated species and so we include both N- and O-methy] substituted species
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in this section. It is not surprising that gaseous O-methylhydroxylamine is less stable than
its N-isomer by ca 25 kImol~!. ‘O-Methylmethanol’ is some 51 kI mol~! less stable
than its isomer ‘C-methylmethanol’, where we now recognize these latter species as the
more commonly named dimethyl ether and ethanol, respectively. The element nitrogen
interpolates carbon and oxygen in terms of size and electronegativity and so the value of
25 kJmol~! falls right between this difference and the necessarily 0 kJ mol~! difference
for O- and O’-methylated hydrogen peroxide (as these last two compounds are the same
species, methyl hydroperoxide).

The formal gas phase transmethylation reaction, the sole transalkylation reaction avail-
able to us (equation 1), is thermoneutral to within 5 kJ mol~'.

MeNHOH + MeONH, —— NH,;0H + MeNHOMe (1)

While there are numerous alcohols and ethers for which enthalpies of formation are
known?®, the bleak thermochemical situation for hydroperoxides® ® (and hydrazines'®) par-
allels that of the hydroxylamines. An obvious comparison is between the heteroatom bonds
in peroxide, hydrazine and hydroxylamine as shown in equation 2.

R'NHNHR! 4+ R?00R? —— 2R'NHOR? )

For both R' = R? = H and R! = R? = Me, the enthalpy of reaction is the identical —42.7
and —41.9 kJmol~!. When R! = Me, R? = H, the reaction enthalpy is more exothermic,
—56.3 kJmol™!, and for the reverse substitution, R! = H, R*> = Me, the enthalpy is less
exothermic, —19.9 kJ mol~!.

There are thermochemical data for only one nonmethyl aliphatic hydroxylamine, N,N-
diethylhydroxylamine!'. The enthalpy of formation difference between it and N-methyl-
hydroxylamine is 71.6 kI mol~!. This is very nearly the same as the difference of 79.7 kJ
mol~! between the corresponding primary and secondary alcohols®, ethanol and 3-pen-
tanol, where the N of the hydroxylamine is replaced by a CH. Thus, the formal reaction
enthalpy of equation 3 is only 8.1 kJmol~!.

Et,CHOH + MeNHOH —— Et,NOH + MeCH,OH 3)

As it may be a useful comparison, it is asked what is the enthalpy change for the formal,
simple insertion of an oxygen atom in the NH bond of an amine (N-hydroxylation)?
For ammonia, the change to hydroxylamine is only +4 kJmol~!. The exothermicity of
the comparable change for the primary methyl amine is —27.2 kJmol~' (g) and for the
secondary diethyl amine it is —49.3 kJ mol ™.

C. Aryl Hydroxylamines

We now turn to the two aryl hydroxylamines, N-phenylhydroxylamine and its o-nitro
derivative. As liquids, the former compound has an enthalpy of formation that is ca
20 kJ mol~! more positive than that of the latter. For comparison, we find the enthalpies of
the corresponding liquid species without the NHOH group, i.e. benzene and nitrobenzene,
differ by 36.5 kI mol~!. Alternatively said, equation 4 is endothermic by 16.1 kJ mol~".

NO, NHOH NHOH
O g - Qe
NO,
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Similarly, removing only the NH and thus comparing the resulting phenols with hydroxy-
lamines, as in equation 5, the formal reaction enthalpy is 13.3 kJ mol~! using the enthalpies
of fusion in Reference 5.

NO, NHOH NHOH OH
- L (e
OH NO,
We might have thought that the o-nitro group would provide stabilization for the hydrox-
ylamine and the phenol by two mechanisms: (a) enhanced (i.e. zwitterionic, dipolar,
quinonoid-like) resonance as is often discussed for o- and p-nitroaniline, cf. Reference 12,
and (b) intermolecular O°~ ... H—O hydrogen bonding between the nitro and hydroxyl

groups.
However, as seen from the data in Reference 1, reaction 6

NO, NH, NH,
-0 = Qe
NO,

is exothermic by only ca 4 kJ mol~!. There are acknowledged difficulties with the enthal-
pies of formation of the nitroanilines'?®. As evidenced by the relative basicities of hydrox-
ylamines'>'* and related amines'?, the N-hydroxyl group inductively destabilizes pos-
itively charged nitrogen'>. This suggests that nitrophenylhydroxylamine ‘enjoys’ less
resonance-derived stabilization than expected. The chronicled enthalpy of formation dif-
ference between phenylhydroxylamine and its o-nitro derivative is thus plausible. The
difference is also apparent in the formal N-hydroxylation reaction. For these two pri-
mary aromatic amines as liquids, the difference is ca 4 kJmol~! for the nitroaniline and
—24 kI mol ™! for aniline itself. Nonetheless, additional measurements on the enthalpies
of formation of other hydroxylamines are still welcomed because we cannot appraise the
systematics of reactions of the type in equation 7.

Ar'NHOH + A NH, — Ar!NH, + Ar*’NHOH )

D. Hydroxylated Piperidines

We now turn to the remaining two hydroxylamines that are N-hydroxylated deriva-
tives of 2,2,6,6-tetramethyl-4-piperidone and -4-piperidinol. The enthalpies of formation
of some simple 4-piperidones and their corresponding 4-piperidinols have recently been
determined. The values of gaseous N-methyl-4-piperidone!® and N-methyl-4-piperidinol!”
are —160.7 £ 1.7 and —226.8 + 1.8 kimol~! (also see Reference 18). The difference
between these contemporary values is —66.1 £ 2.5 kI mol~! while for the hydroxylated
and methylated counterpart species the difference is —47.0 & 4.8 kJ mol~!. For compari-
son, the formal enthalpy of reduction of 3-hexanone to 3-hexanol is ca —54 kI mol~!. As
has been discussed earlier, reduction enthalpies are not necessarily constant!®, Relatedly,
reaction 8 that exchanges N-methyl and N-hydroxy and parent and tetramethylpiperidines
is endothermic by 19.1 5.4 kJmol~!. The deviation from thermoneutrality is more
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disparate than we would have anticipated even though we don’t know the steric effect of
four abutting methyl groups on the conformation of the two N-hydroxypiperidines.

OH 0 0 OH

) — QL)
N N N N
| | | |
CH; OH CH; OH

We close this section with a statement of surprise and disappointment. For no
apparent reason there are no published®® enthalpy of formation measurements for 1-
hydroxy-2,2,6,6-tetramethylpiperidine, the ‘parent’ species for the above 1-hydroxylated
piperidines and the hydroxylamine counterpart to probably the most famous nitroxide
radical, ‘TEMPO’.

1. O-SUBSTITUTED HYDROXYLAMINE DERIVATIVES (ALKOXYLAMINES)
A. Aliphatic Examples

The alkoxylamines have a >N—O—C substructure and may be considered O-substituted
hydroxylamine ethers. The simplest example of these species is MeONH, with a gas phase
enthalpy of formation* of —25.1 kJmol~! which was discussed in a previous section.
Consider now the perfluorinated species (CF3),NOCF,CF,0ON(CF3), and its synthesis
shown in equation 9.

2(CF;3);NO* 4+ C,F; —— (CF;),NOCF,CF,0N(CF;), C)]

With an adequately stable nitroxide radical, this reaction is facile enough that it can be
investigated in a calorimetric context, from which a reaction enthalpy of 246 + 6 kJ mol~!
has been determined?'. Accepting the suggested lower limit for the enthalpy of forma-
tion of —1190 &40 kI mol~! for the fluorinated nitroxide (as derived from ion ener-
getics threshold measurements®?) and the enthalpy of formation of tetrafluoroethylene
(—656.9 £4.9 kJmol~")!, we hereby deduce the gas phase enthalpy of formation of the
bis hydroxylamine ether to be —3283 4 80 kI mol~'. This value—actually these values,
the enthalpy of formation and the error bar—seems frightfully large. With regard to the
first quantity, there are sixteen C—F bonds and this confers considerable stabilization and
a large negative enthalpy of formation. For comparison, the enthalpy of formation of
perfluoroheptane, likewise with sixteen C—F bonds, is —3383.6 + 3.6 kJ mol~!. How do
we calibrate our thinking for such values? Dare we suggest that the following reaction in
equation 10 is thermoneutral?

n-C7H16 + (CF3)2NOCF2CF20N(CF3)2 m— I’l-C7F16 + MCQNOCHchzoNMCZ
(10)
Additionally, we posit thermoneutrality for equation 11 in order to to derive* the enthalpy
of formation of the bis ‘hydrocarbon’ hydroxylamine ether of —73 kJ mol~'.

2Me,NOMe + EtOCH,CH,OEt —— 2EtOMe + Me,NOCH,CH,ONMe, (11)
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The calculated value for the perfluoro species in equation 10 is —3269 kI mol~'. The
literature value is —3283 4 80 kI mol~!. The agreement is almost too good to be true!

B. Isoxazolidines and Other Cyclic Hydroxylamines

While numerous nitrones react with olefins to form isoxazolidines (1-oxa-2-azacyclo-
pentanes) by a formally simple [3 + 2] cycloaddition reaction, there have been few calori-
metric investigations of this process. Among these is the reaction of some p-substituted
C,N-diphenyl nitrones (p-XC¢HsCHN(O)Ph, X = NO,, Cl, H, Me and MeO) with N-
phenylmaleimide to form 2,3,6-triaryl derivatives of 1-oxa-2,6-diazabicyclo[3.3.0Joctane-
5,7-dione?®. No enthalpy of formation data are available for N-phenylmaleimide or for
maleimide itself. However, it is available for the corresponding N-methylmaleimide®*
along with some other imides?’. The gas phase enthalpy of hydrogenation of this species
(derived as the difference between its enthalpy of formation and that of N-methylsucc-
inimide®*) is 133.7 4 2.2 kIJmol~!. This value is essentially the same as for ethylene
(derived as the difference between its enthalpy of formation and that of ethane) of
136.3 £ 0.4 kI mol~!. Therefore, let us assume the reaction of the above parent nitrone
with ethylene to form the diphenylated isoxazolidine, shown in equation 12, has very
much the same exothermicity as with N-phenylmaleimide?}, namely ca 82 kImol~!. If
so, the enthalpy of formation of 2,3-diphenylisoxazolidine would be 233 kJmol~!. Now,
is this value plausible?

Ph
(6] I

[ N 12

H,C=CH, + PhCH=N—Ph O\j Ph (12
Let us assume that the 2- and 3-dephenylation reactions to form the parent heterocycle
isoxazolidine have the same enthalpies as those of isopropylbenzene and dimethylani-

line, 108.7 and 118.6 kJmol~!, respectively. Therefore, the enthalpy of formation of
isoxazolidine is predicted to be ca 6 kI mol~'. Consider the reaction in equation 13.

H
N

. 1
MeNHOMe + Q —  ~ MeCH,CHMe + O° ) (13)

If this reaction is assumed to be thermoneutral (neglecting the effects of heteroatoms on
conformation and on ring strain), the predicted enthalpy of formation of isoxazolidine is
11.6 kJmol~!. Admitting that it may be simplistic, as well as simple, to have assumed
thermoneutrality, we take these two predicted values of 6 and 11.6 kJmol~! to be in
satisfactory agreement and choose an average value of 9 kImol~! for the enthalpy of
formation of isoxazolidine.

Very different enthalpies of addition are found for the acylnitrone PhC(O)CHN(O)Ph.
Instead of the above exothermicity of ca 82 kJmol~! for the addition of PhCHN(O)Ph
and its substituted derivatives to a maleimide, the acylated nitrone adds to a variety
of norbornenes with an average exothermicity?® of ca 120 kJ mol~!, some 38 kJmol~!
more favorable. This suggests about 40 kJ mol~! destabilization arises from the presence
of the adjacent acyl and nitrone groups. No enthalpy of formation data are available
for any acylnitrone. To simulate the mutual destabilizing effect of the acyl and nitrone
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groups, consider the pair of reactions shown in equations 14 and 15 involving nitriles and
acylnitriles.
PhCN + C3Hy —— PhEt + MeCN 14)

PhCOCN + C3Hg —— PhCOEt 4+ MeCN (15)

The two reactions are exothermic by 7.0 and 47.5 kJ mol~!, respectively, suggesting that
acyl and nitrile groups are mutually destabilizing by 40 kJ mol~'. Likewise, consider the
same two reactions where the CN group is replaced by COOH?’. The two enthalpies
of reaction differ by 44 kJmol~! and so the acyl and carboxyl groups are also mutually
destabilizing. The suggested 40 kJ mol~! destabilization of acyl and nitrone groups is thus
plausible.

C. N,N-Dialkoxylamines

Another class of compounds deals with N,N-dialkoxylamines, species of the general
type R'N(OR?),. The reaction of 2-nitroisoxazoline-N-oxide in equation 16 has been
observed®® and found to be exothermic by 126 & 4 kI mol~'. From archival values for
the gas phase enthalpy of formation of both reagents, we deduce the enthalpy of formation
of the product, 5-nitro-1-aza-2,8-dioxabicyclo[3.3.0]octane, to be —53 & 10 kJ mol .

Q O-N
X

O\/i?/ NO, + H,C=CH, W
NO,

We ask once again whether this value is plausible. Let us assume that the nitro group
is normal, i.e. equation 17 is thermoneutral.

-0
(16)

O~--0 O~-0

N N
w + Me;CH w +  Me;CNO, (17)

NO,
And so the enthalpy of formation of gaseous 1-aza-2,8-dioxabicyclo[3.3.0]octane is pre-
dicted to be —10 kI mol~!. Consider the 1-ring to 2-ring reaction in equation 18 and its

associated exothermicity of 24 kJ mol~'.
O (D -

Assuming strain energies are independent of heteroatoms, then reaction 19 should have
roughly the same exothemicity.

N O~n-O (19)
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This results in a predicted enthalpy of formation of 16 kI mol~! for 1-aza-2,8-dioxabicyclo
[3.3.0Joctane. This value is plausibly an overestimate. We have neglected any anomeric
stabilization arising from the —O—N—O—substructure. However, this effect may be shown
to be small. While no species with this functionality has seemingly a measured enthalpy of
formation, consider the related F—N—F substructure as found in HNF, and the enthalpy
of the following equation 20 which is close to thermoneutral.

2 NH,F —— HNF, + NH; (20)

The enthalpy of formation of HNF, is known from a reaction calorimetric experiment?’
to be —65+ 6 kimol~!. The enthalpy of formation of NH,F remains unknown from
experiment but the value has been suggested®® to be ca —58 kImol~!. We must thus
content ourselves with the two values of formation of 1-aza-2,8-dioxabicyclo[3.3.0]octane,
—10 and +16 kJmol~!, which, given all of our assumptions, are not that disparate.

D. Dimers of Nitroxide Radicals

Consider species of the general structural type R,N—O—O—NR;. These compounds
may be understood as the dimer of nitroxide radicals and nitrogen analogs of peroxides.
Regardless, they qualify as hydroxylamine derivatives as well and so discussion of their
thermochemistry is relevant. From Galli’s chapter in the current volume we find the
recommended O—H bond energy in Et,NOH of 305 kImol~'. As part of our earlier
discussion on alkyl hydroxylamine thermochemistry, we find the enthalpy of formation
of this dialkylhydroxylamine in its gaseous phase!! to be —121.8 kI mol~'. Accordingly,
from the gas phase reaction 21 employing the enthalpy of formation of atomic hydrogen
of 212.0 kJmol~! we derive the enthalpy of formation of gas phase nitroxide radical
Et,NO to be ca —29 kI mol~!.

Et,NO® + H* —— E,NOH 21

Accepting the enthalpy of dimerization for reaction 22 of ca 21 £ 10 kJmol~! (an aver-
aged value from results in two nonpolar solvents®!) to apply to the gas phase,

2E;NO* —— E,N—O—O—NEt, (22)

the enthalpy of formation of Et,NOONE, is hereby deduced to be —263 % 20 kJ mol~'.

IV. MONOOXIMES

A casual perusal of the literature shows there are numerous measurements for the enthalpy
of formation of monooximes. Table 2 presents available data. There is also a computational
study of oximes*. However, as is so often the case, there are more data than one thinks
and less than one needs.

A. Simple Aliphatic Aldoximes

If there were ever a simple comparison of enthalpies of formation to be investigated as
part of this chapter it would be the oximes of the aliphatic aldoximes, RCH=NOH, as R
proceeds through Me, Et, n-Pr, . ... Ideally, we would have the values for at least R = Me
and Et and then employ the ‘universal methylene increment’3 to derive the remaining val-
ues by addition of —20.6 kJ mol~! for gaseous species and a related ca —26.0 kJ mol~! for
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the liquids. We lack the desired data from experiment for R = Et, there being data only for
R = Me!'! and Hep™, a difference of six carbons. The difference between the enthalpies of
formation of gaseous MeCH=CH, and EtCH=CH, is 19.9 £ 1.2 kJmol~! and between
gaseous MeCH=0 and EtCH=O it is 20.8 £ 1.6 kJmol~!. Both values are statistically
indistinguishable from the ‘universal’ value and so we are confident that the difference
between gaseous MeCH=NOH and EtCH=NOH should be very much the same value*’.
As such, the difference between the enthalpies of formation of gaseous MeCH=NOH and
HepCH=NOH is expected to be 6+20.6 or 123.6 kJmol~!'. Accordingly, accepting the
contemporary value for acetaldoxime of —22.6 £ 0.3 kJ mol~', the value for the enthalpy
of formation of octanal oxime would be expected to be —146.2 kImol~!. The litera-
ture value is —149.4 £ 3.9 kI mol~', experimentally indistinguishable from that predicted
within error bars.

B. Simple Aliphatic Ketoximes

The enthalpy of formation of the oximes of acetone and the isomeric 2-, 3- and 4-
octanone are seemingly the sole examples of aliphatic ketoximes for which gas phase
enthalpies of formation are available. The enthalpies of formation of the octanone oximes™,
as well as the octanone isomers® themselves, were all determined by the same research
group. The authors suggest an alternation effect for these as one proceeds to substitute the
functional groups down the octane chain (an effect which is particularly exaggerated for
3-octanone oxime which is seemingly ca 10 kI mol~! less stable than its isomers). This
explanation is dubious based on the accepted enthalpies of formation for other ketones'.
For the homologous series of 2-n-alkanones, Me(C=0)R, where R = Me, Et, Pr, Bu,
Hep, Dec, a weighted least-squares analysis of the gaseous enthalpies of formation yields a
profoundly linear relationship with a methylene increment of —20.7 kJ mol~!. The enthalpy
of formation value for 2-octanone is 24 kJ mol~' more negative than that predicted on
the basis of the regression analysis (—321.0 kJmol~!). The liquid phase value is too
negative by ca 11 kImol~'. The difference between the isomeric 2- and 3-pentanone,
2- and 3-hexanone and 2- and 5-nonanone, in all cases and either phase, is less than
2 kJmol~! except for the nonanes for which the liquid phase enthalpy difference is ca
4 kJmol~!. Since the three isomeric octanones have nearly the same enthalpy of formation
within the uncertainties of their experimental measurements in the liquid phase (—384.5 +
2.5 kJmol™!) and gas phase (—344.3 2.5 kImol™'), it is thus likely they also are too
negative. What about the oximes?

Consider equation 23 that relates the oximes to the corresponding ketones.

(0] NOH NOH O

Ao 0 — T e A e

R R! R? R3 R3

For the two aldehydes discussed in the previous section (R!, R}=H;R=Me,R? = Hep),
the reaction is thermoneutral in the gas phase. Thermoneutrality would also be expected
for ketones, but which ketone/oxime should be the standard for comparison? In the gas
phase there are two possibilities: acetone/acetone oxime and cyclohexanone/cyclohexanone
oxime. The latter pair may be assumed to be essentially strainless, or at least that their strain
energies are very much the same. The assumption is borne out by substituting these two
pairs into equation 23 (R, R! = Me; R’R* = —(CH,)s—) and finding that the enthalpy of
reaction is only 1.2 kJ mol~!, essentially thermoneutral. Comparing the Cg species with the
cyclohexyl species (RR! = —(CH,)s—; R?/R? = Me/Hex, Et/Pen, Pr/Bu), the enthalpies
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of reaction are —11.7, —12.5 and —14.9 kJmol~!, respectively. However, because the
octanone enthalpies of formation are in error by ca —24 kJ mol~!, the enthalpies of reaction
23 for the octanone oximes are likely to be ca 12 kImol~! when using the octanone
correction. Accordingly, the enthalpies of formation of the octanone oximes are probably
ca 12 kI mol~! too negative. Additionally, the oximes, like the ketone isomers, are probably
of comparable stability. In the liquid phase, the exothermicities of equation 23 are ca 7,
13 and 7 kImol™!, respectively. Because we offered a correction to the liquid phase
enthalpies of formation of the octanones of ca 11 kImol~!, the resulting correction to
the liquid enthalpies of formation of their oximes is ca 4 kImol~!, except for 3-octanone
oxime which, by the foregoing analysis, is fairly accurate.

There remains to be discussed butanone oxime, for which there is an enthalpy of
formation value only in the liquid phase. The enthalpy of reaction 23 (RR! = —(CH,)s—;
R?> =Me, R? =Et) is +11.8 kImol~!. The enthalpy of formation of butanone oxime
would seem to be ca 12 kJmol~! too negative.

Finally, assuming a linear relationship between the enthalpies of formation and carbon
number for the 2-alkanone oximes, and a gas phase methylene increment of —20.7 kJ
mol~!, the same as for the 2-alkanones, the enthalpies of formation of 2-butanone and
2-octanone oximes would be —82.5 and —166.3 kJmol~!, respectively. The latter value
is within 1 kI mol~! of that derived from equation 23.

C. Formaldoxime

As acknowledged in Table 2, the authors of Reference 4 present a ca 13 kI mol~! dis-
crepancy between the calculated and experimentally determined enthalpy of formation
of the simplest oxime, CH,=NOH. What would our analysis suggest? As has long been
known, the universal increment logic very often shows that for any X, the difference
between MeX and EtX is generally different from EtX and PrX and higher members
of most RX series. The discrepancy is even larger for the enthalpies of formation of
HX and MeX. Nonetheless, we will let X = CH=NOH and compare HX and MeX for
X = CH=CH,; and CH=0. We would have ideally considered X = CH=NH, CH=NMe
and CH=NNHj,, but the necessary thermochemical data for these species are either absent
or problematic. For X = CH=CH, the difference is 32.5 4 0.7 kJ mol~! while for CH=0
the difference is 57.6 & 0.7 kJ mol~!. By simple interpolation, this suggests that the differ-
ence should be at least ca 44 kITmol~!. We acknowledge, however, that the combination
of electronegative N and O atoms in the oxime plausibly could make the enthalpy dif-
ference resemble that of the aldehydes more than the alkenes. Accordingly, the enthalpy
of formation of CH,=NOH is expected to be 22 kImol~!, i.e. we derive a value that
almost Solomonically cuts the difference between the two sets of values. Legitimizing
this division are related data for some saturated species. For HCH,OH and MeCH,0OH
we find a difference of 33.7 & 0.4 kI mol~! while for HCH,Me and MeCH,Me the dif-
ference is 20.9 £ 0.6 kI mol~'. This suggests that the difference between the enthalpies
of formation of HCH,NH, and MeCH,NH, is 27.1 £ 0.7 kI mol~!. The actual difference
for these species, more commonly written as MeNH, and EtNH,, is 24.1 & 1.3 kJmol ™!,
in fine agreement.

To what is this discrepancy due? As noted in the chapter in the current volume by
Schulz, Brand and Villinger on derivatives of formaldoxime, the parent species and its
ionic salts are prone to polymerization and to decomposition. This most assuredly com-
plicates calorimetric measurements. That the calculated* enthalpy of formation is more
negative than the experimental is surprising in that the polymer is expected to be more
stable (with lower A Hy as well as necessarily AGy) than the monomer.
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D. Acetylcycloalkane Oximes

The enthalpy of formation of two such species has been measured, namely the cyclopro-
pane®? and cycloheptane? derivatives. The difference between the values for these two
species, both as solids, is 238.1 kImol~!. Is this difference plausible? Consider the
difference between the enthalpies of formation of the parent cycloalkanes as solids,
194 kImol~'. The ca 44 kJ mol~' discrepancy between these two differences seems rather
large. However, there are idiosyncracies associated with the enthalpies of formation of
compounds with three-membered rings* and almost nothing is known at all about the
thermochemistry of compounds with seven-membered rings. Rather, we merely note that a
seemingly well-defined synthesis of cycloheptyl methyl ketone*® was shown later to result
in a mixture of methyl methylcyclohexyl ketones*!, and superelectrophilic carbonylation
of cycloheptane resulted in the same products as methylcyclohexane, namely esters of
1-methylcyclohexanecarboxylic acid*?. The difference between the enthalpies of forma-
tion of the unsubstituted alicyclic hydrocarbons cycloheptane and methylcyclohexane as
solids is 33 kI mol~!. This alternative structural assignment hereby corrects for most of
the above 44 kJ mol~! discrepancy in the enthalpies of formation of the two oximes. More
thermochemical measurements are needed, of oximes and cycloheptanes alike.

E. Aromatic Oximes

Despite the numerous entries in Table 2, there are few entries that correspond to
trustworthy species. More precisely, there are but two derived from contemporary, well-
characterized measurements, where contemporary means the primary data were reported
since the mid-20"™ century. These are for pyridine-2-carboxaldoxime and salicylaldoxime.
The formal solid phase reaction 24 is but 5 kJ mol~! endothermic.

OH N N OH
NOH * | | NOH " @9
/ /
7 N N Z

This near-thermoneutrality gives confidence in both values of the oxime enthalpies of
formation, the salicylaldoxime some 50 years old*} and the pyridine-2-carboxaldoxime
within a year from when the chapter was submitted. Consider now the formal solid phase

reaction 25 involving the some decades older pyrrole-2-carbaldoxime**.

X X
U\/NOH - @ S m LN 05
N = ~__.NOH N
H N N H

As written, the reaction is endothermic by ca 30 kI mol~!. Pyrrole and pyridine are both
6-7 nitrogen-containing heterocycles. However, the former is electron-rich while the latter
is electron-deficient and so conjugative stabilization mechanisms are different for the two
species. Furthermore, the former can form one more hydrogen bond per molecule than
the latter, a feature that may account for pyrrole-2-carboxaldehyde being a solid while
pyridine-2-carboxaldehyde is a liquid. We wonder if either difference accounts for the
profound lack of thermoneutrality for the above reaction.

The remaining aromatic oximes are primarily a collection of hydroxyl- and methyl-
substituted acetophenones and benzaldehydes. Thwarting a comprehensive analysis is a
lack of data for the corresponding carbonyl compounds or even ‘deoximated’ compounds.
A comparison of the benzaldoximes with benzaldehydes would be interesting, except there
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are no enthalpy of formation data for either salicylaldehyde or 4-hydroxybenzaldehyde.
Data for the corresponding benzoic acids are available however, and we assume that the
enthalpy of the reduction reaction to the aldehyde product is constant for all species. 4-
Hydroxybenzoic acid is about 10 kJ mol~! more stable than its 2-hydroxy isomer (using
the average of the values found for the solid species in Reference 3). This is similar to the
ca 7 kJmol™! greater stability of 4-hydroxyacetophenone over 2-hydroxyacetophenone.
However, the 4-hydroxybenzaldoxime is 30 kJ mol~' more stable than its 2-isomer while
the 4-hydroxyacetophenone oxime is 22 kI mol~! less stable than the 2-isomer. In that the
thermochemistry of phenols has been recognized to be often problematic*’, we recommend
the remeasurement of the enthalpies of formation of benzaldoxime and its isomeric 2-
and 4-hydroxy derivatives.

F. The Relative Stability of syn- and anti-Aliphatic Oximes

Although the existence of syn and anti-isomers of monooximes with the structure
R!'C(=NOH)R? has long been known, there are surprisingly few studies that address the
question of the difference in their enthalpies of formation. Reference 6 reports values for
two isomeric acetaldoximes, a high melting solid and a low melting liquid; as always, no
primary reference is available. The respective condensed phase enthalpies of formation
of the two isomers are —77.9 and —81.6 kI mol~!, respectively.

By comparison of the neutralization energy of a variety of samples of acetaldoxime,
it was deduced*® that there are two isomers with an enthalpy of formation difference of
ca 8 kImol~'. From an NMR study of aqueous acetaldoxime*’, a syn:anti isomer ratio
of 63:37 was found (where syn means the OH is on the same side as the H and opposite
from the methyl and anti means the opposite locations). If it is assumed that

(a) the ratio of species in aqueous solution reflects the thermodynamic stabilities of the
solute isomers as pure species,

(b) the entropy may be ignored and so enthalpy differences may be equated to those of
free energies,

we conclude that the difference between the enthalpies of formation of syn- and anti-
acetaldoxime is RTIn(63/37) = 1.3 kImol~! favoring the syn isomer. From the same
source we find for 2-butanone oxime a syn:anti ratio (where syn means the OH is on
the same side as the methyl) of 71:29 favoring the syn isomer. (Very much the same
ratio, 75:25, was determined by analysis of peaks in the NMR spectrum*’ of a mixture
of the two isomers and by chromatographic analysis*® of the trimethylsilyl derivatives,
additionally assuming that silylation did not change the isomer composition.) Making the
same assumptions, the difference between the enthalpies of formation of syn- and anti-2-
butanone oxime of ca RTIn(71/29 or 75/25) = 2.5 £ 3 kI mol~! favoring the syn isomer.
These results and those of a few other aliphatic oximes were shown to track the size of
the groups on the oxime-bearing carbon.

Disappointingly absent from experiment are the corresponding gas phase species. Quan-
tum chemical calculations® suggest the syn-isomer of acetaldehyde is more stable by nearly
the same value of 1.6 kI mol~'; other calculational studies (with different computational
protocols, e.g. by Politzer and Murray in this volume) have also given small values.
Does it follow that there is a negligible difference in intermolecular hydrogen bond-
ing for the two isomers, even though they differ as to phase? This is surprising. Then
again, there are few monooximes for which enthalpies of formation in any phase may
be trusted, regardless of any other stereochemical assignment. Summarizing, the energet-
ics of syn- vs anti-oximes remains a largely non-understood aspect of the energetics of
oximes.
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G. A Brief Discussion of Aliphatic Oximes in Aqueous Solution

Despite a literature that begins early in the 20" century*’, we only briefly discuss
the energetics of the aqueous phase synthesis of oximes and bypass the intermediacy of
o,N-dihydroxylamines (hydroxycarbinolamines) and any zwitterionic or charged species.
With great simplification we would thus write equation 26:

R'R?C=0(aq) + NH,0H(aqg) — R'R?C=NOH(aq) + H,0(lq) (26)

Acknowledging the multiple sites for hydrogen bonding with the starting materials, we
generally lack the necessary data to ‘desolvate’ the various species to derive the energetics
for the pure compounds which we recognize as the desirable subjects of understanding for
the current chapter. We thus limit our attention to the two simple oximation reactions for
which we have the requisite data: we wish to consider condensed, gaseous and aqueous
phases. The first is that of acetaldehyde, equation 27:

MeCHO + NH,OH —— MeCH=NOH + H,0 27)

There are three environments that we may consider for this reaction: syn-acetaldehyde
oxime data in the condensed phase!!, the gas phase!! and in aqueous solution®*°. The
reaction exothermicities are 51.0, 56.5 and ca 53 kJmol~!, respectively. The only other
case where the values are known for all three phases is that of acetone, equation 28:

Me,C=0 + NH,OH —— Me,C=NOH + H,0 (28)

In this case, the enthalpies of reaction are 52.1, 45.7 and 44.6 kJmol~' where the
enthalpies of formation of solid and gaseous acetone oxime are from References 1 and
4, respectively, and the enthalpies of oximation in aqueous media are from References
49a and 49c. In both cases, the values are comfortably similar for the three phases. Per-
haps we should not be too surprised that the values are close—after all, the number of
hydrogen bonds are the same on the two sides of the reaction. However, nothing prepares
us for the observation that the aqueous phase oximation enthalpy of propionaldehyde*¢
is 73.2 kI mol~!, even though we recall ‘problems’?> with the enthalpy of formation of
EtCH=NOH.

V. GLYOXIME AND OTHER DIOXIMES

Glyoxime, or ethanedial dioxime, is the simplest dioxime and is the structural paradigm
for a large variety of important complexing and chelating agents. For these dioximes,
HON=CRCR=NOH, there are three possible stereoisomers that may be considered: the
OH and R groups are on the same side of both C=N bonds, the OH and R groups are
on opposite sides of both C=N bonds; the OH and R groups are one apiece on the same
and opposite sides of the C=N bonds. There has been seemingly little concern from the
thermochemist as to which stereoisomer has been employed. As such, we generally lack
certainty as to which isomer is meant by historical descriptors such as «- and §- and the
stereochemical purity (as opposed to bulk composition) of a given species. Most enthalpy
of formation determinations for these dioximes come from rather early in the last century.
Additionally, these data are for solids. As such, we are not altogether bothered by this
ignorance. See Table 3. Nonetheless, let us be more precise in our comments. We now
ask: are these enthalpy of formation values plausible?
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TABLE 3. Enthalpies of formation for dioximes (kJ mol~!)

Compound Formula A Hi(s) Reference ~ AHi(g)  Reference

Ethanedial dioxime C,H;4N,0, -90.5+1.2 1
(glyoxime)

1,2-Propanedione dioxime C3HgN,0, —126.7+1.9 1

2,3-Butanedione dioxime C4HsN,0, —162.8 50 —65.7 14
(dimethylglyoxime)

1,2-Cyclohexanedione Ce¢H oN,O> —130.4 51 -7+17 51
dioxime

a-Phenylglyoxime CgHgN,0, 42.1 +4.1 1

B-Phenylglyoxime CgHgN,0, —20.4 +4.1 1

a-(p-To]yl)glyoxime C9H10N202 158.4 +£5.0 1

B-(p-Tolyl)glyoxime CoH(N,0, 229.24+5.0 1

(Z,Z)-Benzil dioxime C14H2N,O, 41.8+7.1 1

(E,E)-Benzil dioxime Ci4H2N,0O, 18.0£7.1 1

(E,Z)-Benzil dioxime Ci4HpN,O, 53.1+£7.1 1

“ The enthalpy of formation in the gas phase was calculated by summing the enthalpy of formation of the solid
species from Reference 50 with the sublimation enthalpy in Reference 1.

A. Dimethylglyoxime

We start with butane-2,3-dione dioxime, more commonly known as dimethylglyoxime
(dmg). It is a classic reagent for the analysis of Ni'l, the green aqueous solution of metal
ions transforming into a vibrantly red precipitate of Ni(dmg), complex: it is one of ‘the
stars of the show’ in Ponikvar and Liebman’s analytical chemistry chapter in the current
volume. Here the stereochemistry is well-established and well-known—both OH groups
are found on the same side as their adjacent CH; group on the butanedione backbone.
There have been several measurements of the enthalpy of formation of this species for
which we take the one associated with this inorganic analytical chemistry application, i.e.
with diverse metal complexes and chelates .

First of all, we may compare the values for this species and its lesser-methylated
derivatives, the parent ethanedial and 1,2-propanedione dioximes, respectively. The former
are only for the solid state. The differences for sequential methylation are the all but
indistinguishable 36.2 and 36.1 kI mol~! and so we feel confident in this set of numbers.

We also find that, at least for unstrained species, the gas phase olefin®> and aldehyde
53

reactions> in equations 29 and 30 are roughly endothermic by ca 4 kJmol~!.
CH, CH
I 2 I 2 (29)
2 RCH=CH, RC—CR + H,
(@) O O
I Il I 30)
2 RCH RC—CR + H,

From the enthalpies of formation of gaseous acetaldoxime and butanedione dioxime we
find the corresponding reaction 31 (R = Me) is exothermic by 20 kJ mol~!.
NOH IGIOH lnIOH

I @31
2 RCH RC CR + H,
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We have no prior experience with diimines to make any disparaging or supportive compar-
ison but the result is implausible. Since we earlier accepted the enthalpy of formation of
acetaldoxime, it is the dioxime that is seemingly suspect. From an expected enthalpy
of reaction 32 of ca 4 kImol™', the enthalpy of formation of dmg is calculated as
—41 kImol~!. Not only is this derived value very different from the one presented in
Table 3, it is wildly divergent from the one that appears in Reference 1 and which is not
in Table 3: —80.8 kI mol~'.

B. 1,2-Cyclohexanedioxime

From available enthalpies of formation we find the gas phase reaction 32 is endothermic
by 15 kI mol .

N-OH N—-OH
= =
2 — + (32)
A
N—-OH

This is encouragingly small, especially considering the experimental uncertainty for the
dioxime enthalpy of formation, although we have no real idea how much repulsion or stabi-
lization we might expect from vicinal dioxime groups. (We likewise lack such information
for vicinally substituted alicyclic diones—there are literature™* enthalpy of formation data
for 1,3- and 1,4- but not 1,2-cyclohexanedione; there are also data for 2,3-pentanedione™
but not 1,2-cyclopentanedione.) Consider now the reaction 33.

NOH
E:E + H, (33)
NOH

Although there are no experimental data on the acyclic dioxime, hexanedial dioxime, we
have no reason to believe that the gas phase reaction 34 is not essentially thermoneutral.

HON = CH(CH,),CH=NOH

2CHj3(CH;)CH=NOH —— HON=CH(CH,)4CH=NOH + CH3(CH;)sCHs  (34)

Accordingly, we derive an enthalpy of formation of —49 kJmol~! for the acyclic dioxime
and so an endothermicity of 40 kImol~! for the cyclohexane dioxime forming reaction
33—only 25 kJ mol~! would have been expected from the above cyclohexanedione reac-
tion if we assume that the cyclohexane dioxime is destabilized by 15 kJmol~!.

C. Aryl Glyoximes

A quick perusal of Table 3 shows inverted stability for « and B isomers of phenyl-
glyoxime and p-tolylglyoxime. Given uncertainties as to stereochemistry it is plausible
that the structural assignments of Z and E, syn and anti, even o and  were reversed.
This is understandable. However, it is inexplicable that the tolyl species have enthalpies of
formation at least 150 kI mol~! more positive than the phenyl compounds. This is an alto-
gether implausible result. The solid phase reaction 35 is calculated to be ca 75 kJmol ™!
exothermic if we use the averaged value for the various stereoisomers of phenylglyoxime
and benzil dioxime. This, too, is implausible.

IRIOH NOH II\‘IOH NOH IRIOH NOH
Il Il I
HC—CH + PhC—CPh

(35)
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The related solid phase reaction 36 is exothermic by but 5.0 kI mol~! 3¢,

O O O O O O
TR T TR (36)
2 PhC—COH HOC—COH + PhC—CPh

We can only conclude that these aryl glyoxime data are suspect. As such, although we
finally have data for sets of enthalpies of formation of syn- and anti-isomers, we do not
trust these data enough to return to the earlier question of the relative stabilities of these
isomers as enunciated in the discussion of monooximes.

VI. QUINONE OXIMES AND NITROSOARENOLS

Quinone oximes and nitrosoarenols are related as tautomers, i.e. by the transfer of a proton
from an oxygen at one end of the molecule to that at the other (equation 37). While both
members of a given pair of so-related isomers can be discussed separately (see, e.g., our
earlier reviews on nitroso compounds'?* and phenols*’) there are no calorimetric measure-
ments on the two forms separately and so discussions have admittedly been inclusive—or
very often sometimes, evasive—as to the proper description of these compounds. Indeed,
while quantitative discussions of tautomer stabilities have been conducted for condensed
phase and gaseous acetylacetone®’ and ethyl acetoacetate®, there are no definitive studies
for any pair of quinone oximes and nitrosoarenols. In any case, Table 4 summarizes the
enthalpy of formation data for these pairs of species.

e
NOH N
_— = (37)
(0] OH
TABLE 4. Enthalpies of formation for ketooximes (kJ mol~')
Compound Formula A Hg(s) Reference A H(g) Reference
5-Cyclohexene-1,2,3,4- Ce¢HsN,O4 235 59
tetraone-1,3-dioxime
(2,4-dinitrosoresorcinol)
p-Benzoquinone oxime C¢HsNO, —-70.2£2.1 60
(4-nitrosophenol)
1,2-Naphthoquinone 1-oxime C;oH;NO, —50.5+22 1 36.1 £4.7 1
(1-nitroso-2-naphthol)
1,2-Naphthoquinone 2-oxime C;oH;NO, —61.8+4.5 1 —54+6.1 1
(2-nitroso-1-naphthol)
1,4-Naphthoquinone 1-oxime C;oH;NO, —107.8+24 1 —20.3+4.8 1
(4-nitroso-1-naphthol)
5-Isopropyl-2-methyl- CioH3NO, —216.3 2

benzoquinone oxime
(5-methyl-4-nitroso-2-
isopropyl phenol)
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A. p-Benzoquinone Oxime and 4-Nitrosophenol

Conceptually, the simplest pair to discuss is that of p-benzoquinone oxime and 4-
nitrosophenol and their substituted derivatives, here all denoted by ‘p-OC¢Hs=NOH/4-
HOCgH,NO’. In practice, this comparison is complicated by the fact®® that this species
cannot be sublimed without decomposition and so we are prevented from analyzing the
energetics of gas phase isodesmic reactions such as equations 38 and 39.

4-0=C¢H4;=NOH/4-HOC4H,N=0 + R'R*C=0

—> 4-0=C¢H4=0 + R'R’C=NOH (38)
4-O=C6H4=NOH/4-HOC6H4N=O + C6H6
— PhOH + PhN=0 (39)

The enthalpy of reaction 38 is ca 13 kImol~! for the case of cyclohexanone wherein
R'R? = —(CH,)s—. This difference is compatible with intermolecular hydrogen bonding
as would be found for the benzoquinone oxime tautomer. In order to understand the ener-
getics of reaction 39, we derived the solid phase enthalpy of formation of nitrosobenzene
(monomeric PhNO) by

(a) accepting the gas phase enthalpy of formation of this species from thermochemical
kinetics studies ©!;

(b) combining the enthalpy of formation of the solid nitrosobenzene dimer from Ref-
erence 62 and assuming that the solution phase dimerization enthalpy from Reference 63
may be applied to the gaseous state;

(c) combining the enthalpy of formation of the gaseous nitrosobenzene dimer from Ref-
erence 62 and assuming that the solution phase dimerization enthalpy from Reference 63
may be applied to the gaseous state; and

(d) equating the sublimation enthalpy of monomeric nitrosobenzene with that of ben-
zaldehyde (the sum of vaporization and fusion enthalpies).

This resulted in an enthalpy of reaction 39 of ca 70 kJ mol~!. While this is much larger
than what would be predicted for the correction due to nitroso-phenol conjugation and
the energies of most hydrogen bonds, the value for the related reaction for p-nitrophenol
(equation 40) is the rather comparable 80 kJ mol~!.

4-HOCcH4NO; + C¢Hs —— PhOH + PhNO, (40)

As such, thermochemical analogies don’t help us decide which tautomer is more stable.
From the literature we conclude that the quinone oxime tautomer is somewhat the more
stable, the precise enthalpy and free energy difference depending on the solvent, sub-
stituents and reaction conditions (see the recent paper, Reference 60, and references cited
therein).

The situation is simultaneously exacerbated for the corresponding o-species, here denot-
ed 2-0=C¢Hs=NOH/2-HOCcH4N=O0, because there is no experimental determination of
the enthalpy of formation of this o-benzoquinone oxime/o-nitrosophenol pair and there is
also intramolecular hydrogen bonding in suitably chosen rotamers of these two species.
As such, we cannot investigate, using experimentally determined numbers, the enthalpy
of reaction 41 even though there is a recent determination of the gas phase enthalpy of

formation of o-benzoquinone, as well as two di-¢-butyl derivatives>®.

4-0=CcH4=NOH/4-HOCsH4N=0 + 2-O=CcH4=0
—— 2-0=CgH4=NOH/2-HOCcH4N=0 + 4-O=CcH4=0 (41)
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We note that the difference between the enthalpy of formation of the unsubstituted
benzoquinone/nitrosophenol and that of its isopropyl methyl ‘cymene-like’ disubstituted
derivative is 146 kI mol~!, comparable to that of the corresponding hydrocarbons, benzene
and its substituted counterpart as liquids, 127.0 & 1.2 kI mol~!, and as the corresponding
phenols as solids, 144.4 + 9.6 kI mol ..

B. 5-Cyclohexene-1,2,3,4-tetraone-1,3-dioxime (2,4-Dinitrosoresorcinol)

This species enjoys much tautomeric ambiguity. Besides the two names given above
we also recognize this species as tautomerically equivalent to 3-nitroso-4-hydroxy-o-
benzoquinone 1-oxime and 2-nitroso-3-hydroxy- p-benzoquinone 1-oxime. It is this ambi-
guity that encouraged us to include in this chapter the nearly 100-year-old calorimetry
measurements® for this species. Without attempting to write and interpret a balanced
thermochemical reaction (as we said, there are no data for o-benzoquinone oxime/2-
nitrosophenol in the experimental literature), nonetheless, this is an intriguing polyfunc-
tionalized species that we feel is worthy of further investigation.

C. Naphthol/Naphthoquinone Derivatives

Much the same confusing situation applies to the energetics of 1,2- and 1,4-disubstituted
naphthalene derivatives. That the 1,4-species is meaningfully more stable than either of its
1,2-isomers suggests these species are 1,4- and 1,2-naphthoquinone derivatives—based
on other pairs of isomeric naphthalenes such as the naphthols, we do not expect that
much difference between the enthalpies of formation of 1- and 2-nitrosonaphthalenes
while 1,4-naphthoquinone, as solid, is reported2 to be ca 25 kI mol~! more stable than its
1,2-isomer. However, that the enthalpy of formation of the 1-oxime of 1,2-naphthoquinone
is reported to be ca 40 kImol~! less stable than the 2-oxime is not explicable in terms
of quinone stability, hydrogen bonding or even invocation of the nitrosonaphthol being
the more stable tautomer. That the enthalpies of sublimation differ by this ca 40 kJ mol~!
provides an explanation—the solid phase enthalpies of formation are sensibly nearly
the same—but this is a pyrrhic victory. We are forced to ask: Do we now trust the
gas phase enthalpy of formation values of any of these quinone oximes/nitrosoarenols
at all?

D. Related Nitrogenous Cases

If nitrosophenols are in equilibrium with quinone oximes, are nitrosoanilines in equilib-
rium with quinonimine oximes? While in solution, 2-nitrosoanilines appear to show such
behavior® and crystallographic determination shows the benzenoid form is preferred®’.
The enthalpy of formation of 4-nitrosodiphenylamine—or is it N’-phenyl- p-benzoquinone
oxime—has been measured' (213.1 £ 3.2 kJmol~"), but as this value is for the solid we
hesitate to make any thermochemical comparisons. Perhaps relatedly, the enthalpy of for-
mation of 3,5-dimethyl-4-nitrosopyrazole has been determined® but there are no data for
any pyrazolones (1,2-diazacyclopentadienones as opposed to pyrazolinones) with which
to make comparison with a putative oxime.

Vil. OXIME ETHERS

Oxime ethers have a >C=N—-O—C—substructure. Table 5 presents the enthalpy of forma-
tion data for such species where there is little structural commonality save the functional
group of interest.
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This appears to be a rather mixed collection of compounds. We recognize three isox-
azolines in the collection. However, the data for the last two species, the cis and trans
isomers of 3-phenyl-2-isoxazolinedicarboxylic acid dimethyl ester from Reference 67, are
suspect because the difference of 125 kJ mol~! is implausible—the corresponding differ-
ence for the cis and frans butenedioic acid dimethyl esters from Reference 68 is but ca
30 kJmol~".

The 3-nitroisoxazoline has gas and liquid phase values available. Given the absence of
knowledge about isoxazolines, we accept these data and use them in what follows. We
are told® that the dehydration reaction of 3-phenyl-A2-isoxazoline-5-ol (an oxime ether)
to form 3-phenylisoxazole (equation 42) is exothermic by 16 kImol~'. The gas phase
enthalpy of formation of the latter species' is 139.5 £ 6.2 kJmol~'. (As the isoxazoles
are nominally aromatic, they are not included here as unsaturated oxime ethers.)

N
o N Fh H0 + 0 Hy—fh
_ (42)

HO

Assuming that the exothermicity is independent of phase and using the gas phase
enthalpy of formation of water (—241.818 kI mol~!) gives us the desired enthalpy of
formation of the isoxazoline of —86 kImol~!. If we assume that the liquid phase is
appropriate, then with the enthalpies of formation of the liquid phenyl isoxazole and
water we find —194 kI mol~!. Are these values plausible? We will continue with our gas
phase preference. Let us make the following assumptions. The introduction of a nitro
group into isoxazoline is the same as in benzene, i.e. reaction 43 is thermoneutral.

NO
N N 2
G O OO

The strain energies of isoxazolidine and isoxazoline are the same, and so using the derived
enthalpy of formation of the former from an earlier section (9 kJmol~!) and that of the
two methyl ethers from the calculations of Reference 8 (MeCH=NOMe is —7.1 kJ mol~!
and MeCH,NHOMe is —60.5 kI mol~'), equation 44 is thermoneutral.

N

. _N
O ) + Me—CH=N-OMe 0 \7 + Me—CH,—NH—-OMe
(44)

Equations 43 and 44 are equally valid and so we should average their results of 54
and 62 kJ mol~!, respectively, to derive the enthalpy of formation of isoxazoline to be
59 kJmol~!.

The introduction of a phenyl group in isoxazole and isoxazoline has the same enthalpic
change and equation 45 is thermoneutral, and so the enthalpy of formation of phenylisox-
azoline is 116 kJmol~".

H

N

N N N
o \7 + O\/_\7/ Ph O\/_\7/ Ph o’ \7 (45)
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Hydroxylating 3-phenylisoxazoline is enthalpicly the same as for cyclopentane, with an
added 39 kI mol~! for anomeric stabilization (equation 46)7°.

N N
o N—Ph OH o N—Ph
(46)

HO

The resulting value for the enthalpy of formation of 3-phenyl-A2-isoxazoline-5-ol is
—86 kJ mol~!, which is in fine agreement with that obtained from the reaction calorimetry.

Interestingly, two of the other species in Table 3 are nitrolates, i.e. ethers of
a-nitrooximes, an otherwise thermochemically unprecedented class of compounds.
We already have briefly discussed one, 3-nitroisoxazoline, and the second is 1-
nitroacetaldehyde O-(1,1-dinitroethyl)oxime (Ono-1,1-dinitroethyl acetonitronate), MeC
(NO;);—O—N=C(NO;)Me. The latter acyclic species is a derivative of 1,1-
dinitroethanol—we know of the enthalpy of formation of no other «-nitroalcohol or
derivative. Nonetheless, we may ask if the two calorimetric data are internally consistent.
Consider the condensed phase reaction 47, which involves formal cleavage of the C*—C>
bond in the nitroisoxazoline by the C—H bond of the dinitromethane. It is assumed that the
isoxazoline has the same strain energy as the archetypal 5-atom ring species cyclopentane
and cyclopentene, ca 30 kJmol~'.

o~ N
O* No, t+  CHx(NOy),

Equivalently, the enthalpy of reaction 47 is equated to that of the analogous (unsub-
stituted, saturated, carbocyclic) reaction 48. The difference is 29 kJ mol~!, taken as the
strain energy of cyclopentane.

-NO,
HC(NO,),CH,ON=C M a7
(&

Q +  MeCH, ———=  Me,CHCH,CH,CH,CH,Me  (48)

Using enthalpies of formation of the liquid species from Reference 1, the enthalpy of
formation of the liquid 2,2-dinitronitronate ester is ca —155 kJ mol .

Reaction 49 involves the isomerization of the 2,2-dinitro compound to its 1,1-isomer,
which is of direct interest here. The latter is plausibly more strained and so its enthalpy of
formation would be more positive. The phase change—from a liquid to a solid—would
result in a more negative enthalpy of formation. If these two changes are assumed
to cancel, we would predict an enthalpy of formation of 1-nitroacetaldehyde O-(1,1-
dinitroethyl)oxime of —151 kI mol~! while the literature value is —165.5 kJ mol~'. That
these two values are close suggests that the two nitrolate enthalpy of formation values
are at least self-consistent.

_NO, _NO,
HC(NO,),CH,ON=C~ —_— MeC(NO,),ON=C~ (49)
Me Me

By use of direct combustion calorimetry and that of the isomerization of reaction 50,
we are told”! that 7,8-dimethoxy-1H-2,3-benzoxazin-1-one (opianic anhydride oxime) is
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220 kI mol~! less stable than the corresponding dimethoxylated phthalimide (hemipin-
imide). Again we ask: ‘is this value plausible?’

OMe O OMe o
MeO MeO
? - NH (0)
_N
(0]

Let us assume that the effect of the dimethoxy groups is the same for both species
and that the enthalpy difference is independent of which phase is chosen for the two
species. From combustion and sublimation measurements, the enthalpy of formation’* of
gaseous phthalimide is found to be —211 kJ mol~'. Accordingly, the enthalpy of formation
of gaseous 1H-2,3-benzoxazin-1-one is predicted to be ca 10 kImol~'. Now consider
isatoic anhydride and its gas phase enthalpy of formation’® of —406.2 & 3.5 kJmol~'.
Let us convert the CONH group therein to a C=N group to form 4 H-5,6-benzoxazin-
4-one (reaction 51), and assume that this reaction has the same endothermicity as for
other gaseous amides’ of ca 252 & 20 kJmol~!. Accordingly 4 H-5,6-benzoxazin-4-one
is predicted to have a gas phase enthalpy of formation of —154.2 kJ mol~!.

(0]

0 0
0 (¢} N O (1)
@ixo — @ A
H

Reversing the CH=N group position in 4 H-5,6-benzoxazin-4-one should result in the
same isomerization enthalpy as from HC(NMe)OMe to MeCHNOMe. The enthalpy of
formation of the latter species was calculated to be —7.1 kJmol~! from the high-level
quantum chemical calculations of Reference 4. The enthalpy of formation of the for-
mer species is unknown. However, if we accept the gas phase isomerization enthalpy
of dimethylamides to methyl imidates (69.6 & 13.4 kI mol~!) in equation 52 from Refer-
ence 75,

O OMe

1] |
RCHMe, RC=NMe

(52)

and the enthalpy of formation of dimethylformamide from Reference 1, —192.4 4 1.8,
we derive the enthalpy of formation of the desired formimidate ester to be —123 +
13 kJmol~!. The isomerization enthalpy in equation 51 is thus calculated to be 116 kJ
mol~!, resulting in the predicted enthalpy of formation of 1H-2,3-benzoxazin-1-one of
ca —38 kImol™'. The two values, +10 and —38 kI mol~", are disparate by 48 kJ mol .

Now where does the discrepancy lie? An acyclic paradigm was used for the oxi-
mate/imidate interconversion. Had we used the plausibly aromatic paradigm of isoxa-
zole/oxazole, the isomerization enthalpy would have been 95 kI mol~! where the requisite
enthalpies of formation are from References 76 and 1, respectively. This difference is
meaningfully distinct from that of the acyclic paradigm but still does not particularly
ameliorate the difference. Is it possible that the N—O bond in aryl and alkyl oxime ethers
are profoundly different? Could it be that we have neglected any antiaromaticity in the 8
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phthalimide and aromaticity in the 10 & 1H-2,3-benzoxazin-1-one? The former contribu-
tion is quite negligible’’; the latter remains undetermined’®. The only other conclusion is
that tl;e initial isomerization enthalpy of hemipinimide into opianic oxime anhydride is in
error’’.

The last species is Ph,C=N—OPh, where its enthalpy of formation does not appear
in our table of enthalpies of formation of oxime ethers. The N—O bond dissociation
energy, i.e. roughly the enthalpy of reaction 53, has been measured®® and the enthalpy of
formation of PhO® is quite reliably known, e.g. see Reference 81.

Ph,C=N—OPh —— Ph,C=N" + PhO" (53)

What is known about the enthalpy of formation of the other fragment radical, Ph,C=N"?
The enthalpy of formation of H*® is well-established and that of Ph,C=NH has been calori-
metrically determined®?. The N—H bond energy in this imine, i.e. roughly the enthalpy
of reaction 54, has been reported, twice3%83.

Ph,C=NH ——> Ph,C=N" + H" (54)

These data should allow us to derive the desired enthalpy of formation of the iminyl
radical. The problem is that the two results differ by ca 100 kJmol~!'! The effect of
substituents on the thermochemistry of oximes, their ethers and related imines are not so
well-established for us to attempt deciding between these two bond energies.

Viil. HYDROXAMIC ACIDS AND THEIR DERIVATIVES

Hydroxamic acids are a highly important class of compounds as discussed in other chapters
in this volume. Nonetheless, their thermochemistry appears limited to surprisingly few
species. See Table 6.

Hydroxamic acids are related to amides as hydroxylamines are related to amines. N-
Hydroxylation of a gaseous primary amine is ca —27 kJmol~! and greater exothermicity
is expected for the condensed phase because of intermolecular hydrogen-bonding. Is this
true for amides as well? The enthalpy of formation of solid oxalamide, (H,NC=0),, is
—504.5 4 5 kI mol~! corresponding to a ca —19 kJ mol~"! difference between the diamide
and the corresponding dihydroxamic acid, oxalohydroxamic acid, per structural unit. The
change is thus smaller than for amines. N-Hydroxylation of 2-pyridone, from its archival
enthalpy of formation of —166.3 £ 1.8 kI mol~!, to N-hydroxy-2-pyridone in Table 6, is
—32.440.4 kJmol~!. The structurally dissimilar diamide and aromatic pyridine would
not be expected to have closely similar differences.

What about the isomers of the hydroxamic acids, the O-acyl derivatives of hydroxy-
lamine? Having mentioned early in this study that N-methylhydroxylamine is more stable
than its O-isomer, we are thus intrigued by the finding®’ that N-benzoylhydroxylamine
(benzohydroxamic acid), or at least its N-¢-butyl derivative, is less stable than its corre-
sponding O-benzoyl isomer as shown by the thermal isomerization of the former to the
latter, equation 55.

PhC(O)N(Bu-t)OH —— (¢-Bu)NHOC(O)Ph (55)

Although perhaps explicable, or at least precedented, in terms of the greater resonance
energy of esters than corresponding amides®®, nonetheless, a further study is welcomed
as this is the only thermochemical information we have on this class of compounds.

We close this section with a mention of the enthalpy of formation®® of 1,2-benzisothia-
zol-3(2H)-one (dideoxysaccharin). This compound is thermochemically unique as it is
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the sole example for a thiohydroxamic acid ester. Indeed, there are no other examples
of thiohydroxamic derivatives for which there is a measured enthalpy of formation and
so this species remains in sweet, solitary splendor®®. What about sulfur analogs of our
classes of compounds, such as species with S—N bonds reminiscent of hydroxylamines?
Species with the N—S—N functionality that have been thermochemically studied are
Et;NSO,NEt,, Et;NS(O)NEt, and Et;NSNE?t,, although the last is admittedly unmea-
sured, but plausibly understood® in terms of the related measured disulfide, Et;NSSNE,.
The enthalpy of formation has also been measured®! for the heterocyclic S;NH, also with
the S—N—S functionality. Only quantum chemical calculations®? are available for the
archetypal N—S species NH,SH. The sparse organic thermochemistry of such species,
recognized as sulfenamides, has been reviewed’®. It appears that we cannot compare the
energetics of isoelectronically related N—S and N—O containing species. Perhaps this will
be realizable in a future review of the thermochemistry of hydroxylamines, oximes and
hydroxamic acids.
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. INTRODUCTION
A. NMR Applied to Hydroxylamines, Oximes and Hydroxamic Acids

Nuclear magnetic resonance spectroscopy was adopted enthusiastically by chemists as
a structural and analytical tool after the discovery in 1950 of the phenomenon of the
chemical shift. As commented by Prof. J. D. Roberts in the Foreword of Reference 1,
those who were fortunate to be present at the beginning of the application of NMR to
chemistry in the mid-1950s were able to more or less ‘grow’ with the field and enter
the modern arena of multipulse and multidimensional NMR with substantial experience
with NMR fundamentals. Others, who may now consider using NMR in their research,
surely must feel at least somewhat overwhelmed by the enormity and sophistication of the
currently available knowledge of NMR. The problem is that to properly use modern NMR
requires a lot of rather specialized knowledge. The effects of couplings, of exchange, of
relaxation times, of low sensitivity, of solvents and so on make selection of conditions
for taking spectra and interpreting results far from routine. Serious errors may result from
the misuse or improper consideration of these factors!.

There are a large number of structural parameters for NMR of different nuclei and
many examples of how they can be applied to the analysis of hydroxylamines, oximes
and hydroxamic acids. Fortunately though, there are many very clear, meticulously written
descriptions of INEPT, DEPT, INADEQUATE, COSY, NOESY and the like, in one- and
two-dimensional NMR spectroscopy, that are cited in the references. Since their content
is beyond the scope of the present chapter, a brief mention of some of the fundamental
concepts that are essential for its understanding by the nonspecialist is in order.

B. Basic Concepts of NMR

Most atomic nuclei have an angular momentum (L) resulting from their nuclear spin.
Hydroxylamines, oximes and hydroxamic acids are made up of hydrogen, carbon, nitro-
gen and oxygen nuclei. Some of their derivatives of interest may also contain fluorine,
phosphorus and silicon. Owing to their complexing ability they may also coordinate
with metals or with elements in different types of materials. Thus, spectra from hydro-
gen, deuterium, tritium as well as carbon-13, nitrogen-14 and nitrogen-15, oxygen-17
and other nuclei may be observed. Whether their use is practical for different types
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TABLE 1. Properties of selected nuclides of importance in NMR spectroscopy

Nuclide Spin / Electric Natural Relative ~ Gyromagnetic ~ NMR frequency
quadrupole abundance sensitivity ® ratio y (MHz)
moment (%) (107 rad T-! (B, = 2.3488 T)"
eQ (10—28m2)u s—l)a
'H 12 — 99.985  1.00 26.7519 100.0
’H 1 2.87 x 1073 0.015 9.65 x 103 4.1066 15.351
3He 12 — — 1.21 28.5350 106.664
108 3 8.5 x 1072 19.58 1.99 x 1072 2.8747 10.746
g 32 4.1 x 1072 8042  0.17 8.5847 32.084
2c 0 — 98.9 — — —
e 12 — 1.108  1.59 x 1072 6.7283 25.144
4N 1 1.67 x 1072 99.63 1.01 x 1073 1.9338 7.224
5N 172 — 0.37 1.04 x 1073 —2.7126 10.133
160 0 — 99.96 — — —
170 512 —2.6x1072 0.037 291 x 1072 —3.6280 13.557
19F 12 — 100 0.83 25.1815 94.077
Na 32 0.1 100 9.25 x 1072 7.0704 26.451
28i 12 — 4.70 7.84 x 1073 —5.3190 19.865
3p 12 — 100 6.63 x 1072 10.8394 40.481
MK 32 5.5 x 1072 93.1 5.08 x 10~ 1.2499 4.667
5TFe 172 — 2.19 3.37 x 1073 0.8687 3.231
¥Co 712 0.42 100 0.28 6.3015 23.614
133Cg 712 3.0 x 1073 100 4.74 x 1072 3.5339 13.117
195p¢ 12 — 33.8 9.94 x 1073 5.8383 21.499

“ Values from References 2 and 3.

b Values from the Bruker Almanac, 1992; sensitivity is expressed relative to 'H for constant field and equal
numbers of nuclei.

¢3H is radioactive.

of work depends on the natural abundance of these isotopes (or techniques available for
enrichment) as well as on properties related to their behavior in the presence of a magnetic
field.

Quantum mechanical considerations show that, like many other atomic quantities, this
angular momentum is quantized and depends on /, which is the angular momentum
quantum number, commonly referred to as nuclear spin. The nuclear spins of I = 0, 1/2,
1, 3/2,2 ... up to 6 have been observed (see also Table 1). Neither the values of I nor
those of L (see below) can yet be predicted from theory.

The angular momentum L has associated with it a magnetic moment . Both are
vector quantities and they are proportional to each other. The proportionality factor y is a
constant for each nuclide (i.e. each isotope of each element) and is called the gyromagnetic
ratio, or sometimes the magnetogyric ratio. The detection sensitivity of a nuclide in the
NMR experiment depends on y; nuclides with a large value of y are said to be sensitive
(i.e. easy to observe), while those with a small y are said to be insensitive.

Nuclides with spin / = 0 therefore have no nuclear magnetic moment. Two very impor-
tant nuclei, the '>C isotope of carbon and the '°0 isotope of oxygen, belong to this class
of nuclides—this means that the main building blocks of organic compounds cannot be
observed by NMR spectroscopy.

For most nuclides the nuclear angular momentum vector L and the magnetic moment
vector p point in the same direction, i.e. they are parallel. However, in a few cases, for
example, PN, they are antiparallel.
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C. ‘Other’ Nuclides

It is possible to obtain NMR spectra of nearly all elements, although not always from
observing the isotope with the highest natural abundance, as can be seen from the examples
of carbon and oxygen. For reasons connected with the historical development of NMR
spectroscopy, nuclei of all species other than 'H are referred to as heteronuclei.

The procedures for recording spectra of heteronuclei often differ considerably from
those for 'H and '*C (which would today be considered ‘routine’) since it is neces-
sary, even for routine measurements, to adjust the experimental conditions to suit the
special properties of the nuclei to be observed. For example, the spin—lattice relaxation
times for some nuclides, such as 1N, are very long, whereas for others (especially those
with an electric quadrupole moment, such as '“N) they are very short. Also, the spectra
observed for some nuclides contain interfering signals caused by other materials present,
for example the glass of the sample tube (!'B, ?°Si), the spectrometer probe unit (*’ Al) or
the transmitter/receiver coil. For many nuclides the sample temperature and its constancy
are important factors; for example, quadrupolar nuclides such as 7O give narrower signals
when the temperature is increased.

The behavior in a magnetic field of any nucleus with spin / = 1/2 is similar to that of
'H and '3C. This group includes *H, >N and many others. Some of these nuclides, such
as *H, are easy to observe (sensitive nuclides), as they have a large gyromagnetic ratio y
and a large magnetic moment 77, whereas others, such as I5N, are not so favorable. These
insensitive nuclides suffer from the additional disadvantage of low natural abundances (e.g.
0.37% for '>N; see Table 1). For nuclides such as these the pulsed method of observation
is essential, as in the case of '*C. However, this often presents technical problems owing
to the fact that the range of chemical shifts for nuclei that differ in their substituents or
coordination is usually very large, requiring a correspondingly large spectral width.

By far the majority of heteronuclides belong to the group with 7 > 1/2. A small selec-
tion of these is listed in Table 1. All such nuclides have an electric quadrupole moment
eQ, and they usually give broad NMR signals due to shortening of the relaxation times
through the interaction of the quadrupole moment with local electric field gradients. Often
this means that one is unable to observe any multiplet splitting due to coupling with other
nuclei, or even to resolve chemical shift differences. Exceptions to this are those nuclides
that have a relatively small quadrupole moment, such as deuterium, 2H. Other exceptions
occur when the quadrupolar nucleus is in a symmetrical environment; a typical example
is the '“N resonance of the symmetrical ammonium ion NH,*.

1. Nitrogen ("*N and °N)

The isotope *N, with a natural abundance of 99.9%, has nuclear spin I = 1 and gives
broad signals which are of little use for structural determinations. The >N nucleus, with
I = 1/2, is therefore preferred. However, the low natural abundance of about 0.4% and the
extremely low relative sensitivity (Table 1) make measurements so difficult that >N NMR
spectroscopy was slow to become an accepted analytical tool. A further peculiarity is the
negative magnetogyric ratio since, in proton decoupled spectra, the nuclear Overhauser
effect can strongly reduce the signal intensity. DEPT and INEPT pulse techniques are
therefore particularly important for '’N NMR spectroscopy.

The two isotopes '“N (I = 1) and N (I = 1/2) both have only small values of § and
thus belong to the class of insensitive nuclides. Although the electric quadrupole moment
of N is relatively small and the signals are therefore not very greatly broadened, the
overwhelming majority of nitrogen NMR studies are now performed on >N using natural
abundance samples, despite the difficulties involved. The spread of chemical shifts for
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the widest possible variety of compounds is about 900—1000 ppm. Nitrogen nuclei in
amines are the most strongly shielded, while those in nitroso compounds are the least
shielded.

2. Oxygen ('70)

170 is the only oxygen isotope that gives NMR signals. With a nuclear spin of 5/2, a
natural abundance of only 0.037% and an electric quadrupole moment (even though this
is not very large), !70 is not a favorable nuclide for NMR measurements. Nevertheless,
owing to the great importance of oxygen, numerous studies have been carried out, mostly
confined to the measurement of chemical shifts. The most strongly shielded "0 nuclei
are those in compounds with singly-bonded oxygen, such as alcohols and ethers (§ = —50
to +100, referred to §[H,O] = 0). The least shielded are those in nitrites (§ ca 800) and
nitro compounds (§ ca 600), where the oxygen atom is doubly bonded. A carboxy group
OC=0 gives only one signal, showing that the two oxygen nuclei are isochronous.

D. Spectral Parameters: A Brief Survey
1. The chemical shift

Nuclear resonance is influenced in characteristic ways by the environments of the
observed nuclei. However, nuclei are always surrounded by electrons and other atoms.
Thus, in diamagnetic molecules the effective magnetic field B,y at the nucleus is always
smaller than the applied field B,, i.e. the nuclei are shielded. The effect, although small,
is measurable. This observation is expressed by equation 1:

Beﬂ =B,—0B,=(1-0)B, (D

Here o is the shielding constant, a dimensionless quantity which is of the order of 1073
for protons, since the shielding increases with the number of electrons. It should be noted
that o-values are molecular constants which do not depend on the magnetic field. They
are determined solely by the electronic and magnetic environment of the nuclei being
observed.

2. Spin-spin coupling

a. The indirect spin—spin coupling. Neighboring magnetic dipoles in a molecule interact
with each other. This spin—spin coupling affects the magnetic field at the positions of
the nuclei being observed. The effective field is stronger or weaker than it would be in
the absence of the coupling and alters the resonance frequencies. The cause of this fine
structure is usually explained by taking examples from 'H NMR spectroscopy, but the
same considerations can be extended to '*C and other nuclides with I = 1/2.

The fine structure is caused by the so-called indirect spin—spin coupling, indirect
because it occurs through the chemical bonds. Nuclear dipoles can also be coupled to
each other directly through space.

b. Coupling between protons and other nuclei; > C satellite spectra. In the '"H NMR
spectra of organic molecules one normally only sees H,H couplings. However, for mole-
cules containing carbon, nitrogen or other nuclei which have a magnetic moment, the
couplings to these nuclei are also seen. The same rules apply as for H,H couplings. For
these heteronuclear couplings there is the additional simplification that Av > |J|, and
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thus the condition for first-order spectra is nearly always fulfilled. Special mention must
be made of the couplings between protons and '*C nuclei. These C,H couplings make
themselves apparent in the 'H NMR spectrum by the '*C satellite signals.

3. The intensities of the resonance signals

The area under the signal curve is referred to as the intensity or the integral of the
signal. Comparing these intensities in a spectrum directly gives the ratios of the protons
in the molecule. In the case of multiplets one must, of course, integrate over the whole
group of peaks.

Signal intensities are next in importance to chemical shifts and direct spin—spin cou-
pling constants as aids to structure determination: they also make possisle the quantitative
analysis of mixtures. However, this only applies to more abundant isotopes, i.e. protons
and '°F. For nuclei of relatively low natural abundance and sensitivity, detection methods
are used which have the undesirable side effect of distorting the integrals that are used to
determine the signal intensity. Details of these causes are given in NMR texts!. It must
be pointed out here that spectra for more insensitive nuclei are usually recorded under
conditions in which signals are amplified by the nuclear Overhauser effect (NOE). For the
present purposes, an NOE can be defined as an increase in signal intensity of insensitive
nuclei (3C, N, for example) when more abundant nuclei ('H, '°F, for example) are
irradiated.

E. Data on NMR of Hydroxylamines, Oximes and Hydroxamic Acids

As the first commercial NMR instruments became available, a significant part of the
empirical knowledge related to the structure and reactivity of organic compounds was
under close scrutiny. Model compounds that could be used to test certain concepts or
effects were subject to spectroscopic techniques and a framework for interpreting spectra
based on structural properties began to develop.

Although some of this early work was based on '*N nuclei which are of special interest
for studies of hydroxylamines, oximes and hydroxamic acids, a variety of reasons led to
a concentration of work on '°F and, particularly, 'H nuclei. These include the sensitivity
of these nuclei to the method, the advent of commercially available instrumentation to
allow exploitation of this sensitivity, the abundance of 'H compounds and the unfavorable
spectral characteristics of N *.

Moreover, NMR studies of protons attached to N were complicated by the same
agency and in many cases broadening was accentuated by the ability of the N—H bond,
which permitted rapid proton exchange. Hydrogen bonding (which renders proton shifts
very sensitive to conditions of temperature, concentration and solvent) initially also limited
the usefulness of proton magnetic resonance for structural analytical studies of compounds
containing nitrogen. On the other hand, there are periodic revivals of interest on the part
of NMR spectroscopists in nitrogen systems, which are probably inevitable owing to the
importance of nitrogen compounds to preparative inorganic and organic chemistry, and
particularly to biochemists.

NMR parameters, such as chemical shifts and coupling constants, have been extensively
investigated through the use of organic compounds that exhibit restricted rotation, such as
oximes. NMR data are routinely used in determination of the stereochemistry of organic
compounds and rigid structures, such as oxime conformers, can help in the interpretation
of many of the physical and chemical properties that are associated with effects of lone
pairs on different types of systems that contain nitrogen.

NMR data on hydroxylamines, oximes and hydroxamic acids appeared at roughly the
same periods as those of other types of compounds with a small delay for '*N relative
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to 'H and for N relative to '3C. The development of NMR techniques applied to more
abundant nuclei (in this case '“N) quickly highlighted some of the difficulties which
would face chemists trying to use '*N NMR spectroscopy as an analytical tool. For
example, it became apparent that problems would arise from varying linewidths due
to the effects of electric quadrupole induced relaxation of '“N. Similarly there was a
dearth of studies employing the low abundance PN isotope, no doubt due to pessimistic
individual judgments that extensive studies on enriched compounds would be not only
expensive but would prove as unspectacular as the '*N studies. Nevertheless, the factors
which complicate nitrogen spectra did not discourage several laboratories that invested
considerable effort in the nitrogen area.

More recently, single and double resonance techniques on both N and >N compounds
are being employed for accurate shift and coupling constant measurements including
relative signs. Use of enrichment with >N has grown because of its favorable spectral
characteristics in proton magnetic resonance studies.

The last few years have seen the usual ‘dramatic’ increase in the number of publi-
cations in this area, coming from an impressive array of groups using the full range of
NMR techniques, and NMR data have been used to determine the stereochemistry of
rather complex systems containing hydroxylamines, oximes and hydroxamic acids, but
systematic studies have been concentrated mainly on oximes.

F. Scope and Limitation

In spite of the relatively large amount of work on the NMR of hydroxylamines, oximes
and hydroxamic acids, a comprehensive treatment of their NMR parameters is still not
at hand. They are usually studied in conjunction with other functional groups contain-
ing double bonds and serve to illustrate differences in parameters between E/Z isomers
or tautomeric forms of functional groups containing carbon, nitrogen and oxygen. The
dependence of certain carbon, nitrogen and hydrogen chemical shifts (and, sometimes,
coupling constants) on isomer populations is a complicating factor. However, substituents
or hydrogen bonding in certain systems may stabilize one of the conformations, simplify-
ing studies of dynamic equilibrium of rather well-defined geometries, which may be used
for stereochemical analysis.

Owing to their tendency to form complexes, there is a considerable amount of data on
the NMR spectra of these types of molecules. However, unless they provide relevant data
for the interpretation of NMR properties of the uncomplexed moiety, studies of complexes
with metals or elements on surfaces or in cavities of materials have not been included.

G. Organization and Classification

The intimate relationship between NMR parameters such as chemical shifts and spin—
spin coupling constants and molecular geometry is particularly evident for derivatives
with rigid frameworks. Therefore, structural and conformational effects are treated first
as a separate topic and then in conjunction with specific compounds. As data on hydrox-
ylamines, oximes and hydroxamic acids are not as extensive as those for other types of
systems containing nitrogen or oxygen, comparisons with their respective parameters or
effects have also been included wherever they are considered relevant.

Discussion of NMR data have been organized according to the nucleus and type of
parameter. They are used to exemplify general aspects of NMR data and are followed
by more specific examples. This material is arranged by parameter (chemical shifts, cou-
pling constants) and then by nucleus, in their order in the periodic table. Wherever general
aspects of discussions of substituent or conformational effects are at hand, they are treated
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separately. In other cases they are included along with the respective data on a certain
structure.

Il. STRUCTURAL AND CONFORMATIONAL EFFECTS

NMR plays an important role in the determination of chemical structures. Steric effects
are reflected by chemical shifts and coupling constants may be used to probe spatial
proximity or dihedral angles involving magnetic nuclei. Nuclear Overhauser effects are
widely used to determine distances between magnetic nuclei. In fact, protocols used
to determine structures of complex molecular systems are based on combinations of
these parameters. Stereochemical investigations of hydroxylamines, oximes and hydrox-
amic acids are based on comparisons of these parameters for similar compounds or their
combinations that are incorporated into techniques such as COSY, NOESY, HMBC,
HSQC and the like which are used to determine the connectivity among magnetic nuclei
and establish the corresponding structural features. Historically, hydrogen NMR played
an important role in establishing the relationship between geminal coupling constants
and molecular geometry for oximes. The influence of substituents on restricted rota-
tion and the relative population of the respective conformers were also investigated in
oximes>.

There is a strong influence of certain substituents on conformational equilibria. Data on
substituted cyclohexanone oximes and oxime ethers reflect hyperconjugative effects that
can be investigated by vicinal interproton coupling constants and anisotropic deshielding
by the oxime oxygen®. More recent work’ is also based on fluorine coupling to protons,
carbon and nitrogen and includes theoretical calculations.

lll. SPECTRAL PARAMETERS

There are a few compilations of NMR parameters that include hydroxylamines, oximes
and hydroxamic acids. Representative examples are given here and compared with data
on similar systems in order to establish specific relationships between molecular structure
and spectral parameters.

Chemical shifts are measured in ppm from the appropriate standard. The early literature
on '3C shifts is given relative to certain compounds, but nowadays the same standard
as hydrogen is used (tetramethylsilane; TMS). With other nuclei the situation is more
complex and there has been some discussion on the use of a certain standard. To avoid
this problem, all data are given relative to the standard used in the original literature
whereas its conversion to other scales for chemical shifts is given for each nucleus of
interest. No such problem exists, of course, with coupling constants.

A. Chemical Shifts
1. Proton spectra

The electric quadrupole effects of “N which limit the lifetimes of the spin states for
nitrogen are made manifest in the NMR spectra of nuclei coupled to '#N. The commonest
example is the N—H group. In the absence of exchange and if the relaxation for '“N
is slow, three equally intense proton lines are expected, arising from the three magnetic
spin states, +1, 0 and —1, for the nitrogen (>N in the same circumstance gives two lines
arising from the two magnetic spin states 4+1/2 and —1/2). For more rapid relaxation,
however, the lines broaden and, in the limit when the relaxation rate is large compared
with J("*“N—H), the lines collapse to a single broad line which narrows if the relaxation
rate increases further.
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The broadening effects of *N may be removed not only by >N substitution but also
by proton—!4N decoupling produced by double resonance techniques. The information
concerning J(N—H) is, however, lost in a decoupling experiment.

There are excellent texts on proton chemical shifts listed in the references and this topic
will not be discussed here. Specific aspects of substituent electronegativity, hyperconju-
gation and solvent effects are treated separately whenever a sufficient amount of data is
available for the purpose of interpretation.

2. Carbon-13

Carbon chemical shifts were employed in studies of conformational effects on aldoximes
and ketoximes. They appear in the region 145 to 163 ppm® and several values are
illustrated in Table 2. Such resonances are some 50 ppm to higher field relative to the cor-
responding carbonyl resonance. Where substitution is asymmetrical, differences in oxime
carbon chemical shifts are observed, depending upon the conformation of the oxime
N—OH. Such conformational isomerism also has a profound effect upon the chemical
shift of the «-carbon.

The carbon-13 NMR spectrum of acetone oxime has three resonances, the deriva-
tized carbonyl carbon at 154.5 ppm and the two nonequivalent CH3 groups at 21.5 and
14.7 ppm. The difference between the chemical shifts of the two methyl groups, 6.8 ppm,
is primarily a steric compression shift. This is clearly indicated in the carbon NMR spec-
trum of methyl ethyl ketoximes (Scheme 1), where the two oxime substituents are not
sterically identical and thus the two isomers are not present in equal amounts. In methyl

TABLE 2. Carbon-13 chemical shifts of oxime carbons®

.0 .0
H N N H
" 159.2 " 158.7
C. ,CH3 C. ,CH3
CH;”  “CH; CH;” “CHj
0. .0
H H N
C. 149.6 C. 146.4
OH NOH NCn
.y 152.4 ' 159.4
.0.
NH YOHO
é 154.3 cC—C 156.6
CHy” © CH; HsC CH;
_OH HO .
N N
I I
CH; C CH;
Hi¢~  CH5 HiC~  CHs

SCHEME 1. Isomers of methyl ethyl ketoxime
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ethyl ketoxime the observed isomer ratio is 77:23 in favor of the isomer with the N—OH
group facing the methyl group®.

3. Nitrogen-14 and -15°

Nitrogen chemical shifts of organic compounds are reviewed in Chapter 5 of Refer-
ence 4. The range of >N chemical shifts is about 600 ppm wide. If extreme values for
metal complexes are included, it extends to over 1400 ppm. Nitromethane is the recom-
mended reference (it can be added in a sealed-off capillary). Values are also frequently
quoted with respect to a saturated aqueous solution of ammonium chloride or ammonium
nitrate. The following SN shift values can be used to convert the §-values:

CH3;NO, §=0.0

NH,4CI 8§ =-3529

NH4NO; S§(NHs1) = —359.5
S(NO3™) =-39

In principle, >N NMR spectroscopy is very important for structural analysis, since
N-containing functional groups and N atoms in molecular skeletons are frequently encoun-
tered. Table 3 gives a summary of the shift ranges of the more important classes of
compounds. When quoting specific 8-values it should be remembered that the "N NMR
signals often depend strongly on the concentration and temperature, and particularly on
the solvent. Intermolecular hydrogen bonds often play an important role.

I5N shifts can often show remarkable differences. Thus A§ in the azene resonance forms
below 1 < 2 is almost 600 ppm. The charge distribution would, as in a diazo compound,
suggest the reversed signal assignment; however, the large paramagnetic term, attributed
to low-energy electronic transitions (n — 7* transitions), is decisive for the chemical
shift. The nitrene nitrogen of the aminonitrene therefore appears at very low field.

-58.8
/ +536.8
C/E N N=N -~
(N, PN) = 15.5 Hz
® 2

On formation of the hydrochloride 4 of diethylamine 3, a low field shift A of less
than 4 ppm is observed.

H
HsCy +HCI HsC, | R
N-n —— NC @
’e 7/
H5C2 —HCl H5C2 H
-333.7 -330.1
3 @

A comparison with the 'H and '3C NMR of ammonium salts 5/7 and zwitterion 6
shows that the positive charge is essentially located not on the central nitrogen atom, but
on the substituents.
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TABLE 3. SN chemical shifts of examples of the more important classes of compounds (§-values
referred to CH3NO,); for chemically nonequivalent >N nuclei the §-values are given in the order
of the number indicating the atoms’

Class of compound Example Solvent 8
Amides Formamide HCO-NH, Neat liquid —267.6
1) N-Methylformamide HCO—-NH—-CHj; Neat liquid —270.1
I N,N-Dimethylformamide HCO—N(CH3;), Neat liquid —275.2
/C\ Benzamide C¢Hs—CONH, DMF —279.3
N— Methyl CH30—CO—N(CH3), Chloroform —314.2
| dimethylcarbamate
Urea H,N—CO—-NH, Water —305.0
Thiourea H,N—-CS—NH, Water —273.3
Imines, Oximes, N-Methylbenzaldimine CeHs—CH=N—-CHj; Chloroform —62.1
Hydrazones N-Phenylbenzaldimine C¢Hs—CH=N—-C¢H;s Chloroform —54.1
N 7 Acetone oxime (CH3),C Chloroform —459
/C =N Benzaldehyde oxime C¢Hs—CH=NOH Chloroform —26.3
Benzaldehyde _ N - DMSO —237.0
N-phenylhydrazone CeHs CH_I;I I;IHC()HS —54.0
Azo-compounds (Z)-Azobenzene - Chloroform +146.5
N=N
Azoxy-compounds \
HsCe CeHs
_ N= N; (Z)-Azoxybenzene HsC s Chloroform :‘5‘.2;
(0] /N = N\ '
o) CeHs
E)-A hlorof —36.
(E)-Azoxybenzene HsCy O 2o Chloroform _?gg
N=N '
(6]

Amino acids show the expected dependency of the §(N)-values on pH:

H3N+— CH, - COOH % H3N+— CH,—-COO
3473 —345.4
) (6)
+ _ -H* -
H;N—CH,~COO === H,N—CH,~COO
—345.4 —354.7
(6) @)

The rapid tautomerism due to the intermolecular exchange of protons between two N
atoms in azoles can be slowed down by using DMSO as solvent to such an extent that
even at room temperature different "N signals appear.

Apart from tautomerism between identical structures, I5N' NMR can also be used to
investigate tautomeric equilibria between states of different energy. Thus it can be shown
that barbituric acid exists as a urea derivative and is only formally a pyrimidine derivative.

In this group of molecules there is a double bond at the nitrogen atom in a structure
which may be conventionally written as
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Y\
N=X

where X = C, Y = OH or OR for oximes and their ethers, respectively. The corresponding
N-oxide structure

is characteristic of nitrones (X, Y = alkyl) and azoxy compounds (X = N, Y = alkyl,
aryl). These structures resemble those in azines and their N-oxides, respectively, and the
corresponding nitrogen chemical shifts are also alike, as can be seen from Tables 3 and
4. There is also a downfield shift for compounds with the N=N structure as compared
with the C=N structure. The nitrogen resonance signals of the N-oxide structures such
as azoxybenzene, nitrone or furoxan are shifted upfield relative to the parent structures
of azobenzene, imines and furazan, respectively, similarly to azine N-oxides relative to
azines.

upfield

.o .o +  ee
—N=N— —gpm T N=N—
o
azo azoxy
—9-N=c— T —§-N=c—
. N | shift b | - |
o
oxime (furazan) furoxan
o upfield +
R=N= $ shift R ITI N C|j
o
imine nitrone

Nitrogen chemical shifts are clearly different for the isomeric structures of nitrones,
oximes and nitroso compounds.

Screening-constant Frequency
scale (ppm) scale (ppm)
Oxime, R,C=N-OR ca +30 ca +300
N ca +100 ca +230
Nitrone, R~ ITI =CR;
o
Nitroso compound, R3;C—N=0 —400 to —500 +700 to +800

For azo compounds R—N=N-—R, it has been suggested that the nitrogen resonance
signal moves to higher fields (lower frequencies) with increasing electronegativity of the
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TABLE 4. Nitrogen chemical shifts (ppm) of some oximes and related structures*

Compound Solvent Screening-constant  Frequency scale  '*N Resonance
scale referred to J referred to half-height
internal MeNO, or MeyN+TX~ width (Hz)
NO5;~ ¢
5 (N)
MeCH=NOH CCly +27+4 +306 900
Me,C=NOH CCly +44 £5 +288 1100
H;Cq  Me
=N+ acetone (satd) +103 +4 +230 70
o

acetone (satd) +94 £+ 1 +238 100

“ Direct '“N measurements, referred to internal MeNO,.

groups R, but the low accuracy of the '“N measurements in this case and the rather arbi-
trary classification of substituents R according to electronegativity makes the conclusion
rather premature.

Molecules which contain the nitroso group R “N=0 give nitrogen NMR signals at

very low fields (high frequencies). Their chemical ‘shifts are clearly outside the spectral
range of all other organic compounds. Their “N resonance linewidths are usually large.
It is possible to make a spectroscopic distinction in this group of molecules between the
following subgroups:

Screening-constant Frequency
scale (ppm) scale (ppm)
Nitrosamines, R,NNO and ca —150 to —200 4480 to +530
nitrites, R—O—NO
Thionitrites, R—S—NO and ca —350 to —450 +680 to +780
nitrosoalkanes, R—NO
Aromatic nitroso compounds ca —500 +830

The shifts for nitrites RONO distinguish them from the isomeric nitro compounds,
RNO,. There is also a remarkable difference in nitrogen chemical shifts between the
isomeric structures of nitroso compounds and oximes:

Screening-constant Frequency
scale (ppm) scale (ppm)
Nitroso compounds, R,CH—NO —400 to —500 +730 to +830
Oximes, R,C=N—-OH ca +30 ca +300

The nitrogen chemical shifts of the nitroso group show a roughly linear correlation with
the energies of the lowest transitions observed in the electronic absorption spectra. The
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decreasing energy is accompanied by a downfield nitrogen chemical shift. The nitroso
structure is a very peculiar case: theoretical calculations indicate a dominant contribution
(deshielding) to the nitrogen screening constant by the lowest-energy excitation connected
with the presence of the lone electron pair at the nitrogen atom in the NO group. This is an
exception which constitutes an explanation of the observed relationship between the shifts
and the transition. For other organic compounds, attempts to explain nitrogen chemical
shifts in terms of experimental electronic transitions have not been very successful.

The SN chemical shifts for Z and E forms of 21 aliphatic ketoximes (8—29 in Table 5)
were thoroughly investigated'®. They are found in the range 31.4—63.9 ppm. Shieldings
for ten aliphatic aldoximes appear between —4.0 and 30.1 ppm (Table 6).

The shifts listed in Table 5 show that the '°N resonances of the Z isomers of acyclic
ketoximes appear upfield of the resonances of the corresponding E isomers. The differ-
ences range from 2.2—5.1 ppm and increase with the increased branching at the 8 carbon,
where § is defined in the following notation:

OH

7

N

Yoo Y

§.C. .C_ .C

¢’ “cTavc” cC
B B

The N resonances of the Z aldoximes 31a—43a (Table 6) differ in being downfield
of those for the corresponding E isomers 31b—43b and of formaldoxime 30. The differ-
ences between the aldoxime isomer pairs decrease from 4.3 to about 0 ppm as branching
increases at the 8 carbon. In general, >N shifts of E isomers are relatively insensitive to
the bulk of R and remain approximately the same throughout a series, whereas the shifts
of the Z isomers move upfield as the steric interaction between R and the OH group
increases as a result of introduction of bulkier R groups.

Solvent effects indicate that the chemical shifts of the nitrogen of oximes, like other
azine nitrogens, are significantly influenced by the second-order paramagnetic effect asso-
ciated with the unshared pairs of nitrogen. If this is true, then the shift difference between
acetaldoxime isomers may be ascribed to a lowering of the n — p©* transition energy when
the CHj is frans to the lone pair, despite the steric interactions which should produce
an upfield shift. The '*C resonance of the methyl carbon of Z-acetaldoxime is 3.8 ppm
upfield of the methyl carbon of E-acetaldoxime. Apparently with increasing size of R, the
influence of steric interactions on the nitrogen shifts of Z-aldoximes tends to overcome
the direct effect of the methyl group on the n — p©* transition energy and the Z—E shift
differences become smaller. In the ketoxime series, the Z-oxime "N resonances appear
to be always upfield of the E-oxime resonances.

Substitution of methyl for hydrogen at the o carbon of an oxime causes an upfield
shift of the nitrogen resonance. Although these shifts are similar in direction, they are
about twice the magnitude of those observed for the corresponding carbons of alkenes.
Examples are

H\ P CH3\ " Z+11.3 ppm
/C =NOH /C =NOH
CH; CH; E+15.6 ppm
H\ " CHj N B cis + 5.8 ppm
C=CHCHj3; /C =CHCH;

CHjy CHj; trans + 7.2 ppm
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TABLE 6. "N chemical shifts¢ of aldoximes!'’

R. OH y_ OH
"C=N °Cc=N
R
No. SN

R z E z E

H 30 —4.0(336.8) "

CH; 31a 31b 24.1(308.7) 28.4(304.4)
CH;CH, 32a 32b 26.6(306.7) 28.2(304.6)
CH;CH,CH, 33a 33b 25.4(307.4) 27.2(305.5)
(CH3),CH 34a 34b 30.0(302.8) 30.1(302.7)
(CH3),CHCH, 35a 35b 26.0(306.8) 26.5(306.3)
CH;CH,(CH;)CH 36a 36b 28.9(303.9) 28.8(304.0)
CH;CH,(CH3)CHCH, 37a 37b 26.0(306.8) 26.0(306.8)
(CH;CH,),CH 38a 38b 25.8(307.0) 28.0(304.8)

O 39a 39b 28.3(304.5) 28.5(304.3)
@ 40a 40b — 20.1(312.7)
CH; @ 41a 41b — 23.1(309.7)
CH;0 @ 42a 42b — 24.7(308.1)
cl O 43a 43b — 17.3(315.5)

¢ See footnote a in Table 5.
b Measured as a 20 mol% solution in water.

(where * marks the atom undergoing the NMR transition). These shift changes contrast
with the downfield >N and '3C shifts generally observed for attachment of methyl to a
carbon connected to the nucleus being observed by a single bond, as in the following
structures:

o

| * * | * | *
CH;—C—C  CH;—C—C=C CH;—C-N CH3—?—N=C

These effects are well established for alkanes and alkenes, and also for alkylamines
and N-benzylidenealkylamines'.
The effect of different substituents on 'H, '3C and >N spectra of salicylaldoximes

(44-51) was investigated.'!
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7
CH=NOH
1 ’
6 2 R
5 3
4
R
No R’ R
44 OH 5-NO,
45 OH 5-Cl
46 OH 5-Br
47 OH 5-OMe
48 OH H
49 OH 4-OMe
50 OH 4-NMe,
51 H 4-NMe,

It has been found that the chemical shift of the benzylidene carbon, §¢7, in ring-
substituted benzaldoximes (Scheme 2) correlates well with Hammett o constants. On
the other hand, it is known that the chemical shift of that atom in the NMR spectra
of benzaldoximes depends mainly on the substituents’ inductive effect and its resonance
effect is of reduced importance. Multiparameter correlations of §c7 with the inductive and
resonance substituents’ constants are of better quality. It is known that the >N chemical
shifts of para-substituted benzaldoximes are linearly dependent on Hammett o constants.
Correlations between the 70O NMR chemical shifts of the oximino oxygen and o, o*
and o7 substituent constants for substituted benzaldoximes are poor. These results show
that coplanarity of Ar—CH=NOH creates difficulties in transmission of the substituents’
effect, especially the resonance effect, to the CH=NOH group'!.

OH OH OH OH
| | | |
H_ //N\ H\ //N H\ /N\ H\ /N\
C IFI C C H C H
O _~_oH Lo o
VX VX /F /F
R R R R
enol-imine keto-enamine
SCHEME 2

The chemical shifts of the protons in the 'H NMR spectra of salicylaldoximes are given
in Table 7. The hydroxyl proton varies between 11.61 and 10.82 ppm. The chemical shifts
of carbon atoms in the '*C NMR spectra of the salicylaldoximes are given in Table 8.
The signal of C7 shifts downfield when the substituent becomes a stronger electron donor
(A8 = 149.58 — 144.64 ppm = 4.94 ppm). Comparison of the spectra of 50 and 51 shows
that the 2-OH group shifts the signal of C7 upfield. Since the most important interactions
between the solvent and the aldoxime probably involve the 2-OH group, the solvent
chemical shifts in the spectra of 50 and 51 are not parallel.
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TABLE 7. 'H NMR chemical shifts (ppm from internal TMS) of oximes 44—51 measured for
0.1 M solutions in DMSO-dg!!

Compound H2 H3 H4 H5 H6 H7 NOH Other H
44 11.46 7.02 8.06 — 8.37 8.32 11.61 —
45 10.29 6.92 7.17 — 7.45 8.31 11.46 —
46 10.30 6.83 7.30 — 7.60 8.29 11.45 —
47 9.66 6.82 6.82 — 7.04 8.33 11.33 —
48 —a 6.89 7.21 6.85 7.46 8.37 —a —
49 10.33 6.47 — 6.44 7.31 8.27 11.11 3.39
50 10.08 6.16 — 6.25 7.18 8.18 10.82 2.89
9.99%  6.18" — 6.31%  7.09%  8.16° 10.01° 2.97°%
51 7.40 6.71 — 6.71 7.40 7.97 10.64 2.92
7.44° 6.71% — 6710 744>  7.99° 9.71% 2.96°

¢ Overlapping signals at 10.9 ppm were found for H2 and NOH.
b In acetone-ds.

The values of the one-bond carbon—hydrogen spin—spin coupling constants in the NMR
spectra of the salicylaldoximes are also given in Table 8. J'(Cn, Hn) values are 8.6, 9.8
and 6.5 Hz for n = 3, 6 and 7, respectively.

The chemical shifts of the nitrogen atoms in the 'H, "N HMBC correlation maps of
salicylaldoximes are given in Table 9. The range of '"NOH chemical shifts, i.e. 24.7 ppm,
is comparable to that of para-substituted benzaldoximes. Electron-donor substituents shift
the signal of oximino nitrogen upfield. Comparison of the spectra of 50 and 51 shows
that the 2-OH group shifts the signal of "NHO upfield. This is inferred to be a result of
superposition of the inductive/resonance effect of 2-OH and the intramolecular hydrogen
bonding, NeeeH-OC2.

4. Oxygen-17'?

a. Hydroxamic acids and oximes. The "0 NMR characteristics of hydroxamic acids
are essentially unexplored. In a detailed study of the structure of benzohydroxamic acids,
70 NMR data on the carbonyl oxygen of four enriched benzohydroxamic acids (52 to
55) were recorded. No data were reported for the oxygen bound to nitrogen for these
compounds. Table 10 gives the data from the earlier report for 52 to 55 and the data for
both types of oxygen for 52.

The downfield trends of the carbonyl signal for 52—55 correspond to the tendencies
noted on the introduction of methyl groups in simple amides. The carbonyl signal for
these hydroxamic acids (52—55) was shown to be sensitive to both intramolecular and
intermolecular hydrogen bonding effects arising from interactions with solvent. The data
for the oxygen bound to nitrogen for 52 and 55 show relatively small differences. These
signals doubtlessly are also sensitive to hydrogen bonding. Clearly, additional work is
needed to characterize the !”O chemical shift properties of this functional group.

The chemical shifts for the O-methyl derivative of acetaldoxime (CH;CH=N—-OCH3),
56, has been reported to be 157 ppm. Table 11 contains the chemical shift value!? for
some representative oximes (57—62). The chemical shift range for these compounds is not
large. It remains to be determined if 7O NMR data can be used to distinguish between
syn and anti forms of the oximes. Since the oxime group can function both as a hydrogen
bond donor and acceptor, it will be necessary to carefully work out the influence of
hydrogen bonding on the chemical shift of the oxygen in this functional group.
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TABLE 9. SN NMR chemical shifts (ppm from external CH;NO,
(6 = 0.0 ppm)) of oximes 44—51 measured for solutions in DMSO-dg
based on z-gradient selected 'H, "N HMBC experiments'!

Compound NOH Other N
44 -17.5 -10.0
45 —19.6 —
46 —253 —
47 —22.6 —
48 —21.8 —
49 —34.9 —
50 —42.2 —327.0
51 — —329.1

TABLE 10. 'O chemical shift data (ppm) for hydroxamic acids and esters

Chemical shift (ppm)

Compound no. Structure C=0 (NHOH)
52 CsHsCONHOH 333 (302)° 79°
53 CgHsCON(CH;)OH 330

54 CgHsCONHOCH; 341

55 CgHsCON(CH;)OCH3 348

“ Data from Reference 12 in dioxane solvent unless otherwise noted.
b Data for 0.5 M acetonitrile solutions cited in Reference 12.

TABLE 11. 'O chemical shift data (ppm) of oximes “

Compound no. Structure Chemical shift (ppm)
57 Cyclopentanone oxime 179

58 Cyclohexanone oxime 170

59 Dicyclopropyl ketone oxime 167

60 2,6-Dimethylbenzaldehyde oxime 188

61 2,6-Dichlorobenzaldehyde oxime 196.5

62 Fluorenone oxime 195

¢ Data from 0.5 M acetonitrile solutions cited in Reference 12.

Selected 'H, *C and >N chemical shifts of oximes 65—67 are compared to those of
similar compounds 63, 64 and 68—72 in Table 12.

B. Coupling Constants
1. Hydrogen—hydrogen

Nowadays, the NMR specialist finds an arsenal of assignment techniques at his dis-
posal for structural determination. Long before they became available this responsibility
lay mostly in the hands of chemists who could treat the information gleaned from coupling
constants. Older NMR texts dedicated a large part of their content to the descriptions of
spin—spin coupling patterns (order of spectra, two and higher order systems) as exem-
plified by Reference 5, which contains relevant J values. This content has been updated
and placed on a very sound theoretical basis that is described in recent reviews'3 4.
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TABLE 12. Selected '3C and 'H chemical shifts of imines, oximes, hydrazones,

carbodiimides and azo compounds’

HI258
g.47 1602 721
136.1 H
C=N"/ H128.7
152.0, 7.37 OH
H N’
29.1 H;C 120.9 "
1.98 - C=N s I;I 00 7.19 C
LC=N{ 131.3 129. [
180 . 1680 CHy 716 780 H3C1554CH3
1.80 38.6 12 21.7 15.0
£3.0 7.46 1.90 1.90
N-Isopropylidene N-Benzylidene aniline Acetone oxime
methylamine
(63) (64) (65)
N -OH 504
H 75
323 2.23
2521111I H
26.3 26.1
+1.65 H H 165 IHOH
H H H3C-C-C-CH;
"
s %S00 1531 NOH

Cyclohexanone oxime

(66)

15.2
178 150.7

HxC -C- CHZ - CHZ - CHg
N 407195 136

. 215 149 087
HN

1
CONH,
158.4

2,3-Butanedione dioxime

2-Pentanone semicarbazone

(68a)
NH,
I
N
143.9
1285
1575 H N
H g H NH
1273 356
$575 13.0

Cycloocta-4,5-diene-1,2-
dione-(E,E)-dihydrazone

(69)

(67)
319
1512 319,
H3C -C- CH2 - CHZ - CH3
22 N 186 140
1.87 150 0587
CONH,
158.2
(68b)
35.0
248 H H
H H
H

H
25.5 139.9
10-2.1 558

3.25

Dicyclohexylcarbodiimide

(70)
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TABLE 12. (continued)

1525 14@0 1542 I561 1466
130.7
1 13 4 125 2 2, 124 7
7.46 7. k 6.72 7.77 7490 8.34
Azobenzene 4-Amino-4'-nitroazobenzene
(71) (72)

The role of lone pairs, the effect of their geometry and of electronegative substituents
on coupling constants (mostly proton—proton) have been studied for oximes. Specific
examples are given in the corresponding tables.

2. Carbon-hydrogen

Carbon—hydrogen spin—spin coupling constants are included in a review by Hansen'

and discussed in terms of ring strain, steric effects, electronegativity, lone pair effects and
electric field effects. Additivity of these effects in a few systems is commented on.

3. Nitrogen—hydrogen

Nitrogen—hydrogen coupling constants are thoroughly discussed in Chapter 5 of Ref-
erence 4. Their medium and temperature effects are also analyzed.

'J(N,'H) coupling constants lie in the range of (—80 = 15) Hz. Some examples,
including exceptions, are tabulated in Table 13. 2J("’N,'H) coupling constants are gen-
erally less than 2 Hz in magnitude:

1y 2y 2J 2y
N N N 7 =N
N-H N-C—-H N-C c=
/ s / “u q

Only where there are sp>-hybridized C and/or N atoms do the magnitudes reach 3—12 Hz.
In compounds with C=N double bonds the coupling constants can be as large as —16 Hz
(Table 12). The sign of the 2J("’N,'H) coupling can be positive or negative. The same
applies to 'J('N,'H) couplings and long-range couplings "J(>N,'H). The latter only
have significant values when there are multiple coupling pathways.

In the case of nitrogen the gyromagnetic ratio is positive for '“N and negative for
I5N. It is convenient to compare the reduced coupling constants, " K (A—X), which are
obtained by dividing the observed coupling constant by the product of the gyromagnetic
ratios of the coupled nuclei (equation 2)*. The reduced coupling constant is a measure of
the electronic interactions in the molecule and is independent of the specific properties of
the nuclei. 5

"K(A—X) = ﬁ "J(A = X) )
AVX
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TABLE 13. "J('*N,"H) coupling constants (n = 1, 2, 3, 4) of selected compounds’

Compound Solvent 1y 2J 37 47
H,C-NH .
Pl Neat liquid —64.5 1.0
H H
H2C -N- CH3 R
o Neat liquid —67.0 0.9
H H
HOOC -CH-NH
I I ‘Water —74.7 0.5
H H —88.3
O _H
LC-N_ Neat liquid 14.6
H H —90.7
—88.4
Os CoN
HZC\I \H Water —-90.9 1.3
H
_ .
H-N-N=N Diethyl ether —70.2 2.3 2.2
H;C
,C=N'OH Water -15.9
H
H .OH
,C=N Water +2.90
H;C
HC C=N" OH Chloroform -2.0
HsCe
HsCe ‘o-n OB
4 = N —
HoC. Chloroform 4.2
HsCs _ _H
/C =N Pentane —51.2
HsCe
Q EH Chloroform —78.0
H H Benzene —-1.9 —0.5
Q NO; Acetone —1.90 —0.8
H H
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TABLE 13. (continued)

Compound Solvent Ly 27 37 47

H
Z/ \g\ Benzene —-96.5
ITI H Neat liquid
H —4.5 —54
H
o H o
| Neat liquid —10.8 —-1.5 0.2
=
N H
H
N H
| Chloroform 05 —53 11
N H
Y
(0]

Directly bonded nuclei are predicted to have positive reduced couplings unless one
of the nuclei, such as fluorine, has tightly bound s-valence electrons. Single resonance
experiments have been used to determine the relative signs of spin couplings, but these
are limited to spin systems exhibiting second-order features which are not usually encoun-
tered in heteronuclear couplings. Double resonance techniques, which include selective
decoupling, spin tickling, nuclear Overhauser and localized saturation effects, are gener-
ally used to obtain relative signs of coupling constants. Absolute signs of couplings whose
relative values are known can be related to the '3C—H coupling which is predicted to be
positive. Liquid crystal solvent studies on methyl fluoride have confirmed that J('*C—H)
is positive and J(!3C—F) is negative, in agreement with theory.

Table 14 summarizes the magnitudes and absolute signs of a variety of couplings
involving nitrogen in oximes. The entries include examples of spin coupling between
other nuclei and N and 'N. Spin coupling between '“N and 'H nuclei is not usually
observable because of the rapid quadrupolar relaxation of the '“N nucleus.

TABLE 14. Values and signs of some experimentally determined nitro-
gen coupling constants of oximes*

Compound J, (Hz) K x 1072(cm™3)
N—C—H Coupling

CH;CH='"N—-OH —15.9¢ +13.1¢
CH,=""N—-OH —13.94, 42.7% +11.4¢, —22°
N—C—C—H Coupling

CH;CH='"N—-OH —42¢ 26" 43449, 42.1°
(CH3),C—""N—-OH —4.0%, —22°b +3.24, 1.8

“ Coupling to proton frans to oxygen atom.
b Coupling to proton cis to oxygen atom.
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In oximes, of which formaldoxime (73) is representative, the two geminal "N—C—H
couplings are found to be of different magnitudes and also of opposite signs:

HA\C _ ISNO 2K(NHp) = +11.4 % 102 cm™
Hg~ ‘ou  K(NHp)=-22x10"cm™

(73)

A similar reversal of the signs of the N—C—H coupling with stereochemistry is not,
however, found for the geometric isomer, E-formanilide (74) and Z-formanilide (75). In
both cases, the one- and two-bond reduced coupling constants have been shown to be
positive.

(74) (75)

Signs and magnitudes of two- and three-bond N—H couplings in oximes along with
quinoline derivatives have been thoroughly investigated in terms of solvent effects and
stereochemistry. It is observed that protonation in aldoximes produces an algebraic
decrease in two-bond reduced coupling to each of the geometrically different protons
without any accompanying change in sign, whereas in quinoline, 2K (N=C—H), which
is also positive, undergoes a similar algebraic decrease on protonation or quaternization.
For all three-bond couplings that have been investigated so far, the reduced coupling
constants are found to be positive and protonation results in an algebraic increase in
3K(N—H). Directly bonded N-H couplings are also found to have positive reduced
coupling constants, and evidence shows that protonation similarly leads to an algebraic
enhancement in ' K (N—H). This alternating effect of protonation on the reduced coupling
constants for one-, two- and three-bond couplings has been suggested as a means of
determining the signs of spin coupling.

The coupling interaction between directly bonded ''N—H is generally dominated by
the Fermi contact term, as evidenced by the dependence of 'J('>N—H) on the amount
of s character in the bond. Table 15 lists some illustrative ''N—H coupling constants,
determined under comparable solvent conditions, as a function of the s character in the
bonding orbitals.

Kintzinger and Lehn'® have uncovered a very striking effect of the orientation of the
nitrogen lone-pair on ’N—H coupling constants in the "N=C—H group. In oximes the
measured YN=C—H coupling constants are ca 3 Hz and ca 16 Hz for the syn and anti
isomers, respectively.

R\CzlsNO R\Czls 4
H N H™ "o
OH

syn anti



4. NMR spectra of hydroxylamines, oximes and hydroxamic acids 111

TABLE 15. Representative Y’ N—H coupling constants as a function of nitrogen hybridization*

Compound Solvent Hybridization LJ(N—-H), (Hz)

15

NHy*
©/ HFSO; sp® 76.9
N
l?\ﬁ/ HFSO; sp? 96.0

H

15
Q C=N*t-H HFSO;—SbFs—S0O, sp 136.0

Coupling comparable with that found in anti-oximes is also observed in cyclic systems
such as pyridine, quinoline, 5-phenylisothiazole and isoxazole in which the nitrogen lone-
pair lies E(cis) to the adjacent hydrogen. Confirmation of the importance of the lone-pair
orientation is further derived from the fact that removal of the nitrogen lone-pair by
protonation or quatenization results in the reduction of 2J(!>’N—H) to the value found in
syn-oximes and pyrrole.

An extensive analysis of the effect of lone pairs on the nitrogen atom on spin—spin
coupling constants is reviewed in the context of a description of molecular electronic
structure!”. Several oximes are analyzed in studies of these effects and their relevance for
structural determination has been pointed out.

4. Carbon-carbon

Factors affecting carbon—carbon coupling constants have been studied using '3C-
labeled compounds'® 1. Small substituent effects on directly-bonded carbons are observed.
Aliphatic vicinal 3C-"3C couplings are shown to parallel vicinal 'H-'H couplings in
similar geometric surroundings and a similar dependence on bond and dihedral angles.

One-bond carbon—carbon spin—spin coupling constants are included in a review by
Krivdin and Kalabin®. They are analyzed in terms of hybridization, substitution effects,
lone pair effects and steric effects as well as respective applications to structural determina-
tion. The carbon—carbon spin—spin coupling constants between carbons that are separated
by more than one bond were reviewed by Krivdin and Della?! and are discussed in terms
of experimental techniques, the effects of hybridization, substituent effects, steric effects
and respective additivity patterns.

5. Carbon-nitrogen

Couplings between "N and '3C are difficult to measure without isotopic enrichment.
Values of ' 7(N,'3C) are generally less than 20 Hz. The sign can be positive or negative.
If the value of !'J is close to zero, it can be exceeded by 2J or *J couplings. Some
examples of known " J(!3N,'*C) couplings are given in Table 16.

6. Coupling to other nuclei

5N, BN couplings will not be treated here. They can only be measured for singly or
doubly labeled compounds and are almost totally worthless for structural purposes. On the
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TABLE 16. "J("N, 3C) coupling constants (n = 1,
2, 3) of selected compounds in Hz (if the sign is not
known, the magnitude is given)’

1.5 12 =39 6.2
H3C - CH2 - CH2 - NH2 HzN - CHz -COOH
-8.5 -14.4
H;C-C-NH, - C*IéS N
i -C=
0 3
1.8 —9.0
H3C\2.3 _.OH H3C\ 4.0
"C=N C=N_
H H OH
-1.9-27 -23-1.7

-115 -14.6
<05 NH, NO,
3.0 2.1 -39
105+ _ [/ &—13.0
N=NBF,
7

N
I
56 H
-53
39 1.4
| 23 | -152
0.7 N
N '
(6]
10.5
~0 35
52 <05 2.1
0.9 27
23 3.9 1.2
Niiso : N :
| >, 06 N
H

other hand, fluorine coupling constants are very large and, if this element is present, its
coupling can be very useful in interpreting spectra and determining structural relationships
including those via nonbonded interactions®?.

C. Relaxation Times

In order to discuss the width of an NMR line it is necessary to consider the relaxation
mechanism involved (i.e. spin—lattice and spin—spin mechanism). Longitudinal relax-
ation times (7}) for '3C nuclei cover a large range of values. Those for cyclic ring
systems are intermediate between the very short ones observed for macromolecules and
the longer ones that are characteristic of quaternary carbons or those in highly symmetric
molecules. Carbon-13 chemical shifts and spin—Ilattice relaxation times were determined
for hydroxamic acid analogues®®. The quadrupole moment of the '*N nucleus leads to
very fast relaxation and line broadening. Its particular effects are treated in Chapter 3 of
Reference 4.
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IV. SOLVENT EFFECTS
In some very early work the conformation of «-methyl groups in cyclohexanone oximes
(76) was assigned from solvent shifts>*. Results are summarized in Table 17. In solutes
bearing a lone pair of electrons on nitrogen, the benzene—solute collision complex is likely
to occur at a site as far as possible from the nitrogen?*. Shifts have been summarized for
aziridines, oximes and imines, and for the latter a complex of type 77 was proposed.

R,
I R2 CHs SC= I\f\
© @
R4
(76) (77

Oximes show strong intermolecular hydrogen bonding, in nonpolar solvents, which
affects the '"H NMR chemical shifts and coupling constants. The influence of this inter-
action on the conformational equilibrium and on some selected coupling constants (* Jyr,
' Jcr and 2Jcg) was evaluated’. Thus the 'H and '*C NMR spectra in different solvents
were obtained. Both *Jyr and ' Jop are sensitive to the F—~C—C=N orientation (Tables 18
and 19).

_OH HO.
N N
1} 1]
PION Co
H;C~ "CHF  H;C 1 CH,F
2 3
(78a) (78b)
_OCH; H;CO.
1] 1]
H,C~ CH,F H;C” 1T “CH,F
3 2
(79a) (79b)

The NMR data, combined with theoretical calculation and solvation theory, provide
a consistent analysis of the conformational isomerism in 78b and 79b in solvents of

TABLE 17. Solvent shifts in cyclohexanone oximes®*
Group Av Av*

2-CHj; (eq) —63to —11.4 4.81to0 12.2
2-CH3 (ax) —7.0to —11.0 —1.6t0 1.8

Av = v(CCly) — v(CgHg)
Av* = v(CCly) — v(CsH5N)
(Both in Hz at 60 MHz)
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TABLE 18. Chemical shifts (ppm) and couplings constants (Hz) for 78b’

Solvent 8(OH) 6&H, 6&H3 8C, 8C, 8C; SN 20wr YJur 'Jor o PJor dJor SUnr
CCly 944 478 197 1538 826 108 —273 47.16 086 1695 204 1.1 78
CDCl3 9.00 484 199 1546 838 11.1 4690 090 1682 194 1.3
CD,Cl, 900 4.84 197 1548 838 11.0 4690 095 1672 188 14

Pure liquid 1095 520 232 1552 833 106 —235 4791 076 1662 187 14 79
Acetone-dg  10.24 483 191 1534 851 109 235 4734 158 1632 190 09 8.0
CD;CN 896 482 1.89 1544 852 112 47.16 146 1630 187 1.1

DMSO-dg 1076 484 1.83 1517 842 110 —16.6 4725 170 1619 185 0.7 8.1

TABLE 19. Chemical shifts (ppm) and coupling constants (Hz) for 79b’

Solvent (SHZ (SH} 5H4 5C] (SCz (SC_} (SC4 SN 2]].[]: 4]}{}: GJHF ]JCF ZJCF 3JCF 3JNF

CCly 472 188 3.83 151.6 827 619 11.1 09 4734 1.10 073 1682 206 1.1 7.7
CDCl3 481 193 3.89 1527 835 618 115 —1.6 47.07 1.15 0.60 166.8 19.6 7.8
CD,Cl, 479 190 386 1529 840 619 115 47.17 1.25 165.7 192 09

Pure liquid 4.89 2.02 391 1529 839 615 109 47.11 123 0.60 1654 198 09

Acetone-ds 4.83 1.88 3.83 1533 844 619 11.5 12 47.17 140 066 1640 190 1.1 7.8
CDs;CN 481 1.88 3.84 1535 844 619 114 0.2 4705 138 0.70 163.6 18.7 8.0
DMSO-ds 486 1.85 382 1526 833 614 11.5 —02 4692 131 068 1632 184 8.0

different polarity. In 78b the isomerism is between the cis and gauche forms. The energy
difference is 3.30 kcalmol™' in the vapor phase, which compares very well with that
calculated (3.4 kcalmol™!) by DFT at the B3LYP/6-311+4g(2df, 2p) level. In 79b the
isomerism is similar to that of 78b, and the observed energy difference of 2.2 kcal mol~!
is also in fair agreement with that calculated (3.2 kcal mol~").

Hydrogen bonding usually affects proton chemical shifts, and this is observed in the
spectra of pure liquid 78b, in comparison with the data in solution (Table 18). However,
it is noteworthy that similar changes do not occur for the coupling constants (Table 18),
since no change was detected when the concentration was changed in nonpolar and polar
solvents, and when the OH was replaced by OCH; to prevent the formation of hydrogen
bonds (Tables 18 and 19).

The 'Jcp and *Jyr couplings for 78b are 159.7 and 1.94 Hz (cis) and 170.0 and
0.70 Hz (gauche), and for 79b 161.6 and 1.50 Hz (cis) and 168.9 and 1.02 (gauche).
In fluoroacetone, its precursor, ' Jcg and #Jyg are 179.6 and 3.4 Hz (cis) and 188.0 and
5.0 Hz (trans). For the compounds studied here, the C=N group leads to smaller coupling
than C=0 (fluoroacetone), probably owing to a reduced interaction between the coupled
nuclei in 78b and 79b.

It was noted that for 78b and 79b, *Jyr and !Jcg are dependent on the molecular
conformation, but this is not the case with 3 Jxg, which is independent of the conformation.
It is well known that the internuclear couplings are electron coupled interactions® for
which there are three possible mechanisms: (1) the nuclear moments interact with the
electronic currents produced by the orbiting electrons; (2) there is a dipolar interaction
between the nuclear and electronic magnetic moments; (3) there is an interaction between
the nzlslclear moments and the electronic spins in s-orbitals, the so-called Fermi contact
term=>.

For all couplings involving hydrogen the Fermi contact term is dominant, and the
other terms may be neglected. Hence this term is dependent on the molecular confor-
mation. Recent studies?~2° using ab initio and DFT techniques to calculate the various
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contributions, such as Fermi contact (FC), paramagnetic spin—orbit (PSO), diagmagnetic
spin—orbit (DSO) and spin—dipolar (SD) for Jcy, Jer and Jyg, confirmed the predom-
inance of the Fermi contact contributions and agreed with experiment®*=3¢ that these
couplings are dependent on the molecular conformation.

DFT calculations were also used to study the NMR spectra of salicylhydroxamic acid

in DMSO-dg solution®’. Best fit with experimental results was observed for association
with two solvent molecules. Assignments could be made for the specific structure formed

in solution. Similar studies were made on other types of hydroxamic acids

I

Nk W
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I. INTRODUCTION

Hydroxylamines and related hydroxamic acids are polyfunctional organic molecules pos-
sessing a number of distinctive chemical properties. In addition to traditional applications
of hydroxylamine and hydroxamate derivatives as analytical and organic reagents, these
compounds recently attracted considerable interest as drug candidates with a wide range of
biological effects. Particularly important biological activities of hydroxamate and hydrox-
ylamines are matrix metalloprotease inhibition!, antidoting for nerve amine poisoning? 3,
chelation therapy for iron overload*?, antimalarial activity®, cancer treatment through
histone deacetylase inhibition’ and iron deprivation®, and many others.

This chapter is devoted to synthetic methods most commonly used for preparation
of hydroxylamines. The synthesis of hydroxylamines has been previously reviewed, most
recently in 1990°. The present review covers chemical literature up to 2007 with particular
attention to the progress achieved in stereoselective synthesis of hydroxylamines.

The main first part of the review (Section III) summarizes preparation of hydroxylamine
derivatives through alkylation, arylation, and addition reaction of hydroxylamine, or its
derivatives such as hydroxamic acids and N-oxysulfonamides. The second main part
(Sections IV—VIII) describes methods of creation of hydroxyamino groups de novo from
other functionalities. Due to easy interconversion outlined in Section II, syntheses of
hydroxylamines and hydroxamic acids are considered together. For the same reason, the
chapter also relates to synthesis of N-oxysulfonamides and N-oxyphosphonamides as far
as these methods are of interest for the preparation of hydroxylamines.

Il. HYDROXYLAMINES THROUGH HYDROLYSIS OF HYDROXAMIC ACIDS,
OXIMES AND NITRONES

Hydrolysis of nitrones, oximes and hydroxamic acids is frequently used as a final step
in the preparation of substituted hydroxylamines. Although hydrolysis is the most com-
monly utilized method for oximes, oxime ethers and nitrones, formation of sensitive
hydroxylamines can also be achieved under milder reaction conditions by treatment of
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their precursors with excess of hydroxylamine or hydrazine. Hydrolysis of oximes and
oxime ethers has been reviewed!”.

Conversion of hydroxamic acids into hydroxylamines is usually performed by hydrol-
ysis or alcoholysis under acidic''~'* or basic catalysis'>'®, although other methods like
reaction with trimethylsilyl iodide!” have also been sparingly used.

Preparation of hydroxamic acids through acylation of hydroxylamines is a common
and straightforward reaction. However, acylation of N-alkylhydroxylamines is known
to proceed on both the oxygen and nitrogen atoms and can result in mixtures of N- and
O-acylation products'®!°. In N-alkylhydroxylamines possessing a bulky®° or an electron-
poor?! substituent on nitrogen atom, O-acylation is predominant.

lll. SYNTHESIS OF HYDROXYLAMINES THROUGH ALKYLATION
AND ARYLATION OF OTHER HYDROXYLAMINES

A. N-Alkylation of Hydroxylamines through Displacement of C—X Bonds
1. N-Alkylation of hydroxylamines through nucleophilic substitution

Hydroxylamines and alkylhydroxylamines possess high nucleophilicity and can react
with a variety of primary and secondary alkylating agents. The reactivity of hydrox-
ylamines in the majority of these reactions resembles that of primary and secondary
amines. While hydroxylamine and N-alkylhydroxylamines 1 are ambident nucleophiles,
under neutral or weakly basic reaction conditions alkylation proceeds exclusively on
nitrogen atom to give products of type 2 (equation 1). Deprotonation of the OH group of
hydroxylamines results in O-alkylation products.

2 3
R2 R R R
~
R T |
HN_ _R! X _N_ _R!
0 R 0 (D
€)) )
R, R, R% R*=H, Alk, Ar X = Hal, 0SO,Alk, 0SO,Ar, OH

The main advantages of preparation of hydroxylamines through N-alkylation of other
hydroxylamines are versatility and predictable stereochemical outcome that allow the
introduction of the hydroxyamino group at advanced stages of multistep syntheses. The
use of nucleophilic displacement is however problematic for sterically hindered alkyl
halides and sulfonates. Apart from several examples mentioned below, alkylation of
hydroxylamines with tertiary alkyl halides does not take place.

Alkylation of hydroxylamine with primary halides and sulfonates is rarely used nowa-
days for preparation of N-alkylhydroxylamines due to the competing formation of N,N-
dialkylhydroxylamines. A number of older procedures have been reported with low to
moderate yields of N-alkylhydroxylamines. Yet, in many cases the reported low yields
can be attributed to workup losses during distillation and crystallization steps rather than to
the polyalkylation. Use of excess of hydroxylamine in reactions with primary alkyl halides
(e.g. 3) improves the yields of monoalkylation (equation 2). Most of the examples of alky-
lation of hydroxylamine in good yield involve a substitution of an activated halogen atom
at benzylic positions??> as well as in haloacetamides 4% leading to alkylhydroxylamines
such as § where dialkylation rates are lower (equation 3).
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OYE NH,OH, excess OY g
0 0
3)
o 0
)K/I J\/ NHOH
HN HN
COPh NH,O0H, excess COPh
(3)
Cl Cl
) (5)

N,N-Dialkylation of hydroxylamine (equation 4) with an excess of alkylating reagent
such as 6 usually proceeds in a good to excellent yield**. N,N-Dialkylation has also
been successfully employed for cyclization reactions (equation 5) with formation of N-
hydroxyazaheterocycles> of type 7.

OMOM

MOMO
Br OO
NH,OH
(6) \
)
MOM = CH,OCHj3 O O ! l
MOMO OMOM

O O OMOM MOMO l l
N

OH
cl
/ NH,OH / \
—N —N N-OH (5)

Cl o
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Because of their lower hydrophilicity and higher stability to oxidation, O-protected
hydroxylamines are more convenient substrates for alkylation than hydroxylamine itself.
Commercially available O-benzylhydroxylamine was successfully alkylated with alkyl
halides?®=2® and alkyl sulfonates?®~3!.

Due to a much lower danger of dialkylation, alkylation of N-alkyl- and N-alkyl-
O-protected hydroxylamines (e.g. 8, equation 6) with primary alkyl halides proceeds
substantially more selectively giving high yields of N,N-disubstituted products3?=3* of

type 9.
P O \/\ P O
AjN\ Yv A N Y\/
Ph /\/L Ph 6)
Ph N Bu-i Ph N Bu-i

(8) 9)

Alkylation of hydroxylamines with secondary alkyl halides and alkyl sulfonates like
10 (equation 7) is one of the most frequently used synthetic approaches, especially to
enantiomerically pure hydroxylamines such as 11 (equation 7). The reaction proceeds
with inversion of configuration and does not produce appreciable amounts of dialkyla-
tion products. Both hydroxylamine as well as N- and O-alkylhydroxylamines have been
successfully used. Alkyl triflates’~37 are probably the most useful substrates for these
transformations since they can be prepared from a large pool of commercially available
enantiomerically pure chiral secondary alcohols.

EtOOC ~ Me NH,OH EtOOC \r Me
! N
OTf NHOH
10) 1)

Intermolecular reactions of hydroxylamines with secondary alkyl halides and mesylates
proceed slower than with alkyl triflates and may not provide sufficiently good yield and/or
stereoselectivity®®. A useful alternative for these reactions is application of more reactive
anions of O-alkylhydroxamic acids* or O-alkoxysulfonamides*’ like 12 (equation 8) as
nucleophiles. The resulting N,O-disubstituted hydroxamic acids or their sulfamide analogs
of type 13 can be readily hydrolyzed to the corresponding hydroxylamines. The same strat-
egy is also helpful for synthesis of hydroxylamines from sterically hindered triflates*!42
and from chiral alcohols (e.g. 14) through a Mitsunobu reaction*~*> (equation 9).

CO,Bu-
SO,NHOPr-i -BuO,C ___ Pri 0,S—N~ TPri
|
Br OPr-i
Cs,CO3 )]

Ph Ph
(12) 13)
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FimocHN COM FmocHN \/\‘/ CO,Me
moc e BOCNH-OBOC
\/\./ 2 PPhs, DEAD

_N___BOC
OH BOC™ O

(14) (€))

Fmoc = 9-Fluorenylmethoxycarbonyl
BOC = r-Butoxycarbonyl
DEAD = Diethyl azodicarboxylate

Tertiary electrophiles alkylate hydroxylamines through the Sy1 mechanism. These
reactions (e.g. equation 10) are practically feasible only for compounds forming highly
stabilized carbocations such as trityl*®#7, or 2-(p-alkoxyphenyl)propyl*®. All these reac-
tions proceed exclusively on the nitrogen atom and have been used for N-protection of
the amino groups in hydroxylamines.

MeO

\

Me. OH Me.  NH
NH,0Me+HCI (10)
OO0 = O

Sy 1 substitutions also proceed easily in compounds forming highly stabilized secondary
carbocations such as benzyhydrol*, ferrocene® and analogous systems®'. A variety of
leaving groups can be utilized in these reactions including halides, alkoxy and alkylthio
in the presence of mercury salts and ethers.

2. Palladium-catalyzed N-allylation of hydroxylamines

N-Alkylhydroxylamines react with substituted allyl acetates (e.g. 15, equation 11) in
palladium catalyzed addition—elimination reactions giving the corresponding N-alkyl,
N-allylhydroxylamines 16°2. The reaction proceeds with high regioselectivity but com-
plete racemization. A similar reaction with O-acyl hydroxamic acids has been carried out
using allylic a-alkoxycarbonyloxyphosphonates™3.

HO. _Me
)Hl\ﬂ MeNHOH N
Pd(PPhy), /\)\ (11
AcO > Me Ph7 N Me
1s) (16)

3. N-Alkylation of hydroxylamines through ring opening of epoxides

Ring opening of terminal epoxides with O-protected hydroxylamines proceeds regio-
specifically under mild reaction conditions. As in the case of alkyl halides and sul-
fonates, formation of dialkylation products has been observed in epoxides opening with
O-alkylhydroxylamines®* but not N-alkylhydroxylamines®®. Highly chemoselective ring
opening in terminal epoxides of type 17 into S-hydroxyaminohydroxylamine 18 without
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any appreciable amount of dialkylation product has been achieved using O-trimethyl-
silylhydroxylamine in the presence of lithium perchlorate’® (equation 12).

ClO. HN
LiClOy4 5 eq. .
T _o. Messionw, - MeaSiTO % (12)
Ph — ™ HO O—Ph
a7 (18)

The reactions of 2,3-disubstituted epoxides with hydroxylamines®’ and hydroxamates®
tend to proceed more slowly, giving variable yields of ring-opening products. Catalysis
with chiral Lewis acids 20 was reported to allow asymmetric opening of meso-epoxide
19 in a good yield and ee”® (equation 13).

OH
O NH,OBn
A Ph
Ph Ph Ph 13
NHOBn
19)
OH HO
cat. Sc(OTf)3

B. O-Alkylation of Hydroxylamines

Selective O-alkylation of hydroxylamines and their derivatives can be done through
deprotonation of the OH group. O-Alkylation (equation 14) of N-substituted hydrox-
amic acid®®~% (e.g. 21) followed by hydrolysis of the resultant O-alkylation product
22 is the most commonly used approach. Since alkylation of N-unsubstituted hydrox-
amic acid results in a mixture of O- and N-alkylation products, the corresponding O-
alkylhydroxylamines are better prepared through alkylation of N-hydroxysuccinimide® %+
or N-hydroxyphthalimide®> % followed by hydrolysis.

HO
I\I\(O al
O ﬁ

N
H .
Me;Si BOCHN~ "CO,Me
@1
CO,Me (14)
BOCHN‘& /O 0]
S N
O
1I§II Me3Si

(22)
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O-Alkylation of oxime anions®”% followed by hydrolysis is another efficient approach
toward O-alkylhydroxylamines. O-Alkylation of oximes of type 24 (equation 15) can also
be done through Michael addition with Baylis—Hillman adducts of type 23 catalyzed by
triphenylphosphine®’.

OH OH
R! N
EWG ~ EWG
Ar . f OH PPh; Ar
R N Rl
T
23) 24) 0" N

R? (15)
EWG (Electron Withdrawing Group) = CO,Me, COMe, CN
R!=Ar,R?=H, Me
Other O-alkylation methods are exploited less frequently. O-Allylation of N-substituted

hydroxamic acids of type 25 with allyl carbonates such as 26 and related compounds has
been achieved through palladium catalyzed addition—elimination’® (equation 16).

Ar
EWG.  -OH . P pappng;  EWOS O N AT
R 0CO,CH, R
(25) (26) (16)

EWG =BOC, Bz, Ac, Cbz
R = Alk, Ar

N,N-Dialkyl O-allylhydroxylamines can be obtained through rearrangement of N-allyl
substituted N-oxides’!.

C. N-Arylation and N-heteroarylation of hydroxylamines

Nucleophilic substitution of halogen atom in aromatic and heteroaromatic halides with
a hydroxyamino group proceeds only in substrates that are activated by a strong electron-
withdrawing substituent in the benzene ring (e.g. 27, equation 17). Despite this limitation
this reaction is useful for synthesis of arylhydroxylamines and usually provides good
yields of products’?. Along with activated aryl halides and sulfonates, activated methyl

aryl ethers such as 28 can be used’® (equation 18).
HN )
0
F@NOZ CN‘@*NOQ (17)
(0]
MeO NH,OH HOHN
(18)
O,N NO, O,N NO

27
2

(28)
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Perfluoroarenes also undergo facile and selective monosubstitution with hydroxyl-
amine’*. This reaction is general and proceeds with different N-alkylhydroxylamines
and a number of perfluorinated arenes (e.g. 29, equation 19) and pentafluoropyridine.

F F
F CF; F CF;
NH,OH
(19)
F F HOHN F
F F

(29)

Electron-poor fused heterocyclic systems can activate a neighboring benzene ring for
nucleophilic substitution. Fluoroquinolines of type 30 were shown to react efficiently with
hydroxylamine (equation 20)7>76.

]IEt ]IEt
F N HOHN N
| NH,OH
(20)
F COOH F COOH
O O

30)

In contrast to N-alkylation of hydroxylamines, N-arylation is not complicated by
polysubstitution. In the presence of two or more activated halogen substituents clean

monosubstitution is possible (equation 21)77.
Br Br
O,N NO, O,N NO,
MeONH, 1)
Br NHOMe
NO, NO,

Hydroxamic acids undergo facile nucleophilic N-arylation with activated aryl halides
such as 31 (equation 22). While hydroxamates are known to be ambident nucleophiles
in alkylation reactions, arylation of hydroxylamines results exclusively in N-substituted
hydroxamates of type 32 (equation 22)’8.

cl NO, cl NO,
BOC-NHOH, base BOC o
Cl N (22)
|
Cl

OH I
(31) (32)

Substitution of halogen atom in non-activated rings such as 33 (equation 23) is sub-
stantially more difficult. Palladium couplings are the most promising approach, although
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only few examples of N-arylation with hydroxamates (e.g. 34, equation 23) have been
reported’’. Nevertheless, it can be assumed that in analogy to numerous successful studies
on other aryl—nitrogen couplings® this reaction is of general utility.

Ph
o ;
- Tris(dibenzylideneacetone) B
¢ OO O>_L O aladiom " BOCN 07_\j3)
Ph — Ph __
33) (34)

A different approach to N-arylation of hydroxamic acid involves reaction with aromatic
iodonium salt®!-82_ but this reaction has been used for N-phenylation only.

Nucleophilic substitution with heteroaryl halides is a particularly useful and important
reaction. Due to higher reactivity of heteroaryl halides (e.g. 35, equation 24) in nucle-
ophilic substitution these reactions are widely employed for synthesis of N-heteroaryl
hydroxylamines such as 36. Nucleophilic substitution of halogen or sulfonate functions
has been performed at positions 2 and 4 of pyridine®*®, quinoline®, pyrimidine®>-3¢,
pyridazine®’, pyrazine®®, purine®®*° and 1,3,5-triazine® systems. In highly activated posi-
tions nucleophilic substitutions of other than halogen functional groups such as amino®> %3
or methoxy®* are also common.

CO,Et CO,Et
| N NH,0R | N
_ DMF, 140 °C — (24)
N Cl R=Alk N NHOR
35) (36)

No nucleophilic substitution in five membered heterocycles with hydroxylamines has
been reported so far, although any nucleophilic substitution reaction known for amines
should be suitable for hydroxylamines as well.

As in the case of aryl halides, no polysubstitution reaction has been reported in het-
eroarylion of hydroxylamines. If two or more identical chlorine atoms are present in the
molecule, substitution of the first chlorine atom can be done selectively in most cases.

D. O-Arylation of Hydroxylamines

The general approach to O-arylation of hydroxylamines involves N -protection followed
by O-arylation. Activated aryl halides and heteroaryl halides easily alkylate oxime salts®
(equation 25), N-alkyl hydroxamic acids®® and N-hydroxysuccinimide®”’. N-Hydroxyph-
thalimide can be also O-phenylated through a reaction with diphenyliodonium salt,
although in lower yield®®.

base |

NO,
N02 /©/
/O/ Me,C = NOH, DMF o 25)
Cl N j/
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An alternative approach to O-arylation involves converting the OH function of hydrox-
ylamine to a leaving group, followed by nucleophilic substitution with phenolate ions.
Reaction of hydroxylaminesulfonic acid®® as well as O-sulfonylhydroxylamines'® (e.g.
37, equation 26) with phenolates produces O-arylhydroxylamines of type 38.

ArOH/Base

H,N—-OR H,oN — OAr
37 (38) (26)
R =SO3H, SO,Ar, 2,4-Dinitrophenyl

E. Nucleophilic Addition of Hydroxylamines to Activated C=C Bonds

Intermolecular or intramolecular 1,4-addition of hydroxylamines as well as N- and
O-alkylhydroxylamines 39 to activated carbon—carbon double bonds (e.g. 40, equation 27)
is widely used for preparation of both N-substituted, and N,N-disubstituted hydroxy-
lamines. The addition proceeds regiospecifically. The most commonly utilized activating
groups are ester'®!, carboxyl!?, sulfone!®*, ketone!® and 2-pyridyl'®>. Depending on
reaction conditions, addition of hydroxylamines to «,-unsaturated ketones can be accom-

panied by formation of oximes'%% 17,
o w
R \O R2 R4 | R4
| + —= R] ° N % X
1-N< 3 2 B3
R H R X R R @7
39) (40)

R,R!L, R% R3 R* = H, Alk, Ar

X = COR, COOH, COOAIk, NO,, SO,Alk, P(O)(OAIk),, 2-pyridyl,
3-oxazolidone, 1-imidazolidone

In most cases monoaddition products can be obtained in good yields!®®, even in reac-

tions with Michael acceptors possessing a terminal double bond'®. Further reaction
with an excess of a Michael acceptor produces diaddition products in excellent yields®.
Sequential additions of hydroxylamine to endocyclic double bonds such as in 41 have also

been applied for preparation of bridged heterocyclic systems of type 42 (equation 28)!1°,
HO
o N
NH,0OH (28)

(41) (42)
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Addition of hydroxylamines to an endocyclic bond is possible if the double bond is a

part of an aromatic heterocyclic system (e.g. 43, equation 29)'!112,
NH, NHOH NHOH
NH,0H HOHN /g
: : : : 0 (29)
OH OH OH OH OH OH
43)

Addition of hydroxylamines to Michael acceptors 44 possessing an allylic leaving group

results in formation of tandem addition—elimination products of type 45 (equation 30)''3.
(0] (@)
MeNHOH ~ N
HO' | (30)
Ph OAc Ph
(44) 45)

Hydroxamic acids, possessing a free NH group''* (e.g. 46), as well as N-hydroxy
sulfonamides'"> ' also undergo addition to an activated double bond of type 47 (equation
31) under basic catalysis.

e Me
Ph ! Bz Ph, !
/O\ ~ O/ ~
HN™ Bz |, || 7/\N_Me NaH | 7/\N_Me
1|30C N BOC/N N
W \/\f \( (31)
0 0] 0 o

(46) (47)

Addition of hydroxylamines as well as hydroxamates 48 to activated di- and trisubsti-
tuted alkenes 49 (equation 32) results in the formation of one or two stereogenic centers
at the a- and B-positions of the product 50.

"0 R}
R, R? R} &%a
i + \—< R s X
R™ H X R2 (32)
(48) (49) (50)

R =H, Alk, Ar, COAlk, COOAIk; RL R%, R3=H, ALK, Ar
X = COR, COOH, COOAIk, NO,, SO,AIk, P(O)(OAIK),, 2-pyridyl
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The stereochemistry of the addition can be controlled through the attachment of a
chiral auxiliary or using asymmetric catalysis. Addition of O-benzylhydroxylamine to
unsaturated imide 51 (equation 33) bearing a chiral auxiliary was found to proceed with
high diastereoselectivity at the a-position'!”.

(0] (@] >_(7 NHOBn
0 j f NH,OBn 0
¥ N Bu-n _ ¥ N Bu-n
(0]

o (33)
Ph Ph
(51)

Steric induction at the S-position (equation 34) using analogous chiral auxiliaries of
type 52!18:119 was found to be considerably weaker.

BnOHN BnOHN
(@) M R O>_)7 R O>_)\ R
(0] (0] (0]
y N NH,0Bn Y N + >/ N 34)

N N _N Ph
Mo \ﬁ‘ Ph e \8‘ Ph e

Me Me Me
(52) R= CH3, n-C3H7 4:1

Control of enantioselectivity in addition of hydroxylamines to prochiral activated dou-
ble bonds has also been achieved through chiral catalysis. Substoichiometric amounts
of magnesium bromide—chiral oxazolidine complex 54 (equation 35) catalyze asymmet-
ric addition of O-benzylhydroxylamine to pyrazolides of «,8-unsaturated acids 53 with
moderate to good enantioselectivity!?°,

N N‘
/_>; N (54) BnOHN/_>~ .
MgBr,

H,NOBn (35)

(53)
R = Alk, Ar

Analogous addition with scandium—(S,S-2,6-bis(oxazolinyl)pyridine) complex resulted
in lower enantioselectivity!?!. A chiral heterobimetallic complex of Y(OTf); and Li-
BINOL provided high ee in addition of O-methylhydroxylamine to enones of type 55
(equation 36)'22-124,
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Y-Li BINOL
O MeOH O NHOMe
)J\/\ 82-96% ee M
A R Ar R (36)
(55) H,NOMe

R = Ar, Alk

F. Nucleophilic Addition of Hydroxylamines to Unactivated C=C Bonds

Thermal addition of hydroxylamines to non-activated C=C bonds has been observed
only during cyclization processes'?> 12, The reaction proceeds through a thermal retro-

Cope mechanism as evidenced by its suprafacial stereospecificity (equation 37)!?7.
R4 R4
=~ R3 Me
R3
P 4 _N
HO— ITI 5 HO R3
H Rl R Rl R2
T (37)
R4
H R’
- - R?
o—N
H R?
Rl

Intramolecular addition of hydroxylamines and hydroxamic acids to the non-activated
double bonds is possible through oxidative cyclization. Reaction of O-Acyl B,y-
unsaturated hydroxamates (e.g. 56, equation 38) with bromine provides 3,4-substituted
N-hydroxy B-lactams such as 57 with high diastereoselectivity. Analogous reaction of
O-benzyl hydroxylamine 58 (equation 39) with iodine results in five-membered
cyclization with 2:1 ratio of diastereomers!?3.

\ e} Br/\ /O\(OBH

E )k Br,/K,CO5 “—N

~0” “OBn A o (38)
Ph O Ph

(0]
(56) (87)
OBn OBn
NHOBn

| |
NaHCOs  Me m N~ CH,I Me a_ N _.-CHyI
A~ R
Me
1:2

(58) (39)
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G. Nucleophilic Addition of Hydroxylamines to C=N Bond

Addition of hydroxylamines to C=N double bonds produces stable compounds only
for endocyclic C=N bonds. Addition of hydroxylamine to azirines of type 59 results
in stable adducts 60 as seen in equation 40. Similar reactions have been observed in

benzoxazoles'?® and 1,2,3-triazolo[4.5-d ]pyrimidones 130,131
Ar Ar Ar
Ar . NH,OH
N CONH, HOHN N CONH, (40)
(59) (60)

Ar= Ph, p—MeC6H4, p—C1C6H4

Iminium cations obtained in situ from heterocyclic compounds possessing a hydroxy
or alkoxy group in the o position to nitrogen atom (e.g. 61, equation 41) react smoothly
with hydroxylamines through iminium cations providing stable products such as 6232,

HOHN

MeO
/ /
0 N NH,OH 1) N
< < 41)
0 0

(61) (62)

H. Hydroxylamines through Reactions of Oxyiminium Cations

Reaction of hydroxylamine as well as O- and N-substituted hydroxylamines with alde-
hydes 63 results in formation of oximes and/or oxyiminium salts of type 64 (equation 42).
Subsequent reaction with carbon, nitrogen, oxygen or phosphorous nucleophiles provides
N-substituted hydroxylamines of type 65.

| R! Nu
T ol NOH N o
u
RO-NH + }/ RO”Y RO-N~ "R?
R2 R2 Rl (42)
(63) (64) (65)
R = H, Alk, Me;Si R!,R?=H, Ak, Ar

Intermolecular reactions with O- and N-nucleophiles produce labile adducts of type
65 (equation 42). These adducts can be used for reversible generation of oxyiminium
cations in situ'33. In contrast, reaction of hydroxylamines with 8- or e-lactols results in
intramolecular additions of an oxygen nucleophilic group to intermediate oxyiminium
cation, thus providing stable cyclic products. Reactions of this type have been extensively
used for glycosidation of hydroxylamine derivatives such as 66 (equation 42), resulting
in neoglycosides of type 67!34-13,

Reactions of oxyiminium cation with carbon and phosphorous nucleophiles are irre-
versible. Strecker reaction of N-phenyl-O-trimethylsilylhydroxylamine 68 (equation 44)
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with aliphatic aldehydes of type 69 and trimethylsilyl cyanide in the presence of Lewis
acid catalyst produces a-hydroxyaminonitriles such as 70 in high yield'’.

OH
M ’
MeO €0, on o MeO MeO O
0 NH o 0 N OH
s X ./
HO O oH HO :
. HO CH,OH
HO OH HO OH
(66) (67) (43)
Alk
R! 1) H TMSCN H
| LiCIO, -
TMSO-NH  + Y JEE TIMSOTI O
Alk R!
(68) (69) (70)
R!=H, Ph

Reaction of oxyiminium cations with trimethylphosphite under catalysis with LiClO4/

TMSCI results in the corresponding «-oxyaminophosphonates of type 71 (equation 45)
in good yield!38-140,

Alk
P(OMe)3
1 (0] H TMSCI H

ll{ n Y LiCIO, J\ //O 45)

_ - P—OM
TMSO~NH Alk TMSO=N" P—OMe

R!'  OMe

R!=H, Ph (71)

The use of hydroxyamino instead of amino components in a Ugi reaction (equations 46
and 47) gives access to the corresponding hydroxamic acid of type 72 (equation 46)'4!,
hydroxylamines such as 73 (equation 47)'*? or N-hydroxyamidines'**.

—0
C-C(,H“_ NC + >—/7 + AcOH + BHONH2

BnO. _Ac (40

ZT

c-CeHy”

(72)



5. Synthesis of hydroxylamines 133

c-CeHyp 4(7 NH 1)
/I\I \ OH + + C—C6H] 1= NC
N. _N
N
OH
I
C—C6H|] N
x~ o
N. _N NH
/
C-C6H11
(73) @7

Oxyiminium cations formed from N,O-dialkyhydroxylamines and formaldehyde are
sufficiently reactive for Mannich reactions with activated arenes. Mannich reactions of
oxyiminium cations with indoles (e.g. 74, equation 48)'%* as well as pyrroles and furans
but not phenol and thiophene'3* have been reported.

H

H
PhCH,CH,NHOBn
/ / )

OBn

/

N
\
(74) CH,CH,Ph

IV. HYDROXYLAMINES THROUGH REDUCTION REACTIONS
A. Hydroxylamines through Reduction of Nitro Compounds

Hydroxylamines can be synthesized from various aliphatic and aromatic nitro com-
pounds by reduction with metals and other one-electron donors, with complex hydrides
and other two-electron donors, and by hydrogenation. In all cases the reduction proceeds
stepwise and, depending on reaction conditions, can provide both amines and hydroxy-
lamines.

1. Reduction of nitro compounds with one-electron donors

In general, ionic reductions of nitro compounds in neutral or weakly acidic media
produce hydroxylamines while strongly acidic conditions provide amines. An exception
is made by tin(Il) chloride that can convert nitro compounds into hydroxylamines also
under acidic conditions.

Zinc in the presence of ammonium chloride reduces primary, secondary and tertiary
aliphatic nitro compounds but yields of hydroxylamines are moderate'*> 146 and formation
of coupling products is common'#’. Zinc with!*® 14 or without!% 15! ammonium chloride
reduces aromatic nitro compounds (e.g. 75, equation 49) into hydroxylamines in moderate
to good yield. However, it has been mentioned that the reaction is sensitive to the grade
and quality of zinc dust (equation 50) and aromatic amines have been obtained as major
products in zinc reduction reactions'>!.



134 Artem Melman

OMe
Zn/THF/NH,Cl/water
NO, NHOH “49)
Me
OMe

(75)
NO, NHOH NH,
Cl Cl Cl Cl Cl Cl
Zn dust or (50)
Cl Cl Cl

152,153 154

Aluminum amalgam reduces aliphatic and aromatic”* nitro compounds to
hydroxylamines in consistently good yields'3> 3¢ (equation 51) and this can be the method
of choice for large-scale reductions.

CO,Et CO,Et
Al(Hg)
NHOH
(1)
Samarium(IT) iodide smoothly reduces primary, secondary'>’ and tertiary'>® 15 aliphatic

as well as aromatic'®® nitro compounds to hydroxylamines (equation 52). This reaction

was found to be highly versatile although with limited scalability, since at least four equiv-
alents of Sml, are necessary. Most functional groups, except aldehydes and sulfones, are
compatible with Sml, reduction (equation 53).

Sml,
NO 4eq. NHOH  (52)
BuPh,Si0” 2 +-BuPh,Si0” >
H
0
MeOH
@;‘J Smh @1’9 (53)
_NH
HO™C
CH, CH,

Tin(II) chloride in the presence of hydrochloric acid reduces aliphatic nitro compounds
(e.g. 76, equation 54)'6!. Aromatic nitro compounds are also reduced into hydroxylamines
in moderate to excellent yields'6?.

Furthermore, aromatic nitro compounds may be reduced to hydroxylamines by tita-
nium(IIT) chloride!®? or ammonium sulfide'®*, as well as by electrochemical reduction'6’.
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Ph NO, Ph NHOH

7

CN) Me SnClyHCl <:N) Me (54)

(76)

2. Reduction of nitro compounds with complex hydrides

Metal hydrides such as LiAIH4!66 167 DIBAL!®%: 198 and NaBH, in the presence of
Te'®, Se!”, NiCl,'7! or BiCl3'”? reduce nitro compounds into hydroxylamines, although
they are not usually considered as reagents of choice for this reduction.

Readily available «,B-unsaturated nitro compounds such as 77 undergo facile reduc-
tion into alkylhydroxylamines of type 78 (equation 55) with borane/THF complex in the
presence of catalytic amounts of sodium borohydride!”> 174,

H
NO, BH;-THF N “OH
cat. NaBH, (55)

(77) (78)

3. Hydrogenation of nitro compounds

In hydrogenation of nitro compounds, careful control of reaction conditions is needed to
avoid formation of amines instead of hydroxylamines. In general, transfer hydrogenation is
the most commonly used method to obtain hydroxylamines. Transfer hydrogenation of aryl
nitro compounds with hydrazine on rhodium catalyst provides hydroxylamines in good
yield. A number of functionalities can be tolerated including chloroaryl, and conjugated
double bond!” 176, Palladium-catalyzed transfer hydrogenation of aliphatic and aromatic
nitro compounds with triethylsilane!”” and hydrazine!’® also produces hydroxylamines in
good yield. Raney nickel catalyzed transfer hydrogenation of aromatic nitro compounds
with hydrazine has been reported to produce hydroxylamines in good yield!”. Chemos-
elective reduction of nitro compounds into hydroxylamines with molecular hydrogen is
more difficult, but can be achieved through specially prepared iridium catalyst'8,

4. Microbiological reduction of nitro compounds

Enzymatic reduction of aromatic nitro compounds such as 79 into hydroxylamines
(equation 56) by plant cells has been recently reported'8!.

NO, NHOH
OO plant cells from OO
grape (56)
(0] (0] (0] O (0] (6]
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B. Hydroxylamines through Reduction of Nitroso Compounds

Hydroxylamines are usually more accessible than the corresponding nitroso compounds,
so only few examples of this reaction have been described in the literature. Aromatic
nitroso compounds have been reduced into hydroxylamines with ascorbic acid'®?, gly-
oxylic acid'®® and by NADH'®*. It can be safely assumed that any reagent capable of
reducing nitro compounds should reduce nitroso compounds as well.

C. Hydroxylamines through Reduction of Oximes, Oxime Ethers and Nitrones

Complex hydrides are reagents of choice for reduction of oximes, oxime ethers and
nitrones. Hydrogenation is rarely used for reduction of these compounds although several
examples are known. Other methods, especially reduction with silanes in the presence of
acid, can also be useful for providing alternative stereochemical outcomes.

1. Reduction of oximes and nitrones with complex hydrides

Sodium cyanoborohydride is the most commonly used reagent for reduction of oximes
and oxime ethers. Although this reaction is highly versatile, and does not interfere with
a majority of functional groups, careful control of reaction conditions is necessary. A
considerable problem in the reduction, especially for aldoximes 80 (equation 57), is the
reaction of initially formed N-alkylhydroxylamine 81 with the starting oxime 80. The
obtained nitrone 82 is subsequently reduced to N,N-dialkylhydroxylamine 83, which was
found to be a major reaction product at pH = 4 and above!®. This side reaction can be
avoided by adjusting the pH of the reaction mixture to 3 or below.

r N OH NaBHON N OH (g0 S
i L
R
(80) (81) (82)
NaBH;CN 57
_OH
R/\ N
R
(83)

Lithium cyanoborohydride reduces oximes to hydroxylamines in good yield. Care-
ful pH control is not necessary in this case and reduction can be done efficiently in
the presence of acetic acid at pH 5'3. Lithium borohydride reduces oximes as well'®7.
Sodium borohydride in acetic acid'®® or on silica gel'®® has been used for reduction of
oximes, but reported yields were low to moderate only. Lithium aluminum hydride'*°
and DIBAL'"! 192 are capable of reducing oximes, but are sufficiently chemoselective for
reduction of polyfunctional oximes.

Diborane in THF has been successfully used for reduction of aliphatic and aromatic
oximes to hydroxylamines. Reported yields are highly variable'%!1%* although the low
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yields should be attributed to non-optimal workup procedures rather than to low chemos-
electivity. Other borane complexes also reduce oximes in good yield. Reduction of aldo-
and ketoximes with borane—pyridine'®>~1°7 and borane—trimethylamine'®® complexes
proceeds smoothly giving good to excellent yields of hydroxylamines.

Silanes in the presence of trifluoroacetic acid reduce O-acyloximes 84 into O-acylhy-
droxylamines 85 (equation 58)'%%-2%0,

2
PhMe,SiH R

R /0R2 R /0
>= N TFA H %— NH
R! R!

84) (85)
R, R!=H, Alk, Ar; R =Bn, Ac, Bz

(58)

Oximes also have been reduced to hydroxylamines with bis(trifluoroacetoxy) borane?’!

and photochemically with PhSeH?%2,

Reduction of chiral ketoximes results in formation of a new stereogenic center. Although
mixtures of stereoisomers are generally obtained, kinetically controlled reduction of cyclic
oximes (e.g. 86, equation 59 and 87, equation 60) with sodium cyanoborohydride can
proceed with high diastereoselectivity?*2%*, Stereoselectivity in these reactions closely
resembles that of reduction of ketones with complex hydrides featuring attack from the
least hindered side.

NOH NHOH
H H
I NaBH3CN/AcOH I
(59)
H H
(86)
R o R o
NaBH;CN/HC1
0 0 (60)
HON Oﬁ HOHN oﬁ
(87)

Opposite stereoselectivity in reduction of cyclic oximes (e.g. 88, equation 61) can be
achieved with silane-trifluoroacetic acid®®.

Stereoselectivity in reductions of acyclic oximes depends on the configuration of C=N
bond. (E)-Isomer of oxime 89 produced syn-hydroxylamine 90 in excellent stereoselec-
tivity in reaction with phenyldimethylsilane-trifluroacetic acid while giving anti-product
in the reaction with lithium aluminium hydride. Stereoselectivity in reductions of (Z)-
isomers of 89 was substantially lower in both cases (equation 62)'°. It can be assumed
that the rules of stereoselectivity established in diastereoselective reduction of ketones?%°
can be applied to reduction of oximes as well.

Syn stereoselectivity in reduction of acylic chiral ketoxime ethers of type 91 (equation
63) can be obtained using bulky tetramethylammonium triacetoxyborohydride that pro-
duces Felkin-type products with high selectivity?®’. Reaction of a-tolylsulfinylketoximes
92 (equation 64)2%% with L-Selectride also results in syn products 93.
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Ph,SiH,/TFA
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BnO BnO
Me NaBH;CN
(88) (61)
. NHEt
0 .
OMe
BnO
NHOBn
Me
OAc OAc OAc
i Ph LiAlHg4 or i Ph ' Ph
PhMe,SiH/TFA
Me/\f e Me/\l/ Me
N.. NHOBn NHOBn
OBn
89) syn-(90) anti-(90) (62)
reducing agent  anti/syn (90)
(E)-(89) PhMe,SiH 99:1
(E)-(89)  LiAlH, 82:18
(2)-(89)  PhMe,SiH 24:76
(2)-(89)  LiAlH, 58:42
HO Me (MesN)BH(OACc)3 HO Me
AcOH
\ (63)
Ph N—OBn Ph HN—-OBn
1)
m/\f / L-selectride ? / . \/\ ? / .
N : NH ) NH )
VO Meo” P Me0™  PTol
92) 93) 96:4 (64)
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Enantioselective reduction of ketoxime ethers with chiral boron hydrides produces
chiral O-alkylhydroxylamines with variable ee. Reduction of oxime ethers of type 94
(equation 65) with norephedrine-derived oxazoborolidine 95 proceeds with very high
ee’®. However, an analogous reduction of acyclic aromatic oximes with chiral oxab-
orazolidines produced a mixture of amine and hydroxylamine?'°.

Reduction of nitrones closely resembles that of oximes, although this reaction is
rarely used for synthesis of hydroxylamines. All reagents capable of reducing oximes
should reduce nitrones to N,N-dialkylhydroxylamines. Sodium cyanoborohydride reduces
nitrones to hydroxylamines in moderate to excellent yields?!!. The zwitterionic structure
of nitrones allows reduction without acid catalysis. Both sodium borohydride?!? and
lithium aluminum hydride?!3 convert nitrones to hydroxylamines in good yields. Two other
reagents reducing nitrones in good yield are trichlorosilane®'# and germanium hydrides?!>.

Ph Me
NOR Y nu
O N

__NHOR

BnO _ BnO -
B+ YBH,

H 65
0] 95) o) ©
o4

R= XC6H4CH2; X =H, p—MeO, 0-N02

2. Hydrogenation of oximes and nitrones

Oximes undergo hydrogenation to hydroxylamines and/or amines depending on reaction
conditions. Platinum oxide is the most frequently used catalyst*'®2!7 for selective hydro-
genation of oximes to hydroxylamines. Reduction of chiral oxime 96?!% over palladium
catalyst (equation 66) proceeds in high yield and stereoselectivity. High stereoselectivity

was observed in catalytic hydrogenation of a-alkoxyoximes?!®.
Ph Ph
HO 2 “OBn HO “OBn (66)
Ph Ph
(96)

Other hydrogenation methods are less chemoselective. Use of Raney nickel provides
hydroxylamines in low yield®?°. Hydrogenation of 1-acetonaphthone oxime over rhodium—

chiral phosphine catalysts was found to proceed under harsh conditions and provided low
ce??!

V. HYDROXYLAMINES THROUGH ADDITION TO THE C=N DOUBLE BOND
OF OXIMES, OXIME ETHERS AND NITRONES

A. Addition of Organometallic Reagents to Oximes, Oxime Ethers and Nitrones

Organolithium and Grignard reagents are capable of addition to the C=N bond of
oximes and oxime ethers. Oxime ethers can react directly?*>??* while addition to oximes
requires two equivalents of an organometallic reagent’?*. The majority of experimental
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data involve reactions of organometallic reagents with aldoxime ethers. Additions to
ketoximes and ketoxime ethers (e.g. 97) usually proceed in lower yields*** (equation 67),
yet are useful for preparation of N-tert-alkylhydroxylamines of type 98 that are difficult
to synthesize by other methods. Addition of organometallic reagents to nitrones proceeds
similarly, resulting in N,N-dialkylhydroxylamines of type 99 (equation 68)?23-226,

R? /O R R3MgX or RLi R} O-R
_ e, R /
N R % NH 67)
Rl Rl
97 98
o7 R,RI,R2=H, Alk; R?=AIk, Ar %)
R? . /o* . . R2 OH
e N R3MgX or R3Li >7 N
\Rl R3 \Rl (68)
99)

R,RI,R2=H, Alk; R3?=AIk, Ar

Coordination of organometallic species has been used in studies of stereocontrol of
the addition. These stereocontrolled addition reactions possess considerable preparative
potential as outlined in the following examples. Addition of Grignard reagents to chi-
ral aldoxime ethers such as 100 (equation 69) was found to proceed with a substantial
stereoselectivity®?’.

MeO” -0  ,Ph nBuMgel  MeO” . ~O_ _Ph
K CeCly
MeO 0 —N MeO 0 NH
\ \
OBn n-Bu OBn
(100)
+ 937 (69)
MeO~ *~.~0O Ph
MeoJ:o><,~NH
. \
n-Bu OBn

High diastereoselectivity of addition was observed in acyclic oxime ethers bearing
bulky chiral auxiliaries on the oxygen atom of the oxime function?®-23! (equations 70
and 71).

Ph Ph

i i H
_N i N
n-Pr/\ o SN Ny, Vel n-Pr/\ o \ﬁ o Spp 70

Me



5. Synthesis of hydroxylamines 141

Ph Ph
: ‘ : H
HO _N ph _ ML HO _N Ph 7
\/\O X 2.5 equiv. \/\O \l/ 7y

Me

Additions of alkynylzinc compounds to nitrones possessing an easily recoverable
mannose-derived chiral auxiliary of type 101 (equation 72) proceed with good
steroeselectivity (93-98% dr)?*2.

(72)

Allylboronates of type 103 react with equivalent amounts of aldoximes 102 (equation
73) giving allylhydroxylamines 104 in good yields. Similar reactions of aldoximes®** and
glyoxylate oxime ethers?** with allyl bromide and indium also provide hydroxylamines.
Additions of substituted allyl boronates to oximes produce mixtures of stereoisomers with
ratio highly dependent on the steric size of substituents in both molecules?>. Addition
of allyltri-n-butyltin to aldoxime ether 105 (equation 74) was found to proceed with a
considerable diastereoselectivity>*®.

N NHOH
| 4\/ B(OMB)Z
/i\ (103) /L\//\§ (73)

(102) (104)
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Bu3SnCH,CH=CH,
Sn(OTf),

S NOBn

(6]
(105)

B. Free Radical Additions to Oximes, Oxime Ethers and Nitrones

Free radical addition to oximes and oxime ethers emerged as a useful alternative to
addition of organometallic reagents, particularly for intramolecular reactions. The most
important advantage of free radical vs. organometallic addition is its tolerance for almost
any functional group (with the exception of thiocarbonyl and iodoalkyl functions).

Free radicals generated by zinc and alkyl iodides??” easily add to oxime ethers (e.g. 106,
equation 75), providing good yield of corresponding hydroxylamines 107. This reaction
has also been performed in solid-phase bound oxime ethers>*®.

HCOOC N Zn/NH,Cl/MeOH H
- j-Prl H;COOC N
. ~Z"" 0Bn o 3 \( OBn
(75)
i-Pr
(106) 107)

Similar results were achieved in a free-radical chain addition reaction with free radicals
generated from an Et;B—air®>®240 or Et;B—air/alkyl iodide system (equation 76)**!.

O 0)

o + H3COOC\_ . 0
=N (76)

I OBn NHOBn
H3;COOC

Free-radical cyclizations using ethyl radicals generated by Et;B/air system?*? or stannyl
radicals®*-2*® systems provide a range of carbocyclic and heterocyclic hydroxylamines
(equation 77). Stereoselectivity in these reactions is variable but can be semiqualitatively
predicted by Beckwith—Houk models?*. Depending on the substitution pattern of the
emerging cyclic system, stereoselectivity can be very high, especially in fused polycyclic
systems (equation 78)%%.

BnO H H
A N N OH _N N
N N Etpair  BNO BnO~
0 BF;0Et,/TEA N ’> . N ~>
= O HO 41 O HO

(77
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MeON =, NHOMe

—0 N=\ H
Ph;SnH/AIBN N O_ _.Ph
= 0{ >--ph AN )
N O €xcess
g 0]
S o .
H

A high degree of stereoselectivity was achieved in reductive radical cyclizations with
SmI, ! 252 Coordination of the oxime function (e.g. 108) with samarium cation seems
to play an important role, since the identical reaction with a tributyltin hydride/radical
initiator system produces poor stereoselectivity (equation 79)%*%.

OBn OBn BnO_ HO OBn
N\ Sml,
BnO Z “OMe (79)
BnO NHOBn
O OBH :
(108) OBn

VI. HYDROXYLAMINES THROUGH ADDITION TO THE N=0O DOUBLE BOND
OF NITROSO AND NITRO COMPOUNDS

A. Addition of Organometallic Reagents to Nitro and Nitroso Compounds

Tertiary and aromatic nitroso compounds react with aryl Grignard®32%* or aryl-
lithium?> reagents giving the corresponding hydroxylamines®®. This reaction is use-
ful for preparation of alkyl- and arylhydroxylamines (e.g. 109, equation 80 and 110,
equation 81) and can be considered as complementary to arylation of hydroxylamines
with activated aryl halides. It has been used for functionalization of cyclophanes with the
hydroxyamino group®’. The main limitation of the reaction is the relatively restricted
choice of available aliphatic nitroso components, so most of reactions were done with
2-nitroso-2-methylpropane. There is no literature data about the possibility of removal of
the tert-butyl group from these compounds.

t-Bu
|
1. BuLi Br NOH
2. tBuNO (80)
(109)
t-Bu
|
Br o pui N—=OH
2 t-BuNO
(81)

Br

(110)
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Enolates obtained from aliphatic catboxylic acids such as 111 undergo similar trans-
formation, giving a-N-tert-butyl(hydroxy)amino acids of type 112 (equation 82)>°%.

t-BulI\IOH
1. BuLi
CH,CO,H 1 Buli CHCO,H
—_— (32)
MeO MeO
11n 112)

Addition of organometallic reagents to nitro compounds is possible but is sparingly
used. Reaction of aromatic nitro compounds with large excess of phenyl magnesium
bromide produces hydroxylamines in moderate yield>°. Similar addition of Grignard com-
pounds to nitromethane proceeds in low yield?” while addition of excess methyllithium to
tertiary nitro compound 113 results in formation of hydroxylamine 114 (equation 83)%°!.

Ph —]— 0 Ph —|— O
MelLi O
o ° - O OM
O,N OMe Me O (83)
o NHOS
(113) (114)

Chiral non-racemic O-(2-ketoalkyl) N-phenylhydroxylamines such as 115 (equation
84) can be prepared through catalytic enantioselective «-aminoxylation of carbonyl com-
pounds catalyzed by proline. This reaction proceeds with a variety of ketones and alde-

hydes although it has been tried only with a nitrosobenzene component?6% 263,
0 0
L-Proline RGN N’ Ph
N0 H (84)
(115)

B. Ene Reactions of Nitroso Compounds

Nitroso compounds (e.g. 116, equation 85) that are unable to tautomerize to oximes
undergo an ene reaction with alkenes 117 giving N-allylhydroxylamines 118 (equation
85). Both trifluoromethyl and aryl nitroso compounds react with alkenes?%*2%3, although
in many cases the resulting N-allylhydroxylamines are prone to subsequent chemical
transformations. If allylzinc compounds are used as the alkene components, the chemos-
electivity of the reaction is reversed and O-allylation products are preferably formed®®.

N (85)
Ar—N=0 ——M— HO Me Me

(116) 118)
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Reactions of alkenes such as 120 with «-chloronitrosoalkanes of type 119 proceed
under very mild conditions and result in the formation of nitrones 121 that can be eas-
ily hydrolyzed into hydroxylamines 122 (equation 86)%¢7. Chiral carbohydrate-derived
a-chloronitrosoalkenes 123 possess enhanced reactivity and produce good stereoselectiv-
ity in reaction with prochiral alkenes such as 124 (equation 87)%%8.

O
}
N
0 _ @
N
(6]
A o
O
O\/O

(119) (120) (121)
HCl (86)
H,0
NHOH
0._0
(122)
oL
1.
2. HCI/H,O (87)

HOHN

(123)

Vil. HYDROXYLAMINES THROUGH OXIDATION OF AMINES

Preparation of hydroxylamines through oxidation of an amino group is an attractive
approach since a variety of primary and secondary amines are commercially available,
including compounds with high enantiomeric purity. A number of reagents have been
suggested for the oxidation. However, yields are variable and sometimes are difficult to
predict, since primary hydroxylamines can undergo further oxidation into nitroso and nitro
compounds. The overoxidation is less a problem for N,N-disubstituted hydroxylamines



146 Artem Melman

which can be usually obtained in a good yield, although formation of nitroxyl radicals
with excess of oxidizing reagent is still possible.

Direct oxidation of primary amines with peroxide oxidants does not provide apprecia-
ble yield of hydroxylamines. As was mentioned above, oxidation of secondary amines
usually proceeds smoothly giving moderate to good yields of N,N-disubstituted hydrox-
ylamines. Oxidation of sterically hindered secondary amines such as 125 (equation 88)
can also be done with peracids’®. Further oxidation of the resulting N,N-disubstituted
hydroxylamines 126 with an excess of m-chloroperbenzoic acid is known to end up with
the corresponding nitroxyl radicals of type 127 (equation 88)?’° although the reaction can
be stopped at the hydroxylamine stage.

(I) R!
Chr o o
R? _ MCPBA R
(38)
N O
3 \3

R» R R
(125) (126) (127)

To avoid overoxidation, primary amines (e.g. 128, equation 89) can be converted into
Schiff bases with an aromatic aldehyde. Subsequent oxidation of the resultant imines
129 with an excess of peracids produces oxaziridines 130 and/or nitrones 131. Both of
them produce hydroxylamines 132 (equation 89) upon hydrolysis in moderate to good
overall yields. Yields of hydroxylamines are considerably better if anisaldehyde instead
of benzaldehyde is used for the protection?’!~273,

M
OBn BnO \/@/O ¢
H/ NH>  ancho K‘/ Nx

Ph Ph
(128) (129)
An = p-MeOC6H4
MCPBA
OMe OMe
(89)
or
BnO (0] BnO 0O
/
N N=—
+ H,0, H" +
P Ph
(130) (131)
OBn
NHOH
Ph

(132)
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Another approach toward protection against overoxidation of primary amines is based
on a three-step sequence involving selective mono-cyanomethylation of a primary amine
such as 133 (equation 90) to cyanomethyl secondary amine 134, regioselective nitrone 135
formation using MCPBA and hydroxylaminolysis?’+27> of the resultant nitrones releasing
hydroxylamine 136 (equation 90).

Ph BrCH,CN Ph Fh
K‘/ CO,Me DIPEA H/ CO,Me MCPBA K‘/ CO,Me
NH, NHCH,CN NG
/N
o CN
(133) (134 135) wzom{a (90)
Ph
K‘/ COQMG
NHOH
(136)

In an analogous way, secondary amines can be protected through attachment of S-
cyanoethyl or a similar function. The cyanoethyl group undergoes facile Cope elimination
from initially formed N-oxide (e.g. 137, equation 91) thus giving the corresponding
hydroxylamine 138 in a good yield?’®277.

on o T
o /\/ Me _MCPBA Ph/\,/ Me b : Me , CH,=CHCN
Me/N\/\CN Me/ITIJr\/\CN Me/N\OH o
O
(137) (138)

An alternative strategy preventing further oxidation of hydroxylamines is based on
concomitant O-protection of the hydroxyamino group. Reaction of primary amines with
benzoyl peroxide affords O-benzoyl hydroxylamines of type 139 (equation 92) that can
be deprotected under mildly basic conditions. The oxidation is compatible with a number
of functionalities and does not interfere with other functionalities such as an isolated
double bond in the molecule of amine?’8. This reaction is versatile and a number of
hydroxylamines has been prepared in this way, although yields are only moderate in most
cases?’”~28!_ Oxidation of secondary amines with benzoyl peroxide?®? is also possible and
usually proceeds in better yields.

(0]

(PhCO»), H )J\ 92)

n-Hexyl —NH, n-Hexyl —N—0O Ph

(139)
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Oxidation with diphenylphosphinyl peroxide occurs similarly and has been tried on

both primary?®* and secondary?®* amines (equation 93).
O\\ _Ph O\\ /Ph
Ph,PO ISV AN
R-NH, P02~ N-0" 'Ph _A, HO-N Ph _NOMe = R-—NHOH
|
K R ©3)

Silicon-supported OXONE reagent oxidizes n-hexylamine into the corresponding hy-
droxylamine in good yield?®.

2,2-Dimethyldioxirane was reported to provide superior yields of hydroxylamines in
comparison to other peroxide oxidizing agents. This reaction worked well on polyfunc-
tional amines such as O-protected aminosaccarides 140 (equation 94), yet it was found

to be substrate-sensitive and failed to provide hydroxylamines in several cases?®.

QMe QMe
HN_ i HOHN
0-0
AcO™ . oOAc AcO” oA 08
OAc OAc
(140)

Lithium salts of N-tert-alkylamines 141 (equation 95) undergo direct oxidation with
tert-butyl peroxybenzoate 142 through a free-radical mechanism and afford O-fert-
butylhydroxylamines 143 (equation 95)?%7, although in low yields.

RNHLi + PhC(O)OOBu-¢ RNHOBu-t +  PhC(O)OLi
(141) (142) (143)

95)

Oxidation of secondary amines with oxaziridine 144 provides moderate yields of
hydroxylamines 145, although overoxidation invariably results in formation of nitrones
146 (equation 96)2%3.

R! 0 R!
< PhSO,” NN Ph < 0, R!
NH (144 NOH N=/ (96)
/ —_— / + /
R2 R2 R2
(145) (146)

Viil. HYDROXYLAMINES THROUGH CYCLOADDITION REACTIONS

Both [4 + 2] and [3 + 2] cycloadditions are a direct and versatile method for prepa-
ration of cyclic hydroxylamines. These reactions have been extensively studied, used
and reviewed?®2% 5o reactivity and chemoselectivity in these reactions can be reliably
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predicted. Recent publications also demonstrate considerable progress in steric control of
these cycloaddition reactions.

Hydroxylamines of type 149 (equation 97) can be prepared directly through cycloaddi-
tion of nitroso compounds of type 147 to dienes of type 148. Hydroxylamines of type 153
can be easily obtained through cycloaddition of nitrone 151 to alkene 152 (equation 98).

Furthermore, cyclic hydroxylamines 149 and 153 possessing heteroatomic substituents
R! can be further converted to acyclic hydroxylamines 150 (equation 97) and 154
(equation 98) through selective cleavage of the NO—C bond.

R! R! R!
R2 R2 2
(0] N o (o) R
RI + 1l1 [H,] |
b e N
R 7R3 R R3 R™ R3
R* R* R4
(147) (148) (149)
R = Alk, Ar, COAlk, COAr, CO,Alk R'=H, Alk, Hal, OAlk |R'=Hal, (97)
R2 R3, R* = H. AIK, Ar, y OrIK
0
| R?
OH
|
N
R” R3
R4
(150)
R! 0]
R RS R'__R? 0 g2 R=Ha OH L
T . 0 - reN OAK _ RI-y
N H H
N 4 5 4 5 4
R’ 0 REH R* 6 R R R
(151) (152) (153) (154)
R = Alk, Ar, COAIk, COAr, CO,Alk  R!=H, Alk, Hal, OAlk
R%, R% R, RO R7=H, AIK, Ar, (98)

A. Hydroxylamines through [4 + 2] Cycloaddition of Nitroso Compounds
to Dienes

Aliphatic and aromatic nitroso compounds are powerful dienophiles and react with a
variety of acyclic, cyclic and heterocyclic 1,3-dienes producing cyclic hydroxyl-
amines. The reaction proceeds with a high regioselectivity at room temperature (equation
99)291-293 " Asymmetric variation of the reaction with chiral copper—BINAP catalyst has
been reported”®*. The cycloaddition is reversible and some amounts of diene and nitroso
components may be observed in reaction products.
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i-Pr i-Pr
I _Tos I Tos
N PhN=0 N
/ room temperature (99)
Tos Tos (6]
|
N N

Due to the restricted availability of nitroso components, it more convenient to pre-
pare acylnitroso compounds in situ from N-acyl or N-carbamoyl hydroxylamines with
NalO, (equation 100)?°. Subsequent deprotection results in an N-unsubstituted dihydro-

1,2-oxazine cycle. The reaction is also commonly employed for intramolecular cyclo-
296,297

additions

g
N
O)\O/\

Another approach toward N -unsubstituted dihydro-1,2-oxazines involves cycloaddition
of easily available a-chloro nitrosoalkanes 155 to 1,3-dienes (e.g. 156, equation 101).
Subsequent alcoholysis results in the removal of the alkyl function and provides N-
unsubstituted cyclic hydroxylamines of type 157 (equation 101)298-300,

Cl
NO + @ E{OH LE\ O EtOH AE\ 0
N N HCI
Cl H

(155) (156) @1s7) (10D

AcO

CCly

Cycloaddition of enantiomerically pure «-chloro nitroso compounds derived from
steroids®*! and carbohydrates®’!:3% (e.g. 158, equation 102) proceeds with considerable
stereoselectivity. Final removal of the chiral auxiliary results in N-unsubstituted cyclic
hydroxylamines of high ee.

Reactions with 1-halogeno®® 3%, 1-oxy®®, 1-silyl*?® and 1-amino susbstituted
1,3-dienes proceed similarly and provide complete regioselectivity (equation 103). Due

307,308
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to the presence of the hetero substituent, the resultant cyclic hydroxylamines (e.g. 159)
can be easily converted to acylic N-mono- and N-disubstituted hydroxylamines®®.

X O -

— OAc
(158)

Z SOMOM  + tIiEI\
” COOCH;

Finally, nitrosoarenes 160 (equation 104) prepared in situ by reacting nitroarenes with
CO over a palladium catalyst add to dienes 161, forming cyclic hydroxylamines 162 in
good yields?!°.

Ar N
Ao, oM0m 0T ano 4 ., | |
[Pd(Phen), [BF;], 0

(160) (161) (162) (104)

MOMO

pots
:%:\/J COOCH;

(159)

B. Hydroxylamines through [3 + 2] Cycloaddition Reactions of Nitrones
and Oximes to Alkenes

[3 4+ 2] Dipolar cycloaddition of nitrones to alkenes produces isooxazolidines. This
reaction has been widely studied and exploited in a number of total syntheses.

The reaction is versatile and proceeds with a variety of cyclic and acylic alkenes substi-
tuted with alkyl, aryl, vinyl and heteroatom substituents. Allene derivatives also undergo
cycloaddition with nitrones3!'. A variety of cyclic and acyclic aliphatic nitrones bearing
aliphatic and aromatic substituents has been tested. The reaction is, however, relatively
sensitive to steric constraints and proceeds easily only for mono- and disubstituted alkenes.
Steric requirements for a nitrone molecule are similar and, although several reactions with
R!, R? # H are known’'?, good yield has been achieved only with R' = H (equation 105).

R* R®

R'_ _R? 4 5
T R R \ /O RS \ /O H
+ | R°-N + R°-N P
P N H R
R3 \O R6 H Rl R6 Rl RS
R? R?
(105)

(163) (164)
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While monosubstituted alkenes usually react with high regioselectivity, it is not true for
disubstituted alkenes. Formation of mixtures of type 163 and 164 (equation 105) has been
observed in most cases when unsymmetrical alkenes bearing two different substituents
possess similar stereoelectronic properties. In general, regioselectivity is controlled by a
combination of HOMO-LUMO interactions, steric effects and hydrogen bonding between
suitable substituents in both alkene and nitrone molecules’!3314,

It has been shown that the cycloaddition of highly unreactive sterically hindered nitrones
of type 165 can be catalyzed by magnesium salts that provide temporary tethering of
allyl alcohol in the nitrone moiety (equation 106)*'3. This results in complete regio- and
stereoselectivty of the cycloaddition.

. MgBrz — .
—_—
=~
—

--\ H (106)
o) N 0 N. >LCH20H
o)

| -
Ph Ph

(165)

Cycloaddition of nitrones (e.g. 166, equation 107) to alkoxyalkenes proceeds in high
yield with complete diastereoselectivity, giving 1,2-isoxazolidines of type 167. Simi-
lar reactions have been reported for vinyl ethers’'®, vinyl acetate®'”-313 enamines®'?,
vinyl imidazoles®?°, enamides®?!, vinyl sulfones®??3%* and vinyl sulfides®**3%°. Since the
resultant 1,2-oxazolidines of type 167 and its analogs can be hydrolyzed under acidic

conditions, this reaction may also be considered as an approach to O-unsubstituted N-

alkylhydroxylamines2.
0 BuO O\
LD
T Me (107)
Ph
(166) 167)

Depending on the size of the forming cycle, alkenylnitrones (e.g. 168, equation 108)

undergo intramolecular cycloaddition with high regio- and stereoselectivity2’-328,

N\ N
S o + NT (108
o
%

(168) 64% 1%

Most commonly, alkenylnitrones are produced in situ from alkenylketones (e.g. 169,
equation 109)**%:3% alkynes (e.g. 170, equation 110)**! or oximes?32,

Oximes undergo similar cycloaddition with alkenes. This reaction provides more flex-
ibility because oximes are easily available and are stable compounds. The reaction is,

however, slower than cycloaddition of nitrones and generally requires high temperatures
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(equation 111), although it can be considerably accelerated by Lewis acid catalysis®33.
Cycloaddition of oximes is most frequently used for intramolecular cylcoadditions3* 333,

although intermolecular examples are also known33% 337,

0
N\ /
MeNHOH N

0 (109)

(169)
(0]
HN-0O
= H;CC(O)CH,
MeNHOH-HCl (1 10)
O/“\y% o
170)

NOH H g

/ [
S S ' N
O = D o
S !
S AN H

Intramolecular oxime—alkene cycloaddition has been proved to proceed with complete
stereoselectivity in carbohydrate derived hydroxylamine®*® 171 (equation 112).

OBn g H Bn
//\\/)\y/ﬁ\ .OH A N~
7 . . N o OBn (112)
(I)Bn (I)Bn ; N
H OBn
a7

Lewis acid catalyzed reaction of oximes 172 (equation 113) with divinyl ketone (173)
provided 1-aza-7-oxabicyclo[3.2.1]octan-4-ones 174 through a sequential Michael addi-
tion and [3 + 2] cycloaddition. The reaction occurred with complete stereoselectivity

giving the same product with both cis- and trans-oximes>®.

o (6]
R HiCl Jio
e + e, [
N R N (113)
R |

OH
(172) (173) (174)

Reaction of lithium alkoxyallenes (e.g. 176, equation 114) with nitrones such as 175
proceeded through two sequential additions and provided good yield of six-membered
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cyclic hydroxylamine 177, thus giving a formal [3 + 3] addition. Nitrones possessing
a carbohydrate derived chiral auxiliary have been shown to react with good stereo-
selectivity340.

(175) (176)
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. SYNTHESIS OF OXIMES
A. Introduction
Oximes are a class of chemical compounds with general formula R'R?C=NOH, where

R! is an organic side chain and R?> may be either hydrogen, forming an aldoxime, or
another organic residue, forming a ketoxime (Chart 1).

_OH _OH
N N
A
R! H R! R?
Aldoxime Ketoxime
CHART 1

The term oxime dates to the 19th century, a combination of the words oxygen and imide.
Oximes exist as two stereoisomers: syn (Z) and anti (E). Aldoximes, except for aromatic
aldoximes, exist for the most part as the syn isomer!, while ketoximes are obtained as both
syn and anti isomers, which can be separated almost completely. Recently, Kolandaivel
and Senthilkumar? have studied the molecular structure and conformational stability of
anti and syn conformers of some aliphatic aldoximes by employing the ab initio and
density functional theory (DFT) methods.

Most oximes are weakly amphoteric’* in character due to the mildly acidic hydroxy
group and the slightly basic nitrogen atom, and may dissolve in aqueous sodium hydroxide
to form the sodium salt, from which they can be liberated by the addition of a weak acid,
e.g. acetic acid.

B. Carbonyl Groups as Synthetic Starting Compounds

The condensation of a primary amine with R'R?C=0 compound was first reported
by Schiff in 1864° and since then a great number of these reactions were actively
investigated®.

When hydroxylamine is used, the condensation gives oximes, along with water as a
by-product (Scheme 1). It is known that the oxime is formed via an intermediate because
its C=N double bond, which is responsible for the IR absorption at 1400 cm~' absorp-
tion, hardly appears until after the carbonyl 1710 cm™! absorption has almost completely
disappeared’.

0 OH -0 "NH,0H HO NHOH
)J\,/—\ N Hz/ H* H*
Rl R2 Rl RZ R] R2
R!, R? = H, alkyl, aryl intermediate
H* H
]
HO_ NHOH -0 (NHOH NOH
— ‘\/ )I\ + HZO
R] R2 R] RZ R] R2

oxime

SCHEME 1
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Since hydroxylamine is usually available only in the form of its salts, e.g. the hydrochlo-
ride or sulfate, the aqueous solution of these salts has to be treated with sodium acetate
or hydroxide to liberate the base before treatment with the aldehyde or ketone.

Oximes are highly crystalline and the oximation is a very efficient method for char-
acterization and purification of carbonyl compounds. Impure aldehydes and ketones are
sometimes purified by conversion into the corresponding oximes and, after recrystalliza-
tion, they are hydrolyzed by boiling with dilute sulfuric acid.

The acid, protonating the hydroxylamine, prevents the reverse reaction and thus causes
rapid and complete hydrolysis: distillation of the final solution then drives off the aldehyde
or ketone, and the hydroxylamine sulfate remains behind. This method must be used with
care, however, as the acid may cause a Beckmann rearrangement to occur.

The experimental conditions used to prepare oximes depend mostly on the nature of
the parent materials and the basicity of the reaction medium; usually, reactions pro-
ceed smoothly at pH close to neutral. In organic chemistry, it is generally believed that
reactions of RR’C=0 and hydroxylamine at a pH close to neutral proceed through nucle-
ophilic attack of the nitrogen electron pair on the electrophilically activated C=0 carbon®.
Usually, the preparation of oximes via condensation of the carbonyl compounds and
hydroxylamine hydrochloride needs long reaction times®.

Oxime ligations can be significantly accelerated by using aniline as a nucleophilic
catalyst'®. Rate enhancements are achieved by changing the electrophile from a weakly
populated protonated carbonyl (Scheme 2a) to a more highly populated protonated aniline
Schiff base (Scheme 2b). The transimination of the protonated aniline Schiff base to the
oxime proceeds rapidly under aqueous acidic conditions.

H,0
p% / R
_R /
(a) >:o\+ + NH,—R =——= HO >:N

N —_—
H
H
PhNH,
Ph - R
/ /
(®) %N + NH,—R === Ph_ >< _R % >:N
+\ N N
H H H
SCHEME 2

The resulting ligation rates (kops) are increased up to 400-fold in aqueous solution at
pH 4.5 and up to 40-fold at pH 7. Such rate enhancements enable the use of equimolar
concentrations of reactants, meeting the rigorous requirements of challenging macro-
molecular ligation. With the exception of symmetrical ketones, both isomeric oximes
(Z and E), which have different physical properties and biological activities, are usually
produced!!" 12, They could be separated by chromatography or recrystallization techniques.

A small number of examples is available for the synthesis of £ and Z isomers of
oximes'®. In many cases, E isomers were obtained either from the Z forms (by the
hydrochloride method) or isolated by column chromatography. Often, the reagents that
have been used for oximation of aldehydes and ketones also catalyze the interconver-
sion of Z and E isomers. The rate of equilibration of a mixture of Z and E isomers
and the position of the equilibrium is temperature-dependent'*. In 2001, Sharghi and
Sarvani'® reported a convenient method for controlling the stereochemistry of the reac-
tion of hydroxylamine hydrochloride with aldehydes or ketones in the solid state. The
highly stereoselective conversion of aldehydes and ketones to their corresponding oximes
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/OH
o NH,OH-HCI I‘i
)k Cat. 90 °C )\
R! R? R! R?

Cat. = CuSOy, K,CO3

R!, R? = H, Me, Ph, p-CIC¢H,, p-HOC4H,,
p-MeCgHy, 2- and 3-thienyl, 2- and 4-pyridyl

SCHEME 3

with hydroxylamine hydrochloride is catalyzed by CuSO4 and K,COj3; (Scheme 3). This
method occurs under mild reaction conditions with high yields.

Various types of aromatic aldehydes with electron donating and withdrawing groups
were cleanly and rapidly condensed with hydroxylamine hydrochloride at 90 °C, giving
the corresponding E-isomer of oximes (with OH anti to aryl) in excellent yields in the
presence of CuSO,4. However, aromatic ketones such as benzophenone did not afford the
corresponding oximes under these conditions.

Nowadays, synthetic chemists continue to explore new methods to carry out chemical
transformations. One of these new methods is to run reactions on the surface of solids. As
the surfaces have properties which differ from those in solution or the gas phase, entirely
new chemistry may occur.

Several classes of solids have commonly been used for surface organic chemistry
including aluminas, silica gels and clays. Zinc oxide (ZnO) is certainly one of the most
interesting of these solids because it has surface properties that suggest that a very rich
organic chemistry may occur there.

Sarvari'6 has prepared a number of aldoximes using ZnO/CH3COCI (Scheme 4). It was
carried out by simple condensation between hydroxylamine hydrochloride and the desired
aldehyde in the presence of zinc oxide (ZnO) as catalyst at 60 °C for a few minutes.

_OH
0 NH,OH-HCI IT
1 J\ ZnO/ACCL, 60 °C 1 )\
R H R H

R! = n-Bu, n-pentyl, Ph, 0-CIC¢Hy, p-HOCcHy,
p-MeCgHy, 2-thienyl, 3-pyridyl

SCHEME 4

N,N’-Disalicylideneethylenediamine (Salen) and its analogues are most versatile che-
late ligands in inorganic and organometallic chemistry (Chart 2)'7. The synthesis of
unsymmetrical salen derivatives which consist of two different salicylideneimine moieties

o) 0
/ \ | I
~N N= ~N N=
R'dm{ Hoibf]%' R'4<:§:OH HO:%}fR'
R R R R

CHART 2
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is difficult, because a statistical mixture of three possible condensation products is usually
obtained'®.

To develop stable analogues of Salen-type ligands (Chart 2), Dong and colleagues have
synthesized a series of new 1,2-bis(salicylideneaminooxy)ethane (Salamo) ligands on the
basis of O-alkyl oxime instead of the imine moiety (Scheme 5)'°. Eight salamo ligands
3a—h were prepared as colorless crystals from the corresponding salicylaldehydes 1a—h
and O,0’-(ethane-1,2-diyl)bis(hydroxylamine) 2. The crystal structure of 3a—c suggests
that the oxime-OH form is more predominant than the keto-NH form. In fact, the corre-
sponding salen analogues show a band around 400 nm assigned to their keto-NH form
and the —7* bands (at ca 315 nm)?’; 3a—c showed no absorption around 400 nm. This
fact confirms that the population of the keto-NH form of salamo is negligibly small.

CHO
¢} NH
2 R] OH + - \/\ - 2
H,N Y EtOH
R
(1a-h) ) o~ ~o
[ [
N N=—
R! OH HO R!
R R
(3a)R=R'=H 83% (3e)R=H,R!=Br 64% (3a-h)

(3b)R=0OMe,R'=H 79% (3HR=H,R'=0H 77% Salamo (R, R! = H)
(3c)R=R!=#Bu 74% (3g)R=OH,R'=H 88%
(3d)R=SMe,R'=H 74% (3h)R=H,R'=NO, 79%

SCHEME 5

O-Substituted oxime derivatives are synthetically useful in a wide variety of trans-
formations. Hoffman and Butani?! have observed that reaction of a series of aldehydes
and ketones with the potassium salt of N,O-bis(trimethylsilyl)hydroxylamine 4a or 4b
(a rapid equilibrium between 4a and its N,N-bis(silylated) isomer 4b probably exists in
solution) gave high yields of the corresponding oximate anion S, formed via the Peterson-
type reaction, together with the silyl ether 6. Anion 5 could be protonated to the oxime 7
or trapped in situ with a variety of electrophiles to give O-substituted oxime derivatives
(Scheme 6).

During the last years, the microwave oven has become a very popular device in the
laboratories of synthetic organic chemists. Since the early articles of the groups of Gedye
and Giguere?>2*, application of the microwave heating technique has been under inten-
sive investigation and has been recently reviewed?* 2. The effects usually observed are:
(a) decreased reaction time and (b) cleaner reaction with easier work-up. After several
controversies, it was demonstrated that the acceleration of the reaction rate is caused by
combination of the heat and non-specific interaction between the microwaves and reacting
molecules?.

In 1992, Puciova and Toma?’ published the synthesis of a broad range of oximes by
microwave irradiation. They observed that the application of microwave heating enhanced
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(H3C)3SI ~T /O\ .
N SI(CH3)3
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(H;0)3Si _O .
N7 UsicHy, ¢ KHo_THRTS*Con

(H:C)sSi— O K*
N

|
(@) Si(CH3)3

/O_ /OH
(4a or 4b) + <:>: 0O —— <:>: N K*|+[(CH3)3Si],0 H <:>: N
quant.
%) (6) 7

SCHEME 6

dramatically the reaction rate, and practically quantitative yields of oximes were isolated
after less than 1 min heating in most cases. The effect of solvents on the course of the
reaction was studied.

The ketoximes 9 were synthesized by refluxing the ketones 8 and hydroxylamine
hydrochloride in a mixture of pyridine and ethanol as solvent (Scheme 7). The microwave
heating reduced markedly the reaction time (1-3 min versus 45 min in an oil bath).

OH
/
(0] . ) . N
)I\ + NH,OHHCI Qil Bath: 45 min or MW: 1-3 min |
Rl R2 Py/EtOH R] R2
8) R!, R? = alkyl, aryl 9)
SCHEME 7

In 1999, Hajipour®® reported that silica gel, without any base, could be a useful catalyst
for the preparation of oximes in dry media coupled with microwave irradiation. Hydrox-
ylamine hydrochlorides were reacted with several aliphatic and aromatic aldehydes and
ketones affording the desired oximes.

The chemical applications of ultrasound (Sonochemistry) have become an exciting
new field of research during the past decade. Recently, Li and coworkers’ have found
an efficient and convenient procedure for the preparation of oximes via the condensation
of aldehydes and ketones in ethanol with hydroxylamine hydrochloride under ultrasound
irradiation (Scheme 8). Compared with conventional methods, the main advantages of the
sonochemical procedure are milder conditions, higher yields and shorter reaction periods.
The reason may be the phenomenon of cavitations produced by ultrasound.

Na, SO, has a noteworthy effect on the reaction time, while its amount has little effect on
the reaction yield. In fact, in the absence of Na,SO4, a prolonged period of ultrasonication
(u.s.) is needed to get similar yields.

The synthesis of chemical libraries loaded with structural diversity is an emerging
field with direct applications in biomedical research. Strategies for library synthesis have
mainly focused on combinatorial synthesis of molecules that vary substituents with a core
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OH
7/
0 N
us.,AorB |
Jo + Nmowmar 22 ]
R” OR? EOH,2536°C o1 > po

A: Na,SOy (1.0 mmol). B: without Na,SOy4
R!, R? = H, alkyl, aryl
u.s.: ultrasounds

SCHEME 8

structural type. Diversity-oriented synthesis is a new strategy for constructing libraries
with both skeletal and functional group diversity.

In an effort to formulate novel approaches to complex library synthesis, Porco and
coworkers?® have prepared a hybrid oxime library (10) via ‘chemical domain shuffling’.
In this approach, discrete fragments or ‘chemical domains’ may be shuffled to prepare
complex hybrid structures (Scheme 9).

............................... : Domain Shuffling
-  Cx

- &
A | ¢

oo o
\

N

'NH, R Hybrid 7
R = H, alkyl R
(10)

SCHEME 9

Aldehydes or ketones were found to smoothly condense with O-alkylhydroxylamine at
room temperature using 20 mol% of AcOH in EtOAc. Polymer-supported methylisatoic
anhydride (PL-MIA) was employed to scavenge the excess of alkoxyamines (Scheme 10).

R
|
(¢}
-
(¢} N
1. AcOH, EtOAc, rt |
PN + )k 2. PL-MIA resin )\
R NH, R! R — " R R?
10)

Complex Oxime Library
R = alkyl or cycloalkyl; R' = H, Me; R2 = alkyl, cyclohexyl, aryl
SCHEME 10
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In 2002, Kanno and Taylor®® successfully developed a simple one-pot procedure using
MnO,/NH,0Me«HCl for the conversion of activated primary alcohols into O-methyl
oximes (Scheme 11). They also developed a modification using Amberlyst 15-supported
alkoxylamines, which can be employed to prepare other types of O-alkyl oximes as well
as the parent hydroxylamines. This latter procedure has been used as the cornerstone
of an efficient synthesis of the antifungal natural product citaldoxime 11 (Scheme 11).
Citaldoxime is an antifungal natural product first obtained as a radiation-induced stress
metabolite of Citrus sinensis’’32, and later isolated from the roots of several different
citrus plants®

RCH,OH [RCHOI RCH=NOR!

R! ONH,-HX

= aryl, alkenyl, alkynyl

R‘ =H, Me, +-Bu, Bn

Mn02 THEF, reflux, 26 h
®— SO;H-NH,0H
(0]
N
AN 7R OH
(0]
(11), citaldoxime, 43%
SCHEME 11

Oximes are usually prepared by reaction of ketones with hydroxylamine while, espe-
cially in industrial processes, ketoximes are synthesized by the reaction shown in Scheme
1234,

OH
s

0 N
NH; + 150, + )I\ - )I\ + H0
R R! R R!

R,R'= alkyl, aryl
SCHEME 12

This process of synthesis of ketoximes as described by Scheme 12 is termed ammox-
imation. The source of NH,OH is the oxidation of NH; to NO (or NO,) followed by
reduction with H, or SO;. The reactants were passed over a Pt catalyst at low pressures
and high temperatures (>800 °C).

C. Nitro Compounds as Starting Material

The action of carbon monoxide (CO) upon solutions of copper salts leads to the for-
mation of cuprous CO complexes that have pronounced activity as reducing agents®>. In
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1972, Knifton®® reported that solutions of cuprous salts in amine solvents are excellent
catalysts for the selective reduction of nitroalkanes to the corresponding oximes.

In an interesting paper published by Barton and coworkers®’ in 1987, aliphatic nitro
compounds were reduced to oximes using carbon disulfide in the presence of an excess
of triethylamine under homogeneous conditions. The process is particularly suitable for
the reduction of allylic nitro derivatives. The choice of the base is a crucial factor
for a good outcome of the reaction; the use of a stronger base such as N”-fert-butyl-
N,N,N’,N’-tetramethylguanidine afforded a mixture of oxime and nitrile. As was recently
demonstrated by Penso and colleagues®®, wet potassium carbonate is a more versatile and
effective reagent for promoting base-catalyzed reactions, especially under solid—liquid
phase transfer catalysis (SL-PTC) conditions (Scheme 13).

K,CO3/H,0/CS,/TEBA
/—NO, CHCl, or DME, rt /= NOH
R R

25-79%

R = 4-methylcyclohexyl, i-propyl, 2-phenylcyclohexyl
SCHEME 13

The chemistry of nitro compounds forms the basis of a number of well-known pro-
cesses, such as the Henry or the Nef reactions®. Transformations such as the latter
permit the interconversion between nitro and other functional groups and are therefore of
prime importance. The most commonly employed methods for the reduction of primary
nitroalkanes to oximes involve the use of BusSnH, Se/NaBH,4, CS, or SnCl, (often in
combination with thiophenol)*.

In this context, Czekelius and Carreira*' have recently documented a convenient heavy-
metal-free transformation of optically active nitroalkanes 12 to chiral aldoximes 13 at room
temperature by employing inexpensive reagents: benzyl bromide, KOH and 5 mol% n-
BuyNI (Scheme 14). This provides an environmentally friendly reaction that excludes the
potential contamination of the products by metal impurities.

A OB
R3~[ NO: b n-BugNI (5 mol%) R3><: N Ph R, /N
o Vg2 KOH, THE, 3 h, 1t v’ V2 0 - xR
12) 13)
R!, Rz, R3= H, Me, Ph, 2-thienyl, 2-furfuryl  ratio major/minor isomer: around 70/30
SCHEME 14

The use of soluble amine bases failed to give products, whereas the heterogeneous
conditions KOH/THF proved optimal in promoting aldoxime formation for a broad range
of substrates. Optically active nitroalkanes including aromatic (both electron-rich and
electron-deficient), heteroaromatic, branched and unbranched aliphatic substrates, as well
as substrates that incorporate unprotected alcohol functionalities were successfully re-
duced.

The reduction of an aliphatic nitro compound containing an a-hydrogen (R'R2CHNO»)
may be stopped at the stage of the oxime (R'R?C=NOH). Despite the great synthetic
importance of these nitro compounds, their photochemical conversion to oximes has not
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been deeply studied, except for the direct reduction of «-nitroketone to the corresponding
oxime in 2-propanol*?. In this paper, Takechi and Machida have described a preparatively
useful photochemical conversion of nitro compounds 14 to oximes 15 (Scheme 15). The
nitro compounds are irradiated in acetone in the presence of NEt; using a 500-W high-
pressure mercury lamp through a Pyrex filter.

R] hv Rl
Et;N/acetone rOH
Vo, N N
30-71%
R? R?
(14) (15)

NedglesNen

H
R? = EtO,CCH,CH,, NCCH,CH,
SCHEME 15

More recently, Kim and coworkers*? have developed a novel radical alkylation reaction
of organic nitro derivatives 16a—d via bis(silyloxy)enamines 17a—d (Scheme 16). This
method enables not only S-alkylation to the nitro group, but also the conversion of the nitro
group (16a—d) into an oxime ether functionality (18a—d). The irradiation of a solution
of 16a—d with iodomethyl phenyl sulfone (or ethyl iodoacetate) and hexamethylditin in
benzene at 300 nm give the oxime ethers 18a—d in good yields.

Tin-based reagents are not always suitable owing to the toxicity of organotin derivatives
and the difficulties often encountered in removing tin residues from the final prod-
uct. Therefore, the same authors have carried out additional experiments with 17d and
several different alkyl halides under tin-free conditions. The treatment of 16d with zert-
butyldiphenylsilyl chloride (TBDPSCI) and triethylamine in the presence of silver triflate
in CH,Cl, affords the bis(silyloxy)enamine 17d in 92% yield (Scheme 17). When the
radical reaction was carried out with ethyl iodoacetate in the presence of 2,2’-azobis(4-
methoxy-2,4-dimethylvaleronitrile) (V-70) as the initiator in CH,Cl,, the oxime ether 19
was obtained in 83% yield (Scheme 17).

Most of the current preparative methods of oximes from nitroalkenes are not versatile.
Reduction of nitroalkenes by CrCl, or NaH;PO, in the presence of palladium was reported
to afford the corresponding oximes, but the yields are not satisfactory. Zn-acetic acid and
Na,SnO; reductions are limited to the preparation of ketoximes only. Electroreduction of
alkenes was reported to yield mixtures of ketones and ketoximes, or oximes and acetals
(or ketones) depending on the structure of nitroalkanes.

Sera and coworkers*, during their investigation on electroreduction of nitroalkenes,
found that plates of powder or metallic lead can reduce nitroalkene 20 to give oxime 21
in acetic acid—DMF solution ‘without electricity’ (Scheme 18). The reduction of 1-nitro-
1-alkenes afforded the corresponding aldoximes or ketoximes in excellent yield.

The reduction of conjugated nitroalkenes such as S-nitrostyrenes to oximes provides
easy access to a large number of versatile organic intermediates*’. However, despite their
potential utility, many of these methods suffer from the use of strongly acidic*® or basic
conditions*’, requirement of anhydrous conditions, and incompatibility with halogenated
arenes. Further, some of the methods are inefficient for the preparation of aldoximes due
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TBDPSCI = tert-butyldiphenylsilyl chloride
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SCHEME 17
R! R3 PL/ACOH-DMF ~ R! R?
>—< Et;N/acetone
R? NO, 1, 71-94% R? NoH
(20) 21)

R!= phenyl, 1-naphthyl, C¢H3; R2=H, Ph; R? = H, Me, Ph
SCHEME 18

to competing side reactions such as the Nef reaction*® under acidic conditions*’, and
polymerization of nitrostyrenes.

Due to the close similarity of indium to magnesium®”>! in several aspects, indium
could be a potential reducing agent>. Since indium has special properties in water, the
application of indium for the reduction of B-nitrostyrenes to oximes is of great interest.
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In this context, Yadav and coworkers’® have recently developed a mild and efficient
procedure for the selective reduction of S-nitrostyrenes 22 to oximes 23 using indium
metal in aqueous methanol under neutral reaction conditions (Scheme 19). Similarly, a-
alkoxy oximes 24 are formed in good yields by the treatment of nitroolefins with metallic
indium and trimethylsilyl chloride in anhydrous methanol (Scheme 19).

R
In-NH,C1, MeOH/H,0 |
Reflux N
R 23 OH
OMe
NO, R
(22) In-TMSCI, MeOH, rt |
N ~
R =H, Me, Et (24) OH
SCHEME 19

The reduction of B-nitrostyrenes with indium metal in aqueous ammonium chloride
gave a mixture of E and Z isomers while the reduction of S-methyl-S-nitrostyrenes with
indium powder in the presence of trimethylsilyl chloride gave exclusively the E isomer.

N,N-Bis(siloxy)enamines 26, the products of double silylation of aliphatic nitro com-
pounds 25, react with nucleophiles to give various functionalized ¢-oximes 27, o-hydroxy
oximes 28 (or their bis(siloxy) derivatives 29) as side products (Scheme 20).

N(OSiMes), NOH NOH
O ) Nu Nu OH
N/ Rl)\ N RIJ\( . RIJK(
R! (25) (26) R? (27) R? (28) R?
i
NOSiMes
ol 0SiMe;
(29) R?
SCHEME 20

Oximes 28 are interesting precursors to S-amino acids, as well as different heterocyclic
systems, so it is advantageous to develop the synthesis of the oximes 28 maximizing
the side process shown in Scheme 20. This problem was solved in the earlier paper,
which dealt with the double silylation of 26 with Me;SiOTf/Et;N, but the yields of target
derivatives were modest as a rule>.

Very recently, Ioffe and coworkers®® have developed a new convenient two-step pro-
cedure for the conversion of 26 to 28 via intermediate N,N-bis(siloxy)enamines 29
(Scheme 21). It was observed that Zn(OTf), is the most effective catalyst, whereas the
use of chlorine-containing Lewis acids leads to the formation of the corresponding chloro
derivative, as the product.
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N(OSiMes), NOSiMe; NOH
Zn(OTf), 0OSiMe; MeOH OH
R! - R! 7 R!
(26) R? (29) R? (28) R?

R' = H, Me, Ph, Bn, COOMe; R? = H, Me; R'R? = -(CH,)4-
SCHEME 21

D. Nitrite Oxidation as a Means for Obtaining Oximes

In a paper published in the early 1950s Touster’” found that sodio derivatives of many
alkyl-substituted heteroaromatic compounds or of allyl-substituted benzenes 30 can be
oximated with alkyl nitrites in refluxing anhydrous liquid ammonia at atmospheric pressure
according to Scheme 22.

NH; (lig.) -+
RCH,R! + NaNH, RCH(Na)R! + NH;
(30)
Rl
-+
2RCH(Na)R' + RZONO — T +RCH,R! + R?0ONa
(30) “O"Na*

R = heteroaromatic, Ph; R! = H, Me, allyl; R? = lower alkyl
SCHEME 22

Subsequently, Kato and Goto>® have reported the synthesis of 2- and 4-pyridinecarbox-
aldoximes from 2- and 4-picoline with potassium amide and amy] nitrite in liquid ammonia

—33°C, although they failed to obtain either of these oximes when the reaction was
carried out with sodium amide in liquid ammonia at room temperature in a sealed tube.
Finally, in 1964, alkyl-substituted heteroaromatic compounds and allyl-substituted ben-
zenes were oximated in liquid ammonia at —33 °C with sodamide and an alkyl nitrite®®

The preparation of oximes from olefins is a valuable approach for the synthesis of
nitrogen-containing compounds such as amino acids and heterocycles. Okamoto and
colleagues® have reported that a catalytic reduction—nitrosation of styrenes 31 with ethyl
nitrite and tetrahydroborate anion by the use of bis(dimethylglyoximato)cobalt(Il) complex
afford the corresponding acetophenone oximes 32 (Scheme 23).

~OH
BH4, Co Catalyst
RS "o
(3D (32)

R = Ph, XC4H, (X = p-Cl, p-OMe, p-NO,, 0-Cl, 0-Me)

SCHEME 23
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Sugamoto and colleagues®' have attempted the reduction—nitrosation of the conju-
gated olefins 33 by the use of 7-butyl nitrite instead of oxygen (Scheme 24). Various
olefins such as styrenes, «,f-unsaturated carbonyl compounds and «,8,y,5-unsaturated
carbonyl compounds were directly converted to the corresponding acetophenone oximes,
o-hydroxyimino carbonyl compounds and y-hydroxyimino-«,S-unsaturated carbonyl
compounds in good or moderate yields by reduction—nitrosation with #-butyl nitrite and
triethylsilane in the presence of cobalt(II) porphyrin as a catalyst (Scheme 24).

R NEZ R!
(33)

Collp

°" | i-PrOH/CH,Cl,
Et:SiH

COHIP*

h A Path B
- Buoh\

00Co!p=

N/OH
R\/L R\/t
R! R!

R =alkyl; R! = aryl, COR?, CH=CHCOR?; R? = H, Me, Et, Bu
P* = Porphyrin

SCHEME 24

The combined use of 3.0 equivalents of z-butyl nitrite and 3.0 equivalents of triethyl-
silane with 34 was found to be required for the complete consumption of 34. Under
these conditions, oxime 35 was obtained in 91% yield along with 2% yield of ketone 36
(Scheme 25).

More than a century ago, Fileti and Ponzio reported that 1,2-diketones can be prepared
by treating a-methylene ketones with sodium nitrite in aqueous HCI®?>. However, this
procedure has been limited to a few applications of water-soluble substrates.

In a very interesting paper, Riiedi and colleagues®® have presented a convenient a-
oximation method that allows for the selective preparation of 1,2-dione monoximes 38a,
40a, 41a and/or their hydrolyzed 1,2-diketone derivatives 38b, 40b, 41b simply by using
the appropriate amount of the in situ generated nitrosyl chloride and ketones 37 or 39
(Scheme 26; route a or b).

The versatility and high efficiency coupled with the synthetic significance of 1,2-
dicarbonyl compounds make this procedure a powerful tool in organic synthesis. In
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NOH O

SN Coll(tpp) (cat.), -BuONO
Et;SiH
O 0 + 0
i-PrOH-CH,Cl,
34 under Ar, rt 35 36
ome @ . 39 . GO

OM OM

tpp: 5,10,15,20-tetraphenylporphyrine
SCHEME 25

O O
)K/\ route a: NaNO, (1 equiv.), HCI, THF, 0 °C
CeH 3 route b: NaNO, (3 equiv.), HC], THF, 0 °C CeH i3

X route a: X = NOH, 38a (86%)

(37 (38) routeb: X=0,  38b (81%)
(0] (6]
\)J\/\ route a: NaNO, (1 equiv.), HCI, THF, 0 °C
CeH 3 route b: NaNO; (3 equiv.), HCI, THF, 0 °C CeHy3
X
39) (40)
+
(0]
CeHi3
X
(41)

route a: X = NOH, 40a (41%) + 41a (44%)
route b: X=0,  40b (35%) + 41b (39%)

SCHEME 26

addition, the reaction can be carried out on a preparative scale with no significant change
in yield, rendering this procedure also promising for industrial applications.

Diketo oxime 43 (Scheme 27) find extensive use in organic synthesis. These compounds
are useful building blocks in five-membered heterocyclic chemistry. These oximes can be
used for the synthesis of pyrroles®, thiazoles®, oxazoles® and pyrazoles®’. The diketo
oxime 43 was synthesized in high yield by addition of an aqueous solution of sodium
nitrite to a 0°C solution of 1-benzoylacetone 42 in AcOH%®,

(6] (6] (0] (0]
aq. NaNO,, AcOH
0°Ctort |
N
HO™
(42) (43) 96%

SCHEME 27
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Acylation is one of the most fundamental and useful reactions in organic synthesis
and is normally achieved by the reaction either with carboxylic acid derivatives and
organometallic compounds or with masked acyl anions and alkyl halides.

Recently, Kim and colleagues® have described a new efficient method for the prepa-
ration of «-keto esters 48 via a free-radical acylation approach using (phenylsulfonyl)
methoxycarbonyl oxime ether 46 as carbonyl equivalent radical acceptor (Scheme 28).
The oxime 46 was conveniently prepared from readily available methylphenylsulfonyl
acetate 44 by a two-step sequence (via oxime 45) as shown in Scheme 28. Nitrosation of
44 with isoamy] nitrite in the presence of sodium methoxide gave oxime 47 in 78% yield.

P NaOMe )l\ NaH )|\

PhSO, COOMe  1soamyl nitrite ~ PhSO; COOMe  BnBr, 0°C PhSO, COOMe

(44) (45) (46)
_OBn  (SnMey),, hv _OBn
N THF/acetone ag. HCHOH* O
R—I + /t T — /k
— (PhSO,)» THF
| PBSO; COOMe R COOMe R COOMe
R = alkyl
Ay Ay (46) 7 48)
SCHEME 28

This approach involves additions of alkyl radicals to C=N bonds and subsequent S-
expulsion of the phenylsulfonyl group (as a radical) which react with bis(trialkyl)tin to
propagate a chain. The phenylsulfonyl group lowers the energy of the LUMO of the
radical acceptor, increasing the rate of addition of alkyl radicals’®.

In a communication by Tanimoto and coworkers’!, ketene O-alkyl O’-trimethylsilyl
acetals 49 provide either a-nitroso esters 50 or their oximes 51 on reaction with nitric
oxide or isoamyl nitrite in the presence of titanium(IV) chloride (Scheme 29). These
reactions seem to provide a relatively direct way to introduce a nitrogen substituent at the
«-carbon atom of carboxylic esters.

1 3 1 3 1
R\‘ o :OR TiCly/CH,Cl, R\‘ _ :OR R\‘ /<O
R? 0SiMes R? OTiMes R? OR3
(49)
NO or 1 1
i-CsH;;ONO o R 0 R2=H R 0
N —_—
\ > <
R? OR? HON OR?
(50) (51)

R! =Me, Et, Ph; R? = Me, Ph; R? = Me, Et
SCHEME 29
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g-Caprolactam is one of the monomers most widely used for the production of nylon-6.
Nowadays, s-caprolactam’?> is produced by a Beckmann rearrangement of cyclohex-
anone oxime or by nitrosation of cyclohexanecarboxylic acid with NOHSO4 (Route C,
Scheme 30).

OH (6]

NH,OH

o ROUTE A
2
hv, NOCI
ROUTE B
H,SO0,
COOH COOH
H O

N

H, NOHSO,
- .
ROUTE C

SCHEME 30

Currently, cyclohexanone oxime is synthesized starting from cyclohexanone and hy-
droxylamine (Route A, Scheme 30) or by photonitrosation of cyclohexane with NOCI
(PNC process, Route B, Scheme 30). Of these approaches, Route A is most often employed
and accounts for about 70% of the total production of e-caprolactam worldwide. However,
this method has several drawbacks’>.

Ishii and coworkers’, in the course of their studies on the N-hydroxyphthalimide
(NHPI)-catalyzed functionalization of cyclohexane, have observed that the nitrosation of
cyclohexane 52 by fert-butyl nitrite 53 can be successfully achieved without photoirradi-
ation and under halogen-free conditions by using NHPI as a catalyst (Scheme 31).

(0]
cat. NOH NO
‘ NHPI o
+ ‘ ONO + OH
(52) (53) (54)
SCHEME 31

This procedure is the first example of a catalytic transformation of 52 into 54 under
relatively mild conditions (at 80 °C for 2 h). In this process the majority of 53 is converted
into fert-butyl alcohol (see below). Since fert-butyl alcohol is known to react with NO,
or with sodium nitrite to produce 53, reagent 53 may be regenerated from the fert-butyl
alcohol formed (Scheme 32).

A plausible reaction pathway for the reaction of 52 with 53, catalyzed by NHPI, is
showed in Scheme 33.
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PINO = phthalimide N-oxyl radical

PINO

(54
SCHEME 33

In a recent paper, Kim and Ryu” have demonstrated that the reaction of some stable
nitrile oxides with uracil nucleosides cleanly gave products of 1,3 addition (Scheme 34).
The 5-aroylpyrimidine nucleoside oximes 57-64 were prepared in moderate to good
yield by the reaction of hydroximoyl chlorides 55a—e with the corresponding pyrimidine
nucleosides 56a—d.

The nitrile oxides were generated in situ from the corresponding hydroximoyl chlorides
55a—e. From these reactions, only the 1,3 addition products 57—64 were obtained. No
products of cycloaddition could be isolated.

Nitrile oxides are widely used as dipoles in cycloaddition reactions for the synthesis of
various heterocyclic rings. In order to promote reactions between nitrile oxides and less
reactive carbon nucleophiles, Auricchio and coworkers’® studied the reactivity of nitrile
oxides towards Lewis acids. They observed that, in the presence of gaseous BFj3, nitrile
oxides gave complexes in which the electrophilicity of the carbon atom was so enhanced
that it could react with aromatic systems, stereoselectively yielding aryl oximes 65 and
66 (Scheme 35)77.

Pyridine N-oxides are potential starting materials for the synthesis of a multitude of
target molecules. Rapid addition of Grignard reagents to pyridine N-oxides 67 under mild
conditions gave stereodefined dienal oximes 68 in good to excellent yields (Scheme 36)78.
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E. Oximes via Radical Reactions

Recent advances in radical reactions have greatly benefited from the efficiency of
organotin reagents as mediators. Radical reaction of alkyl iodides with trifluoromethyl
phenylsulfonyl oxime ether 69 and hexamethylditin at 300 nm in benzene afforded the
corresponding trifluoromethyl oxime ethers 70 in high yields (Scheme 37)7°.
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F. Polymer-bound Oximes in Solid-phase Synthesis

In recent years, combinatorial synthesis has rapidly emerged as a powerful methodology
for the preparation of a wide variety of diverse molecular structures. The generation
of non-oligomeric, small-molecule libraries has especially attracted great attention for
new drug lead discovery and optimization due to their preferable physiochemical and
pharmacokinetic properties®.

In general, solid-phase synthesis, rather than solution-phase synthesis, can be the pre-
ferred method for the generation of combinatorial libraries because of the greater ability
to automate a solid-phase protocol, primarily due to the use of excess reagents in solution
to effect cleaner reactions and to the ease of workup by simple filtration. The solid-phase
method of peptide synthesis has had many notable successes. However, the preparation of
peptides containing more than 20 amino acids in length using the solid-phase technique
often causes major problems in that very extensive purification of the final product is
needed.

A series of polystyrene-bound substituted benzophenone oximes 7la—d have been
synthesized and tested by DeGrado and Kaiser as potential supports for the solid-phase
preparation of protected peptide fragments (Scheme 38)8!.

Pp-XCgH4COCI
O X
AICl3
pyridine | NH,OH, HCl
_OH
N
(71a-d)

Q= polystyrene; (71a) X = OMe; (71b) X = H; (71¢) X = CI; (71d) X = NO,
SCHEME 38

The polymer-bound p-nitrobenzophenone oxime (71d) has been found to be a suitable
support for stepwise peptide synthesis. Protected peptides can be assembled on 70d by
coupling and deprotection steps similar to those employed in the usual Merrifield solid-
phase procedures (Scheme 39). Cleavage of peptides from 71d can be accomplished with
hydrazine and amino acid esters under mild conditions, which do not affect benzyl ester
side-chain protecting groups.

The oxime 71d has several advantages over other resins, since the protected peptide
segment can be cleaved by aminolysis under conditions which do not affect benzyl ester
protecting groups. Moreover, the whole procedure is compatible with the Boc group
employed for «-amino protection. The synthesis of several peptides using 71d has been
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shown to be essentially free from racemization. A further advantage is that acetic acid
has been reported to be a potent catalyst for the aminolysis of oxime esters®?.

Nakagawa and Kaiser®? have further increased the versatility of this polymer in peptide
synthesis by use of 1-hydroxypiperidine to cleave the C-terminal amino acid anchored on
the solid support (Scheme 40).

oi v :
< N—O NH-Lys(Cbz)-Glu(OBn)-Lys(Cbz)-Boc

Zn, AcOH
Oi ’ i
HO NH-Lys(Cbz)-Glu(OBn)-Lys(Cbz)-Boc

SCHEME 40
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Although resin-to-resin transfer reactions were demonstrated as early as 1975, they
have had very limited applications for preparative purposes. In Scialdone’s group®* it was
demonstrated that, under optimized conditions, acyl- and aminoacyl-transfer reactions
proceed in good yield and high chemical and stereochemical purity. The authors have
described a convergent approach to solid-phase synthesis in which two fragments of a
molecule are synthesized on independent supports (72 and 73) and then condensed in a
key resin-to-resin transfer reaction (Scheme 41). This approach has been utilized for the
synthesis of ureas 75 (via 74 after cleavage from the solid support) by transferring acyl
groups and aminoacyl groups from p-nitrophenyl(polystyrene)ketoxime resin to amino-
acid-functionalized Wang resins.

N—OH

(0]
‘N LAK
H H
75 O

SCHEME 41

Recently, Scialdone and colleagues® have employed phosgenated p-nitrophenyl(poly-
styrene) ketoxime (Phoxime, 76) resin in the synthesis (via 77 and 78) of acyclic and
heterocyclic amino-acid-derived ureas 79 too (Scheme 42). Resin 75 was first reacted
with an amino acid and TMSCI in pyridine, and the resulting carbamate acid resin 77 was
then coupled with an amine under standard carbodiimide protocol (HOBt/DIC in DMF)
to obtain the carbamate amide resin 79.

Integrin receptors are a family of heterodimeric transmembrane glycoproteins, which
are involved in cell—cell and cell-matrix interactions. The search for inhibitors of integrin
receptors led to the discovery of several cyclic and linear arginine—glycine—aspartate
(RGD) sequences containing peptidic constructs showing potent antagonistic activity®°.

Five novel RGD peptides 81 containing either one or twice furanoid SAAs 80 were
recently synthesized via an efficient solid-phase strategy based on Kaiser’s oxime resin
71d (Scheme 43).
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Design and development of synthetic protocols for oligonucleotide conjugation have
recently attracted considerable research interest®”-8%. The most common approach used to
prepare oligonucleotide (ODN) conjugates involves separate preparation and purification
of the oligonucleotide followed by their solution-phase coupling. Oxime linkages formed
by the reaction of an aldehyde with an aminooxy group remain the most widely used
chemical linkage for ODN conjugation. This is due to the fact that reactions leading to
the formation of oxime bonds are chemoselective and give high coupling efficiency.

Thus, a new and convenient procedure has been developed by Defrancq and coworkers®
for the synthesis of 3’-oligonucleotide conjugates 83 through the formation of glyoxylic
oxime bonds (Scheme 44). This has been achieved by using a novel solid support 82 for
ODN synthesis. Support 82 was conveniently prepared from a commercially available
serine derivative in a few steps. The glyoxylic oxime bonds showed higher stability than
aldoxime bonds at acidic to neutral pH but lower stability at alkaline pH.

a) Automated DNA synthesis
b) 28% NH,4OH, 55 °C, 16 h
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Solid-phase organic synthesis of heterocycles plays an increasing role in modern drug
discovery®. In 1999 Lepore and Wiley®!, during an attempt to identify new ligands
for biological targets, developed an efficient method for the solid-phase synthesis of 3-
aminobenzisoxazoles 86 (Scheme 45). Their approach involves the first application of
the Kaiser oxime 71d resin to SyAr reactions and can be used successfully with 2-
fluorobenzonitriles 84 containing a variety of electron-withdrawing/-donating groups. The
intermediate aryl oxime linkage in 85 is stable to anhydrous acid and can support Boc-
deprotection and amidation reactions, holding promise for compatibility with a broader
variety of organic transformations.
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Sulfahydantoins 87 and 88 are analogues of hydantoins and provide heterocyclic scaf-
folds with a great potential for the construction of bioactive compounds. A total of 28
derivatives, with crude purity generally higher than 85%, were prepared by parallel syn-
thesis using an oxime resin as a solid support (Scheme 46)°2. The results constitute the
first report of successful Mitsunobu reactions and reductive alkylations on the oxime
resin.

Il. SYNTHESIS OF HYDROXAMIC ACIDS
A. Introduction

Hydroxamic acids of general structure R—CO—NH—OH, having R as an organic
residue, have been known since 1869 with the discovery of oxalohydroxamic acid by
Lossen®. Despite this, researches on these compounds were lacking until the 1980s,
after which an enormous amount of information has accumulated with respect to their
biomedical applications, synthesis, and the determination of the structures of their metal
complexes™.

Complexation of metal ions by hydroxamic acids is the starting point of a number
of analytical determinations®. All hydroxamic acids, in acid solutions, react with ferric
chloride to give rust brown complex salts 89 (Scheme 47). These colored complexes form
the basis for the sensitive qualitative and quantitative determination of carboxylic acids
and their derivatives too.

The authors do not intend to review all the reactions that have been reported for the
synthesis of hydroxamic acids, but rather to limit the section to the most relevant studies
which have appeared in the literature in recent years.
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B. Synthesis of Hydroxamic Acids from Carboxylic Acids

The N-hydroxycarboxamide group is a key fragment of many siderophores so that a
convenient synthesis of this group is crucial for further progress. A variety of methods
have been attempted for the preparation of hydroxamic acids starting from carboxylic
acids. Although some of these methods are quite efficient for the preparation of substi-
tuted hydroxamic acids, the preparation of the parent compound is still a problem and
yields are often moderately unacceptable, in part due to the low solubility of the parent
hydroxylamine hydrochloride in organic solvents.

In 1985, Nakonieczna and coworkers®® observed that N,N -dimethylchloromethani-
minium chloride 91 formed from N,N-dimethylformamide and oxalyl dichloride is an
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efficient reagent for the synthesis of N-substituted hydroxamic acids 93 from carboxylic
acids 90 and N-substituted hydroxylamines 92 in the presence of a base (Scheme 48).

Nowadays, the most economical way of preparing hydroxamic acid derivatives is the
reaction of hydroxylamine with acid chlorides or esters”’. Unfortunately, the preparation
of acid chlorides is often tedious. In addition, it is very difficult to avoid further acylation
during the reaction with hydroxylamine.

It is not possible to carry out the reaction between hydroxylamine and an ester under
neutral conditions (Scheme 49) since it always requires a pH >10. Hence, this method is
not suitable for ester derivatives that contain halides, and other base-sensitive groups.

pH> 10
)(I)\ NH,OH i
R OMe pH=7 R NHOH
SCHEME 49

In 2000, Reddy and colleagues®® developed a one-step conversion of carboxylic acid to
hydroxamic acid under neutral pH conditions using ethyl chloroformate as an activating
reagent (Scheme 50).

0 o O 0
EtOCOCI NH,0OH
_Et
R™ o7 "o

R OH Et,O Et,0/MeOH R NHOH

SCHEME 50

This simple, selective and efficient method was applied to a wide range of aliphatic/
aromatic carboxylic acid derivatives that contain hydroxyl-, halo-, ester and other base-
sensitive groups as substituents.

Benzotriazoles are neutral acylating agents, successfully used for the preparation of
amides, oxamides and hydrazides®!%. The acylbenzotriazoles 95a—d are prepared from
carboxylic acids 94a—d by reaction with 1-methanesulfonyl-1H -benzotriazole (Scheme
51). Reaction of 1-benzoyl-1H-benzotriazole with hydroxylamine hydrochloride in the
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preselrz)cle of potassium fert-butoxide gives the desired hydroxamic acid 96a in only 17%
yield™".

Changing the base to triethylamine improves the yield of benzoylhydroxamic acid
(96a) up to 91%; the purification required column chromatography. Independently of
the substituent in both N-acylbenzotriazole and hydroxylamine, the desired O-alkyl, N-
alkyl and O,N-dialkyl hydroxamic acids were obtained as sole products as a result of
nucleophilic displacement of the benzotriazolyl moiety by the hydroxylamine nitrogen.

Although the simplest route to prepare hydroxamic acid derivatives remains the reac-
tion of hydroxylamine with acid chlorides, this last method cannot be applied to all
N -protected-a-amino acids. The synthesis of Fmoc-protected amino acid hydroxamates
represents the only exception to this rule!®?. In fact, Fmoc-amino acid hydroxamates 98
can be synthesized by the acylation of hydroxylamine using Fmoc-amino acid chlorides
97 in the presence of MgO (Scheme 52). The route is simple, efficient, and affords good
yields of products.

0 0
§ HCI-NH,OH ﬁ
Fmoc” cl MgO Fmoc” NHOH
R R
97) (98)
SCHEME 52

In this context, Giacomelli and coworkers!?® have reported a new simple, mild, and

high-yielding one-flask synthesis of hydroxamic acids (101) from carboxylic acids and
N-protected amino acids (99) that uses the very cheap 2,4,6-trichloro-1,3,5-triazine 100
(cyanuric chloride) as a coupling agent (Scheme 53). The method allows the preparation of
hydroxamic acids in a single-step (‘one flask’) reaction. Moreover, the procedure is com-
patible with the common N-protecting groups (Boc, Cbz and Fmoc) and no deprotection
was noted even with the less stable Boc-N-protected amino acids.

The triazine by-products are easily removed by this simple aqueous workup. The reac-
tion is not fast and requires from 6 to 12 h for completion in most cases. In addition,
this method can be also successfully applied on a large scale. The yields are high in all
cases examined, and no O-acylated or di- and triacylated products were found in the
reaction mixture. The method is compatible with the common N-protecting groups and
no significant racemization of the chiral center on the R-substituted carbon atom occurred
during the synthesis.
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Despite continuous progress in amide bond formation, the acylation of hydroxylamine
under carbodiimide promotion is often contaminated by N,O-diacylation even with sub-
stoichiometric amounts of acids. Appendino and colleagues'® have developed a practical
solution to the problem by combining the in situ activation of carboxylic acids 102 with
the cyclic phosphonic anhydride PPAA (103), and the generation of hydroxylamine from
its corresponding hydrochloride to form 104 (Scheme 54).
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This experimentally simple one-pot operation addresses the issue of polyacylation with-
out resorting to a large excess of hydroxylamine or to protection.

The authors have also observed that reverse addition of a carboxylic acid to a mixture
of PPAA, hydroxylamine and TEA gave a lower hydroxamate yield (16% with oleic acid)
compared to the direct addition, suggesting a certain competition between carboxylate and
hydroxylamine for phosphonylation.

Although the procedures for the synthesis of hydroxamic acids are well documented,
the methods for the synthesis of «-chloro hydroxamic acids are limited to a few ex-
amples'® 1% However, these compounds have synthetic value, as they are interesting
starting materials for the synthesis of intermediate aziridinones used in situ, as precursors
to a-hydroxy acids and a-amino acids'?’.

The reaction of dicyano epoxides 105 with hydroxylamines hydrochlorides 106 in
acetonitrile represents a direct route via 107 to a number of new and higher «-chloro
hydroxamic acids and their derivatives 108 (Scheme 55)!%3.

Multicomponent reactions'® have recently become one of the favored methods to
prepare pharmacologically important compounds. Ugi condensations with O-protected
hydroxylamines have been successfully performed in THF using ZnCl, as activating agent
(Scheme 56). This synthetic strategy opens up the route to a very convergent assembly
of ‘internal’ hydroxamic acid derivatives (N-acyl-N-hydroxypeptides 109)!'°.
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Very recently, Shinde and colleagues have prepared the interesting amide coupling
reagent diethyl 2-phenylbenzimidazol-1-yl phosphonate 110 and demonstrated that it is
an efficient reagent for the preparation of O-alkyl hydroxamic acids too (Scheme 57)!!!.
The O-alkyl hydroxamic acids of N-protected amino acids were also synthesized.

NO,
NaH, BnBr N 10% Pd/C N
Er— \>7 Ph — \>~ Ph
THF
NH, N N
\ \
(6}

OH

/
Bn
(EtO),P(O)Cl

N
Cro
N

SCHEME 57

C. Synthesis of Hydroxamic Acids from Esters

The direct solution-phase hydroxyamination of esters is commonly accomplished by a
two-step preparation of the potassium salt of hydroxylamine followed by the addition of
the ester in alcohol!!?. Alternatively, the stepwise saponification of the ester to the acid
is followed by activation of the acid as acyl chloride or mixed anhydride and then by
quenching with an O-protected hydroxylamine analogue''3. In special cases, the hydrox-
yamination of ester substrates has been achieved via enzymatic methods''* or, for more
reactive esters, by treatment with excess hydroxylamine in alcohol'!3.

Ho and coworkers'!® have observed that the addition of small amounts of solid KCN
(0.2 equivalents) can effectively accelerate the formation of hydroxamic acids 112 from
methyl esters 111 (Scheme 58). The authors suggested that this reaction proceeds through
an acylcyanide intermediate followed by nucleophilic substitution by 50% aqueous hydrox-
ylamine at room temperature. The use and advantage of this methodology have been
demonstrated for both solution-phase and solid-phase applications.

(0) 0}
50% aq. NH,OH
e ~OH
R (0] KCN (cat.) R H
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Zanda and colleagues'!” have developed an alternative one-step method for the syn-
thesis of hydroxamate derivatives 114 directly from a broad range of inactivated esters
113 and the anion of O-benzylhydroxylamine generated in situ (Scheme 59).
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The method was successfully employed with enolizable esters, including chiral a-amino
acid esters and peptides, and no trace of racemization/epimerization at the « carbon was
detected.

Very recently, Mordini and coworkers''® have overcome the problems associated with
the long reaction times that are normally required for the synthesis of hydroxamic acids
from esters by performing these transformations under MW irradiation. The protective
groups are also well tolerated under these reaction conditions, though a partial deprotection
of the tert-butoxycarbonyl (Boc) group was observed in the reaction with Boc-proline
ester. Amidic bonds and ketals also survive without any detectable decomposition. All
the reactions go to completion in about six minutes, except in the case of the conversion of
Boc-protected phenylalanine methyl ester, which required longer reaction times (12 min).

Nowadays, malaria remains the world’s most devastating parasitic disease. Accord-
ing to the World Health Organization, at least one million deaths and over 300 million
acute illnesses can be attributed to malaria!'®. Leishmaniasis, which is estimated to
cause 59,000 deaths each year'?, is sparked by another unrelated protozoan parasite.
In the search for orally active drug candidates inhibiting the growth of Plasmodium fal-
ciparum'" and Leishmania donovani parasites'??, the causative agents of severe malaria
and visceral leishmaniasis, Hua and coworkers'?® investigated the inhibition potencies of
three symmetrical bishydroxamic acids 119—-121 (Scheme 60). Presumably, the ability of
bishydroxamic acids to complex with metallic iron in hemoglobin may be responsible for
antimalarial activity of these compounds.

The syntheses of the methyl esters 116—118 from 115 and hydroxamic acids 119-121
were carried out via a typical alkylation of the hydroxy function of methyl 4-hydroxyben-
zoate 116 followed by either reaction with hydroxylamine to provide bishydroxamic acids
119-121 containing an alkyl spacer between two aromatic rings.

D. Synthesis of Hydroxamic Acids from Amides

Oxazolidinone is a versatile functional group and chiral oxazolidinones, readily pre-
pared from amino acids, are premiere auxiliaries with broad utility in synthetic chemis-
try'24.

Treatment of N-acyloxazolidinone 122 with hydroxylamines using samarium triflate as
a Lewis acid gives the corresponding hydroxamic acids 123 in 50-98% yields at room
temperature (Scheme 61). The conversion proceeds with a high degree of chemoselectivity
and without racemization of chiral centers at the a-position to the acyl group.

The catalyst choice was based on several unique properties of the rare-earth Lewis
acids: (1) ready availability, (2) a large number of triflates with varied Lewis acidity,
(3) compatibility with amine nucleophiles and (4) potential for reactions in aqueous
medium.

E. Synthesis of Hydroxamic Acids from Aldehydes

Formation of hydroxamic acids via the reaction of the carbonyl group of aldehydes and

«-0xo acids with the aromatic or aliphatic C-nitroso group belongs to the small number

of nucleophilic reactions of the C-nitroso group'%.



195

09 HINHHDS
HOHN Quoc NHOH
o e}
HOHN ((1749)
NHOH STT-911
SN N o HOYA ‘IDH'HOHN ‘T
0] O%H/HOY ‘HO®N 'T
o)

HOHN (61D NHOH
V|©\ 07" "0 \©|A
o o)

(811)

(6]
INCOD © O\/\ /\/O © IY09N

(LI IgYCHD)OUTHD I 1D
SN0 © O/\/\/
4 SOOI + o
0 0N~ SHEHeiTon 0% INOOD OH ¢
(91D 1gS(CHD)1g

INTOD \@\ 07 "0 \@\ L0



196 Andrea Porcheddu and Giampaolo Giacomelli

0 (0]

0 (0]
JJ\ 1
>\\ N RNHOR! >k N N~ OR
o

O s ———
0.3 eq Sm(OTf)3
THF, 1t

(122) (123)
R =H, Me; R' = H, Me, 4-MeOBn
SCHEME 61

R

The reactions are complex, and ordinarily the first step involves carbon—nitrogen bond
formation while the final products are the corresponding hydroxamic acids.

The preparation of N-phenyl-substituted hydroxamic acids 125 in the reaction of
formaldehyde with nitrosobenzene to give 124 is strongly catalyzed by Fe** ions, which
stabilize the transition states 126 and 127 for the rate-controlling proton transfer from
the carbon atom of nitrosocarbinolic cation intermediate 125 leading to the product 128
(Scheme 62)!29.
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In aqueous solution, substituted aromatic nitroso compounds 129 react rapidly with
glyoxylic acid to produce N-hydroxyformanilides 131-132 (via 130) and CO, (Scheme
63)'?". The reaction is nearly quantitative for all nitroso aromatics and serves as a con-
venient synthetic route to N-hydroxyformanilides. The reaction is strongly inhibited by
organic cosolvents but is not affected by hydroquinone, H,O,, catalase, superoxide dismu-
tase, or O,. The rate of reaction was found to increase with increasing electron donation
by ring substituents.
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Recently, Ursic and colleagues have observed an unexpected reaction sequence in the
interaction of the acyl halides with nitrosobenzenes 133, which involves carbon—nitrogen
bond formation followed by heterolytic nitrogen—chlorine bond cleavage, giving the corre-
sponding unsubstituted N-phenylalkylhydroxamic acids 137 (or N-phenylarylhydroxamic
acids) and chlorine as the products (Scheme 64)'%8.

The kinetic and other evidence obtained suggest that the carbon—nitrogen bond forma-
tion is the consequence of a nucleophilic interaction of an N-phenylchlorohydroxylamine
intermediate 135, formed in the second reaction step from 134, and the acyl halide, which
leads to an N-acyl-N-chlorophenylhydroxylamine cation intermediate 136. The latter loses
chlorine with the formation of 137.

F. Hydroxamic Acids from Carbonylation

In 2000, Szarka and coworkers'?® reported some preliminary results on the facile
synthesis of steroidal hydroxamic acid derivatives via the palladium-catalyzed function-
alization of skeletons (138—141) possessing iodoalkene moieties (Scheme 65).

Successively, they prepared steroidal hydroxamic acid derivatives (138a, 138b, 138b—
140b, 138c—141c) in moderate to high yields by palladium-catalyzed carbonylation reac-
tions of the corresponding iodoalkenyl compounds 138-141 or enol triflates 142 and
143 in the presence of O-substituted hydroxylamines under mild reaction conditions
(Scheme 66)'%.

The substrates with the alkenyl iodide (138—141) moiety could be totally converted into
the desired products (138a, 139a, 138b—140b, 138c—141c) in 4—8 h, while the enol triflate
(142) reacted slowly. The bromo derivative (144) is unreactive and no carbonylation
product was observed even after prolonged reaction times.
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The carbonylation of the same substrates (138—144) with several N-substituted hydrox-
ylamines proceeds with the same order of substrate reactivity (Scheme 67). In particular,
with steroidal alkenyl iodides 138—141 and enol triflates 142 and 143 complete conversion
of the substrates could be achieved, in the latter cases (142 and 143) with long reaction
times. The analogue bromo derivative 144 is completely unreactive.
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The most interesting point in this reaction is its regioselectivity. Theoretically, the
acylating agent (the palladium—acyl intermediate) could react either with the NH or the
OH group of the hydroxylamine derivative. The regioselectivity of the reaction appears
to be strongly influenced by the nature of both the substrate and solvent.

G. Hydroxamic Acids Protective Group

The ability of hydroxamic acids to act as bidentate ligands has made this functional
group a key component in the design of most matrix metalloproteinase inhibitors. Due to
its labile and diprotic nature, the hydroxamate is typically installed in its protected form
at the end of the synthetic sequence''.

In 2002, Couturier and coworkers investigated the possibility of using a dioxazole as
an aprotic hydroxamic acid protective group!3. In this context, the masked hydroxamic
acid could be introduced earlier in the synthesis and could perhaps be released in a single

operation at the end of the sequence.
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Dioxazoles 146 are readily prepared by transketalization of 2,2-diethoxypropane, where
both the NH and OH moieties are protected in a non-protic form (Scheme 68). The
dioxazoles 146 are stable to a wide variety of reaction conditions and readily revert
back to the hydroxamic acids 145 and isopropyl ester 147 (145/147: 50/1) by treatment
with Nafion-H in 2-propanol. The method is applicable to primary, secondary, tertiary
and aromatic hydroxamic acids, and the acidity of the protons adjacent to the dioxazole
allows R-functionalization.

(6] EtO_  OEt
)k _OH X )\ >< )k
R N TCSAICH,CL,
(145) (146)

R = Ph, 4-PhC¢H,, 4-O,NCgHy, PhACH,CH(Me), PhCH = CH

(6] (6]
Naﬁon H
)\ >< )L ~OH + )J\
i- PrOH R N R OPr-i
H
(146) (145) (147)

145 / 147 ratio: 50/1
SCHEME 68

H. Hydroxamic Acids Inserted into a Cycle

Since the discovery and clinical introduction of penicillin, considerable industrial and
academic effort has been addressed to the design and synthesis of B-lactam antibiotics'33.
However, among the numerous methods developed for B-lactam synthesis, no single
method is compatible with all possible functional groups and/or the chirality needed on
the B-lactamic ring.

In this context Miller'** has demonstrated that all these issues could be overcome by
hydroxamic-acids-based heteroatom activation.Therefore, 8-halo or B-hydroxy carboxylic
acids 148a and 148b are converted to the corresponding hydroxamates 149a and 149b by
active ester condensation with O-substituted hydroxylamines (Scheme 69). Since chiral

e} H X 0
H : |.R' NHOR'
N R
R OR3 R
O
(1482) X = Cl (149a—c)
(148b) X = OH 0 ITI ]
(148¢) X = OMs ’ base if X is Cl or OMs E . R )
DEAD/PPh, if X = OH ; R
R NOR*
RlorRz H:;R*=H, Me o
= PhCH, a50)

SCHEME 69
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B-hydroxy acids 148b are much more readily available than -halo acids 148a, the corre-
sponding B-hydroxy hydroxamates 149b (X = OH) represent the key reagent to prepare
B-lactams 150. Reaction of several 8-hydroxy hydroxamates 148b under Mitsunobu con-
ditions provided the desired B-lactams in high yields.

The major problems with industrial-scale applications of this procedure are the use
of expensive reagents, the required chromatographic separation of the side products and
the competitive formation of oxazolines. The use of carbamate protecting groups avoided
the oxazoline problem and is usually preferred, since the resulting protected 3-amino-
substituted B-lactams 150 can later be deprotected and reacylated.

Later, Krook and Miller'* found that B-mesylates of benzyl hydroxamate of «-
acylserine (149c: X = OMs; R' = R? = H; R* = CH,Ph) can be directly cyclized under
careful conditions (-BuOK/DMF/—23 °C) without B-elimination or formation of oxazo-
lines or aziridines.

Often, the use of expensive O-substituted hydroxylamines and the azodicarboxylates
could be avoided by direct hydroxaminolysis of protected amino acid esters 151 with
hydroxylamine itself, followed by in situ acylation and finally substitution of Ph;P/CC14/
Et;N for Ph;P/DEAD during the cyclization step from 152 to 153 (Scheme 70)'%.

H OH H OH H
g . |.R NHOH H | |.R' PPhyCCl, TEA H | _R
Pg—N ~R2 Pg—N “~R2 CHACN, 1t Pg—N R2
NH NOH
o OMe o \O " o
(151) (152) (153)

Pg = Boc, Cbz, Fmoc
R! or RZ = H, alkyl

SCHEME 70

Deprotection of the hydroxyl group in 150 followed by reduction of the free- N-hydroxy
B-lactam 154 with buffered TiC13'37- 13 (the pH maintained at 7 with 3 N NaOH) provide
access to a variety of chiral N-unsubstituted S-lactams 155 (Scheme 71)'3% 140,

0 H 0 H 0 H
: R! : R! _ : R!
>;§ Lo HapuC >\.;f\]1 Lo M TICk >\_;§ <
R N R N\ buffer (pH=7) R NH
o ogrd o oH o
(150) (154) (155)

R*=OBn
SCHEME 71

Romo and colleagues'#! subsequently reported a samarium diiodide-mediated reduction
of the N-O bond of a functionalized 1-(benzyloxy)-2-azetidinone (Scheme 72). Use of
the samarium protocol allows elaboration of the 4-(methyl)-1-(benzyloxy)-2-azetidinones
156a and 156b to their Boc-protected coupling precursors 158a and 158b, via the hydroxy
compounds 157a and 157b, as shown in Scheme 72142,
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Making use of a O-trityl-hydroxylamine linker, Meloni and Taddei'*® reported the first
example of Miller hydroxamate on solid phase (161, Scheme 73). 8-Lactams 162 and 163
were prepared on solid support starting from serine, threonine or other B-hydroxyacids
derived from naturally occurring amino acids and a resin bound hydroxylamine 159. The
ring closure of 160 was carried out under Mitsunobu conditions.

Thomas and Rajappa have described a novel method for the synthesis of five-membered
«-substituted cyclic hydroxamic acids from aliphatic nitro compounds including nitroacetic
acid derivatives (Scheme 74)'**. Michael addition of allyl acrylate to these compounds
(164a—c) gave 165a—c, which then gave 166a—c by Pd(0)-catalyzed intramolecular allyl
transfer. Subsequent reduction of the tertiary nitro group results in a new class of com-
pounds related to N-hydroxy pyroglutamic acid (167a—c) and their ester derivatives
(168a—c).

1,2-Dihydro-1-hydroxy-2-oxoquinolines containing a cyclic hydroxamic acid group
exhibit antibacterial activity, which is influenced by the type of substituents at positions
3 and 4. Noble and Wibberley'+ have synthesized a series of 3-alkyl-1,2,3,4-tetrahydro-
1-hydroxy-2-oxoquinolines 169 by the route showed in Scheme 75.

Due to its labile and diprotic nature, the hydroxamate is typically installed in its pro-
tected form at the end of the synthetic sequence'?'. In general, only the alcohol proton is
derivatized, and examples include O-Bn'#6, 0-+-Bu'¥’, 0-Bz'¥¥, 0-TMS'¥, O-TBS'%,
and O-SEM (2-(trimethylsilyl)ethoxymethyl)!3!. On rare occasions, both differentially
protecting groups can be cleaved in a single operation: N,O-bis-(Boc), N-Boc-O-THP,
and N-Boc-O-TBS™2.

In a very interesting paper Hu and Miller have described the synthesis of a L-lysine-
derived cyclic hydroxamic acid 174 starting by the oxidation of protected Z-L-lysine
171 (formed from 170) with dimethyldioxirane (DMD) in acetone, followed by nitrone
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(0]
(163)
SCHEME 73

formation 172 (Scheme 76). Cyclization of the intermediate hydroxylamine 173 to 174
was accomplished with a 5-fold excess of DCC, DMAP and DMAP(HCI)!>3.

An alternative procedure that generates stable, storable nitrone intermediates 175 from
170, mediated by dry m-CPBA as oxidating reagent, is shown in Scheme 77'%*. Conver-
sion of the nitrone 175 to the hydroxylamine by an exchange reaction with hydroxylamine
hydrochloride was followed by EDC/HOAt-mediated cyclization to hydroxamic acid 174
(HOALt: 1-hydroxy-7-azabenzotriazole).

I. Synthesis of Sulfonyl Hydroxamic Acids

In 2004, Rossello and colleagues'>® synthesized some matrix N-arylsulfonyl-substituted
alkoxyaminoacetohydroxamic acid derivatives designed as oxa-analogues of known
sulfonamide-based metalloproteinases.

The synthetic route to the N-arylsulfonylhydroxamic acids 177 is shown in Scheme 78;
para-substituted arylsulfonyl chlorides 176 are coupled with the appropriate O-alkylhy-
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droxylamines in the presence of N-methylmorpholine (NMM) to give the corresponding
O-alkylsulfonamides 177.

J. Solid-phase Synthesis of Hydroxamic Acids

The recent development of parallel and combinatorial chemical library synthesis has
created a renewed interest in polymeric solid-phase reagents. They offer the advantage of
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easy separation from low molecular weight reactants or products by filtration or selective
precipitation and are very suitable for automation of chemical library synthesis.

The solid-phase synthesis of hydroxamic acids has been of interest in the recent chem-
ical literature!. Typically, hydroxylamine derivatives are tethered to solid supports via
the oxygen (Scheme 79), although immobilization through the nitrogen has also been
observed.

N—OH + - o

O X=0H 0Ms

Y =H, OMe o/\O

o O/\O

R =alkyl, aryl
SCHEME 79

The reaction of N-hydroxyphthalimide 178 with Wang or Sasrin 179 resins under Mit-
sunobu conditions to give 180 is one of the common preparative routes to O-immobilized
hydroxylamine 181 (Scheme 80)'7.

In 1997, Bauer and colleagues'™® described the preparation of a hydroxylamine resin
183 using trityl chloride resin 182 as the base matrix as well as its application to the
synthesis of various hydroxamic acids (Scheme 81).

N-Hydroxyphthalimide 178 was used as a source of the hydroxylamine reacting with
trityl chloride resin 182 in the presence of triethylamine to obtain the N-hydroxyphth-
alimide derivative 183. This intermediate is transformed to the desired hydroxylamine
resin 184 by treatment with hydrazine. The peptidic and peptidomimetic hydroxamic acids
185 and 186 were synthesized using the described solid-supported reagent (Scheme 82).

Richter and Desai'®® have claimed the synthesis of a TFA-cleavable hydroxamate
linkage, which takes advantage of the linkage as a ‘protecting group’ for the requested
functionality, and overcome solution-phase synthesis of protected building blocks. Thus
mesylate displacement from the formed 187 with N-hydroxyphthalimide 179 resulted in
formation of the resin-linked hydroximide 180 (Scheme 83). Complete deprotection of
the phthalimido group was accomplished under mild conditions, and the solid-supported
hydroxylamine 181 can be manipulated using classical procedures for Fmoc-peptide syn-
thesis. Quantitative cleavage from the solid support is carried out with 50% TFA/5%
(i-Pr);SiH/45%CH,C1, or 90% TFA/anisole.

Using the N-Fmoc-hydroxylamine 189, which was formed from 188, Chan and col-
leagues generated a facile route to a high-loading, acid-labile, solid-phase resin 190
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bearing a hydroxylamine linker (Scheme 84)'%. The N-Fmoc-aminooxy-2-chlorotrityl
polystyrene 190 showed generic utility for the construction of hydroxamic acids, including
peptidyl hydroxamic acids.

A very interesting approach to the solid-supported synthesis of hydroxamic acids was
developed by Golebiowski and Klopfenstein!®'. It employs an oxime resin (Kaiser resin)
171d and, unlike all previouxsly reported methods, allows the use of acid-labile protecting
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groups (Scheme 85). Cleavage of 191 is induced by treatment with fert-butyldimethylsilyl-
O-hydroxylamine to give 192, followed by silyl group deprotection with trifluoroacetic
acid to give the hydroxamic acids 193.

Although several routes have been published for the preparation of hydroxamic acids on
solid phase, these generally involve the preparation of a special linker to which hydrox-
ylamine is attached. Dankwardt’s approach!'®? obviates the need for special linkers or
protecting groups, by displacing the desired hydroxamic acid from the resin directly
using hydroxylamine, as illustrated in Scheme 86. Carboxylic-acid-ester-linked, polymer-
supported, Cbz-protected amino acids 195 (formed from 194) were displaced from the
resin with aqueous hydroxylamine to provide the corresponding hydroxamic acids 196.

Nevertheless, the direct nucleophilic displacement of support-bound carboxylates to
prepare hydroxamates presents some limitations. For example, O-tert-butyldimethylsilyl-
protected hydroxylamine displaces common acids from oxime resin; however, further
treatment with trifluoroacetic acid (TFA) is necessary to remove completely the silyl
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group. Moreover, 25 equivalents of hydroxylamine and a reaction time of 2 days are
required to cleave N-(Cbz)amino esters from ArgoGel-OH™ resin.

Thouin and Lubell'®* have overcome some of these issues by exposing oxime resin-
bound(acyl)amino acids 197-200 to a solution of anhydrous hydroxylamine in 1:6 MeOH:
CHCl; (Scheme 87). Enantiopure hydroxamates, possessing a variety of functional groups,
are isolated by simple evaporation of volatile solvents.

Since the thioester linkage is susceptible to nucleophilic attack but stable to TFA
treatment during solid-phase peptide synthesis (using standard Boc protection), Weigel
and colleagues'®* have envisioned that hydroxylamine derivatives could directly cleave
resin-bound peptide thioesters 201 or 202 to form the corresponding peptide hydroxamates
203 (Scheme 88).

In 2003, Devocelle and colleagues!® reported a convenient two-step procedure for
the parallel synthesis of hydroxamic acids (or O-protected hydroxamic acids 207) from
carboxylic acids and hydroxylamine. It involves the formation of a polymer-bound HOBt
active ester 206 from 204 and the acid 205 and subsequent reaction with O-protected or
free hydroxylamine (Scheme 89). The use of free hydroxylamine leads to increased yields
while maintaining high purities. Recycling of the exhausted resin 204 to produce the same
or a different hydroxamic acid has been achieved by a three-step protocol, which is easily
amenable to automation and cost-economical.

The polymer-supported N-benzyloxy-2-nitrobenzenesulfonamide linkers 208a and 208b
are versatile substrates for N-alkylation using different types of carbon-based build-
ing blocks such as alcohols, alkyl bromides and «,B-unsaturated carbonyl compounds
(Scheme 90). N-Alkylation reactions to give 209a and 209b proceed under mild condi-
tions, are amenable to manual parallel synthesis and gave N-alkylhydroxamic acids 210a
and 210b in high yield and excellent purity after convenient cleavage conditions.
Angeli'® and Rimini'%” discovered that N-hydroxybenzenesulfonamide 211 formed
hydroxamic acids in fair to good yields if treated with aldehydes in the presence of sodium
methoxide in MeOH (Scheme 91)'%%:19. Unfortunately, the acidic workup afforded the
desired hydroxamic acid together with the benzenesulfinic acid 212 as a byproduct.

Because this impurity is not easily removed from the desired product, the Angeli—
Rimini reaction has been seldom used in organic synthesis.

Recently, Porcheddu and Giacomelli'’® have reported a convenient one-step procedure
for the synthesis of hydroxamic acids 215 starting from aldehydes 213 and solid-supported
N-hydroxybenzenesulfonamide 214 (Scheme 92). The hydroxamates are isolated in good
to high yields and purities by simple evaporation of the volatile solvents, after treatment
of the crude reaction mixture with sequestering agents (216 and 217).

Aromatic or conjugated aldehydes react in excellent yields, whereas the reaction with
aliphatic aldehydes requires longer times and leads to N-hydroxyamides in lower, although
satisfactory, yield. When both aldehyde and ketone groups are present on the same
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PyAOP = azabenzotriazol-1-yloxytris(pyrrolidino)phosphonium hexafluorophosphate
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|
R
(210a)
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I MeOH H
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substrate, only the aldehyde moiety is selectively transformed into the corresponding
N-hydroxyamide function.

This synthetic approach indicates even an interesting solution for the preparation of
monohydroxamic acids (219a and 219b), in a single step, from substrates containing car-
boxylic acid functions (218a and 218b), too, without implementing protection/deprotection
strategies (Scheme 93).

(6] (6]
H 214, McONa, (5.4 N, McOH) NHOH
0 THF o}
OH OH
(218a) (219a)
(6] (6]
H NHOH
AN 214, McONa, (5.4 N, McOH) AN
N THF N
\\\<OH \\(OH
O O
(218b) (219b)
SCHEME 93

K. O-Linked Polymer-bound N-Substituted Hydroxamic Acids

O-linked polymer-bound N-substituted hydroxylamines are prepared by reduction of
resin-bound oximes with borane—pyridine complex in the presence of dichloroacetic acid
(Scheme 94). Other reducing systems commonly used for imine or oxime reduction are
ineffective, including borane—pyridine in the presence of acetic acid. Subsequently, the
N-substituted products are acylated and cleaved from the resin to afford N-substituted
hydroxamic acids 220'"!.

o

W

1. rR! R? 0 OH

2. BHyPy N’
ClL,CHCOOH
( ’ e 2
O\ 3. PhCOCI Ph > R

NH, 4. CF,COOH R!
SCHEME 9%4

The problem of antibiotic-resistant bacteria'’> has created a pressing demand for new
antibacterial agents with novel mechanisms of action. N-Formylhydroxylamines, also
known as reverse- or retro-hydroxamates, are one of the few novel targets that are
currently being pursued against a variety of metalloenzyme targets, including carboxy
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peptidase A (CPA)'73, tumor necrosis factor-R converting enzyme (TACE)!'#, matrix
metalloproteinases (MMPs)!7, thermolysin (TLN)!7°, histone deacetylase (HDAC)'7” and
peptide deformylase (PDF)!”3, an essential enzyme involved in bacterial protein biosyn-
thesis and maturation.

Although solution-phase!”’” synthetic routes to such compounds have been reported,
these are often lengthy and involve purification at each stage. Current methodologies on
homogeneous phase are extremely time-consuming, rendering this approach unsuitable
for the preparation of libraries of N-formylhydroxylamines.

Recently, Price and and Osborne!” have developed a synthetically convergent route to
produce libraries of N-formylhydroxylamines that utilizes commercially available starting
materials. In particularly, they have investigated the reaction of several electrophiles with
the nitrogen atom of a solid-supported O-protected N-formylhydroxylamine 221.

N-Formyl-Wang-O-hydroxylamine 222 resin was prepared by treating Wang-O-
hydroxylamine resin 221 with p-nitrophenyl formate and 10% pyridine in DMF at room
temperature for 16 h (Scheme 95).

0 R! 0
HN J/ 1. DBU, toluene \N /

( )_ 0 p-nitrophenyl formate 7 2. RIX, toluene /
\ 0% ovridine 1 - Qo Qo
NH, o pyridine in DMF
(221) (222) (223)

TFA/CH,Cly(1/1)

Rl\ /0
N—7
/
HO
(224)

SCHEME 95

N-Alkylation was achieved by treating the N-formyl Wang-O-hydroxylamine resin
222 with DBU in toluene for 1 h, followed by addition of an alkyl halide in toluene and
stirring for an additional 16 h. The final treatment of the N-alkyl, N-formyl Wang-O-
hydroxylamine resin 223 with a solution of TFA/CH,Cl, (1/1) affords the N-formylhy-
droxylamines 224. These original approaches allow the introduction of diversity at the
penultimate stage of any synthetic route (i.e. prior to liberation of the free N-formylhy-
droxylamine 224 itself).

In addition, they have also shown that further synthetic routes may be accessible uti-
lizing Mitsunobu chemistry and commercially available alcohols (Scheme 96).

0 R! 0
/ R'OH, ADDP \ R! 1)
HN N \ /
, PPh;, THF/CH,Cl, y TFA/CH,Cly(1/1) N—7
O’ 0 (6] = /
HO
(222) (223) (224)

R!'=H, Et, Ph; R>=H, Et; R* = H, Ph
SCHEME 96
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In 2006, Stanger and Krchnak'® described a solid-phase synthesis of several hydroxam-
ates employing the Nos-derivatized polymer-supported benzyloxyamine 225 (Schemes 97
and 98). The synthesis of NH hydroxamates includes protection of the nitrogen with a
2,4-dimethoxybenzyl group at the stage of polymer-supported benzyloxyamine (226). The
protecting group eliminates side reactions caused by the presence of a free hydroxamate
NH group and is simultaneously removed during cleavage of the target compounds from
the solid support. The method allows the concurrent synthesis of both N-alkyl and N-H
hydroxamates and is compatible with a wide range of chemical transformations.

1. N-hydroxyphthalimide, PPhs;, DIAD

2. hydrazine hydrate, THF/MeOH (1/1) 0\\
OH 3. Nos-Cl, 2,6-lutidine, CH,Cl, (O /S\\ 2,4-dimethoxybenzyl alcohol
‘/ ‘ ﬁ 0 NO, PPhs, DIAD, THF
(225)
O
0 @
N\
(6] S
L SN
O NO, 2-mercaptoethanol,
DBU, DMF MeO OMe
MeO OMe
(226) (227)
SCHEME 97

Acylation of 227 by N-Fmoc-protected amino acids give, after removal of the Fmoc
group, the polymer-supported hydroxamates 228 ready for further chemical transformation
on the side chain. The free amino group was then reacted with sulfonyl chlorides to afford
resin-bound sulfonamides 229. A final Mitsunobu reaction or electrophilic substitution N-
alkylated the sulfonamide to yield the solid-supported compounds 230. Complete recovery
of 231 from the Wang linker and removal of the protecting group required treatment
with 90% TFA for 1 h. Typical conditions for cleavage of carboxylic acids (50% TFA
in DCM for 30 min) caused an incomplete cleavage of hydroxamates from the Wang
linker, and the product 231 is contaminated by the side product 232. This drawback
was completely addressed making use of the more acid-labile 2.4,6-trimethoxybenzyl
protecting group together with a more acid-labile linker, such as the 4-(4-hydroxymethyl-
3-methoxyphenoxy)butyric acid (HMPB) linker.

L. Hydroxamic Acids as Ligands

Hydroxamic acids are important bioligands'3! and are involved in numerous biological

processes including metal-ion transport and inhibition of metalloenzymes'8> 183, 1:1 Metal
binding to hydroxamic acids usually occurs in a bidentate fashion (Scheme 99) with
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0 N. 0O R'OH 0 N_ o
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| /UNRY i 7R3
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R g g+ R g -yt R N
(233) (234)
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the formation of singly 233 or doubly deprotonated 234 (hydroxamato or hydroximato)
ligands.

Since the first report of Sharpless’s titanium tartrate catalys a number of use-
ful methods for asymmetric oxidation have been developed'®® 87, Recently, Yamamoto
and coworkers'®® have reported a vanadium-catalyzed epoxidation of allylic alcohols
with newly designed bishydroxamic acid (BHA) ligands (235a and 235b), which has
the following features: (1) high enantioselectivity for a wide scope of allylic alcohols,
(2) less than 1 mol% catalyst loading, (3) mild reaction conditions and (4) use of aque-
ous fert-butyl hydroperoxide (TBHP) as an achiral oxidant instead of anhydrous TBHP7-9
(Scheme 100).

t184’185,
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Ph

0 o)
Ph CPh;,
N. N.
OH OH
~.._.OH .. _OH
N N
Ph CPh;,
0 o)

Ph
(235a) (235b)
2 2
R VO(OPr-i); or VO(acac), (1 mol %) R
Rl OH ligand 235a (2 mol %) Rl OH
= aq. TBHP, CH,Cl, or toluene o
—20°C-0°C (0]
R3 R

e.e>95%
R' = H, Me, Ph, C3H;, CsH;; R =H, Me, Ph; R® = H.

2
R ~ VO(OPr-i);3 Me
Rl _ OH ligand 235b (2 mol %) H OH
aq. TBHP, CH,Cl; or toluene
-20°C-0°C O
R’ Me
e.e.>95%

R' =H, Me, Ph; R? = H; R® = C¢H,3,CH, |
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These chiral bishydroxamic acids 235a and 235b were synthesized starting from a
readily available diamine tartrate salt as shown in Scheme 101.

The catalyst derived from vanadium and 235a induces excellent enantioselectivities
during the epoxidation of frans-substituted allylic alcohols. An interesting feature of this
method is also the high enantioselectivity of the epoxidation of cis-substituted allylic
alcohols with catalyst having BHA 235b as ligand.

In a recent paper, Zhang and Yamamoto'®® have described a modified BHA lig-
and (235d) that is suitable for highly enantioselective vanadium-catalyzed epoxidation
of homoallylic alcohols (Scheme 102). Both frans- and cis-substituted epoxides were
achieved with nearly complete enantioselectivities and good yields.

The design of a new C,-symmetric bis-hydroxamic acid (BHA) ligand has also accom-
plished the successful asymmetric oxidation of unfunctionalized olefins'*® and sulfides'®!
(Scheme 103).
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Rz R2
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R* R*
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While coordination chemistry of hydroxamic acids has been studied extensively (par-
ticularly with Cu(II), Zn(II), Fe(III), Co(III), and Cr(III) ions)'%> %3, there have been only
few reports in the literature on the formation of Cr(V) complexes of these ligands. The
current interest in coordination chemistry of Cr(V) arises mainly from the proposed crucial
role of reactive Cr(V) intermediates in Cr(VI)-induced genotoxicity and carcinogenicity'**.

M. Some Interesting Hydroxamic Acids

1. Weinreb amides

The so-called Weinreb amides'®> (or N-methoxy-N-methylamides) are versatile build-
ing blocks in organic synthesis'®. Their preparation can be accomplished by coupling
carboxylic acids and N,O-dimethylhydroxylamine. The majority of the methods reported
use peptide coupling reagents such as chloroformates'®’, BOP'®8, DCC!® and others?®
or phosphonic derivatives?®!. These reactive reagents are expensive in some cases, and
the removal of their excess (and/or the removal of byproducts) from the reaction mixtures
may be difficult. Additional purification of the reaction product is often required.

In 2001, De Luca and Giacomelli?*? reported a new simple and high-yielding one-flask
synthesis of Weinreb amides from carboxylic acids and N-protected amino acids that uses
different 1,3,5-triazine derivatives (such as 236) as the coupling agents (Scheme 104). The
method allows the preparation of Weinreb amides 237 and hydroxamates as O-benzyl and
O-silyl hydroxamates that can be easily transformed into hydroxamic acids.

A variety of N-methoxy-N-methylamides were thus prepared from commercially avail-
able carboxylic acids and amino acids. This methodology is applicable to the synthesis
of other O-alkylhydroxamates and also to the preparation of O-silyl hydroxamates.

Deoxo-Fluor reagent is a versatile reagent for acyl fluoride generation and subse-
quent one-flask amide coupling. Georg and coworkers have explored the utility of this
reagent for the one-flask conversion of acids to hydroxamic acids and Weinreb amides
(Scheme 105)%%3.

The conversion of sterically hindered carboxylic acids to N-methoxy-/N-methyl amides
can be efficiently carried out with methanesulfonyl chloride, 3 equivalents of triethy-
lamine and N-methoxy-N-methylamine. Yields for this process range from 59% to 88%
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(Scheme 106)>*. The major byproduct in these reactions, N-methoxy-N -methylmethane-
sulfonamide, can be removed by placing the product mixture under vacuum for 14-24 h.

The advantage of using the supported reagent as opposed to the solution method
becomes apparent during the workup of the reaction. The solid-phase method offers an
extremely simple filtration workup in contrast to the aqueous extractive workup necessary
for the solution method.
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In 1999, Salvino and coworkers®® developed a novel supported Weinreb amide resin

238 that facilitates parallel synthesis of aldehydes and ketones on a scale useful for
chemical library synthesis (Scheme 107).

AllIOCOCl,

DIPEA H DBU, BnBr
_NH, ———— - P
O/\ 0 CH,Cl, 6] % 0 Toluene
\All
(6]
Bn
| Bn
_N 1) HCI, Pd (PhsP), | Boc-Phe-OH
O/\O O 2) morpholi NH
N pholine O/\ o~ EDCI
o All
EDCI = 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
]|3n Bn
Bn LiAlH,(IM in THF)
O/\ o~ N 4 H _ Boc
THF N
N— Boc H
0 H 0
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This new resin makes it possible to produce custom aldehydes and ketones from a
wide range of carboxylic acids, including N-Boc-amino acids. No alcohol side product
is observed, and the purity of the resulting aldehyde or ketone is so high that it may be
used directly as a building block in parallel synthesis of chemical libraries.

2. N-Alkylhydroxamic acids

Recent studies have shown that N-arylhydroxamic acids, 239, have found extensive
applications as reagents in spot tests, gravimetric and colorimetric analyses, and in sepa-
rations involving solvent extraction (Chart 3)2°,

(239)
R! = aryl, heteroaryl
CHART 3

In 1972, Gupta and coworkers reported the preparation of twelve N-arylhydroxamic
acids by the condensation of N-1-naphthylhydroxylamine and acid chloride in diethyl
ether medium?®’. An aqueous suspension of sodium bicarbonate was added to neutralize
the liberated hydrochloric acid. The formation of a diacylated derivative was practically
prevented by carrying out the reaction at low temperature, preferably below 0°C.

Most of the reactions proceeded as usual with 40—-50% yield. The ortho-substituted
benzoyl chlorides reacted with difficulty. They readily formed reddish-black products
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during reaction. For this reason the hydroxamic acids derived from o-nitro-, o-chloro- and
o-iodobenzoic acids could not be prepared. Once prepared, they are generally stable except
for those derived from lower fatty acids, which gradually become brown on storage. They
are soluble in benzene, alcohol, chloroform, and o-dichlorobenzene, and the solutions,
are stable for about a week if stored in air-tight brown bottles. This property is of great
use from the standpoint of analytical applications. These acids were synthesized with the
object of using them as possible organo-analytical reagents for metal ions. All of these
acids formed chloroform-extractable reddish-violet/violet complexes with vanadium(V)
from concentrated hydrochloric acid media.

General protocols for the preparation of enantiomerically pure N-hydroxy o-amino
acids have not been accorded enough attention in the literature®®®. These ‘oxidized’ a-
amino acids are important in metabolism?®, in biological processes relevant to human
and animal tumors?'°, and as naturally occurring metabolites?!'. In 1995, Hanessian and
Yang?'? described a very interesting synthesis of N-alkoxycarbonyl derivatives 241 of
a-hydroxyamino acids 240 by a Mitsunobu displacement reaction of the corresponding
readily available «-hydroxy esters. In general, the reactions carry on in excellent yields
via an Sy2-type mechanism, affording products of high enantiomeric purity (ee >93%)
as shown in Scheme 108.

o o)
R | ,  DEAD/PPhs R \)}\
\Hk oMe T R'NHOR o . OMe
o R N “OR?
(240) (241)
R = Me, Bn, Me,CH, Me,CHCH, Yield: 68-91%
ee: 93-96%

R! = Cbz, PhOCO-, R? = Cbz
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3. O-Alkylhydroxamic acids

Surprisingly, despite the rising interest in O-glycosyl hydroxamates 243, no direct
method for the glycosylation of hydroxamic acids has been reported in the literature. To
date, the sole known methodology for preparing such carbohydrate derivatives involves
amidation of the corresponding carboxylic acids with O-glycosyl hydroxylamines 242
(Scheme 109)?13.

0
N (0] )k N (0] O
RO “ N o + “ N 0]
N R!" TOH RO N
NH, N
H R!
(242) (243)
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Papot and colleagues®'* have reported the first efficient O-glycosylation of hydroxamic
acids 246 (Scheme 110). This process involves the use of glycosyl N-phenyl trifluoroace-
timidates 244 as glycosyl donors to acids 245 in the presence of TMSOTYf and 4 A
molecular sieves in dichloromethane.
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Under such conditions, a wide range of new glycosyl donors, including glucosyl, galac-
tosyl, mannosyl, glucuronyl and ribosyl hydroxamates, was prepared in good to high
yields. This procedure appears to be an advantageous alternative for the synthesis of
glycosyl hydroxamates of biological interest.

4. N-Hydroxyphthalimide: A versatile reagent in organic synthesis

N-Hydroxyphthalimide 178a (NHPI; Chart 4), described for the first time in 1880%'3,
is a weak acid (pK, = 7), which forms highly colored salts with alkali metals, heavy met-
als, ammonia or amines. More precisely, the two crystalline forms of NHPI reported in
the literature®'®217 display different colors, colorless (white) and yellow, with the colors
depending on the solvent in which the NHPI is prepared. The variations in physical proper-
ties, including color, have been attributed to synthetic problems?'®, such as impurities, and
contamination from a fluorescent compound that could not be isolated or characterized.

6]
N—X

o)
(178a) X = H, NHPI
(178b) X = alkyl
(178¢) X = Ac
(178d) X = Bz

CHART 4

In 2007, in a very exhaustive paper, Paradies and coworkers?'? carried out a comprehen-
sive structural characterization of the colorless and yellow forms of N-hydroxyphthalimide
(NHPI) by means of single-crystal X-ray diffraction, FTIR and Raman spectroscopies and
scanning electron microscopy. In the yellow form, the N-hydroxyl group is significantly
out of the plane (1.19°), but the N-hydroxyl group in the colorless form is only 0.06° out
of the plane. The irreversible conversion of the colorless crystalline form to the yellow
crystalline form is more like a dynamic isomerism than a polymorphic transformation.
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Colorless N-hydroxyphthalimide ethers 178b undergo hydrolysis to O-alkylhydroxyl-
amines, H,NOR??°, On acylation, N-hydroxyphthalimide yields acyl derivatives as 178¢
and 178d*'.

N-Hydroxyphthalimide is a cheap and non-toxic reagent easily prepared by the reaction
of hydroxylamine with phthaloyl chloride?", phthalic anhydride®** or ethyl phthalate
in the presence of sodium ethoxide (Scheme 111)*23. A hydroxylammonium salt of o-
carboxybenzohydroxamic acid (247) is isolated by use of an excess of hydroxylamine
during the synthesis of 178a from phthalic anhydride (Scheme 111).

(0]
Cl
NH,OH N_OH
Cl
(6]
(0]
O:éo @;ﬁm
(0]
O
OFEt NH,OH
OEt MeONa
(6]
o) NH;OH
E;Qo NH,OH-HCI (excess) Oi
(0]
(247)
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N-Hydroxyphthalimide has received significant attention in recent years as a useful
catalyst on an industrial scale in the production of cyclohexyl nitrate from cyclohexane
and 2-methyl-2-nitropropane from isobutene??*.

Over the past decade, NHPI has emerged as a powerful and popular catalyst for
organic oxidation reactions where, together with acetaldehyde, it has been employed as
oxidation mediator??>??°, The use of molecular oxygen for the selective oxidation of
organic substrates, especially hydrocarbons under mild conditions, is still a major chal-
lenge for organic chemistry??’. Tt constitutes an environmentally safe alternative to more
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conventional oxidants used in stoichiometric amounts and is therefore of high economic
value in industrial chemistry??8. NHPI has also been used in selective catalytic oxidation,
using dioxygen as the primary oxidant. This represents a critical technology in an area of
continuing research and development?2%230,

The molecule has been found to be an efficient electron carrier in electrochemical
oxidation, converting secondary alcohols to ketones?}!. Daicel of Tokyo has used NHPI
in the development of custom production in proprietary air-oxidation technology?*?, and
it can also be used to oxidize cyclohexane to adipic acid and p-xylene to p-toluic acid
in the presence of Mn?>* or Co?* salts. The new process produces no nitrogen oxides, is
more environmentally friendly and does not require the use of denitration equipment.

A further use of the system is to mediate the reaction of adamantane with carbon
monoxide and oxygen to form 1-adamantanecarboxylic acid®*3. When long-wavelength
light (>300 nm) is used, hydroperoxides efficiently generate hydroxyl radicals without
the use of metal ions and would be an extremely useful source of hydroxyl radicals,
particularly in the design of DNA-cleaving molecules?3*.
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. INTRODUCTION

Oximes and their derivatives are widely used in organic synthesis. A number of reviews are
devoted to the chemistry and biological activity of oximes and their derivatives'~'°. The
synthesis, reactions and biological activity of oximes containing a heterocyclic substituent,
e.g. furan and thiophene'!, indole and isatin'?, pyridine'3, pyrrole'#, quinoline' and five-
membered heterocycles with two heteroatoms!® have been reviewed.

Synthesis of heterocycles from amino amide oximes has been described!”. Recently we
have reviewed the synthesis of oximes, oxime O-ethers and esters'®, and also the synthesis
of heterocycles from oximes covering the literature data published in 1990—-1999'°,

Although some of these papers discuss also the synthesis of heterocyclic compounds,
no general reviews on the synthesis of heterocyclic compounds from oximes and their
derivatives have been published.

The aim of the present review is to describe the methods of synthesis of heterocyclic
compounds from oximes and their derivatives.

Il. SYNTHESIS OF HETEROCYCLIC COMPOUNDS FROM OXIMES
A. Three-membered Rings

Ketoximes containing a-methylene group can be transformed into aziridines by the
action of LAH or Grignard reagent. The reduction of dibenzyl ketoxime (1) with LAH in
boiling THF led to cis-2-phenyl-3-benzylaziridine (2) (equation 1). Similarly, O-alkylated
or acylated dibenzyl oxime derivatives were reduced?’.

Ph CH,Ph
LAH/THF
Ph R e — . N
Y B W H (1)
NOH H
(€)) )

Highly substituted chalcones and one equivalent of NH,OH afforded substituted trans-
2-benzoyl-3-phenyl-1 H-aziridines?!.

Trifluoromethyl derivatives of aziridine are intensively studied as biologically active
substances. (Trifluoromethyl)aziridines 4 were prepared from (trifluoromethyl)ketoximes
3 and Grignard reagents (equation 2). However, this reaction is not general. For example,
reaction does not occur with phenyl and allyl Grignard reagents, but when it works the
Z stereoisomer is formed?> 23,

F3C | F3C R F3C _.R
R'MgX B > .
\H/\R : NWAS ' 2
NOH N H RON H )
3 “

An efficient synthesis of 2 H -azirines 6 substituted with a phosphate group is described.
Its key step is an alkaloid catalyzed Neber reaction®* of S-ketoxime tosylates 5 (equation
3)%. Similarly, azirines containing an ester group in position 2 were obtained from tosy-
lated oximes®®. A novel approach to substituted 2H-azirines using benzotriazole (Bt)
methodology was recently presented. The reaction of benzotriazole oxime tosylates formed
from the oxime 7 and TsCl with aqueous KOH yielded 2-(benzotriazol-1-yl)-2H-azirines.
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These intermediates with benzylmagnesium bromides gave 2-benzyl-2H -azirines 8 in
50-80% yields, but potassium phthalimide and sodium salt of benzenethiol converted
them into the corresponding azirines 9 and 10 in good yields (equation 4)?7. Similar
Neber-type cyclization of a-lithio oxime ethers to highly reactive azirines was recently
reported?s.

TsO_ N u
N 4 e

| (|? base / N /OEt

)\/ p— OEt E—— R P- OF

R \ I t
OEt (0]

5) ©) ®
85-95%
ee 2-52%

base = quinidine, (-)-sparteine, hydroxyquinidine, quinine

0 N N
Bt/YR TsCI/KOH/H,0/0 °C , PhSNa ;
/ N DMF / N

NOH R Bt R SPh

@) (10)
ArCH,MgBr

potassium
phthalimide/DMF

4
N )

N
U U (0]
R CHoAr R N
9)

R = aryl

Synthesis of novel bicyclic heterocyclic systems involving aziridine ring formation has
been described. The sodium salts of tosylhydrazones 11 decomposed by heating in benzene
and gave aziridinopyrroloindoles 12 in yields up to 73% (equation 5)*°. Intramolecular
cyclization of oxime ether 13 in the presence of base (for example, DBU) in acetonitrile
afforded aziridinopyrrolidine 14 in yields up to 51% (equation 6)*.

R

\ NNHTos
Y 1 NaH/THF
N NOMe 2 PhH/heat NOMe
\_//

(11) R,R!,RZ=H, OAlk 12)
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OBn
[
Cl
Cl_|_H _N._ a N
i f OBn DBU/MeCN b
0” °N 07y ©)
| |
Bn Bn
13) (14)

DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene

The oxaziridine ring system has been formed by the oxidation of C=N double bond3! 34,
The two-step synthesis of N-phosphinoyloxaziridines 16 from oximes 15 was described
(equation 7)*!-32, Trradiation of hydroperoxynitrones 18, prepared by dye-sensitized pho-
tooxygenation of 2-methoxyfuran in the presence of oximes 17, led to trans-oxaziridines
19 in yields up to 89% (equation 8)3>34,

F;C F;C
F3C: N Ph,PCI/Et;N 3 : N . 3 : N
R N

OH R “OPPh, R “P(0)Ph,
(15) MCPBA
KF
0°C 7
o)
F;C /N
3 N .
R P(O)Ph,
(16)

I\ 0, —
R! O\ OMe HOO._ _N* Fco Me
>=N_ ° < H ?

R OH 10,/CH,Cl, R° R!
a7) (18)

hv
Pyrex / rt (8)

19
R, R! = H, alkyl, aryl; MCPBA = meta-chloroperbenzoic acid

Diazirine ring formation from oxime 0-tosy1ates35‘39 or O-sulfonates*® and NHj or
primary amines has been described. Recently, it was found that this reaction was catalyzed



7. Synthesis of heterocycles from oximes 237

by ytterbium(IIl) triflate. Thus, oxime tosylate 20 in the system NH3/Yb(OTf);/CH,Cl,
afforded 3 H-diazirine ring system 21 (equation 9)*°.

NOTs N= N
NH;/Yb(OTf)3/CH,Cl,
)
(20) 1)
10%

B. Four-membered Rings

Photosensitized decomposition of oxime oxalyl amides proceeded via carbamoyl rad-
icals which underwent 4-exo cyclizations forming four-membered S-lactams as main
products. Irradiation of solution of oxime derivative 22 and 4-methoxyacetophenone
(MAP) in toluene at 100 °C with a 400 W UV lamp led to azetidinone 23 in 3:1 ratio of
diastereoisomers (equation 10)*1:42,

OH
(0] I|3n Ph
MAP/hv
thN\O)KWN\/\Ph e 1 o
0 o} N—ph
(22) 23)
69%

C. Five-membered Ring Systems
1. Furan and thiophene

Synthesis of a benzofuran ring was successfully realized from O-arylated oximes in
the presence of acidic catalyst (Fisher method)**~%%. For example, oximes 24 in the pres-
ence of a mixture of trifluoroacetyl triflate (TFAT) and 4-dimethylaminopyridine (DMAP)
in CH,Cl, at room temperature afforded 2-arylbenzofurans (25) in yields up to 99%
(equation 11)*®.

Synthesis of dihydrofuran derivatives by cyclization of oxime derivatives has been
described. Thus, reduction of 2-quinolineacetaldoxime (26) with H,/PtO, afforded fura-
noquinoline 27 as a single product (equation 12)*’. 4-Formyl-3-hydroxy-5-hydroxymethyl-
2-methylpyridine oxime (28) in the system NaNO,/HCI/H,O cyclized to furopyridine 29
(equation 13)*.

Dihydro- and tetrahydrofuroisoxazoline rings were constructed by intramolecular
cycloaddition of nitrile oxides or nitrones, generated from oximes**~>!. Thus, oxime 30
and sodium hypochlorite afforded furoisoxazolines 31 (equation 14). Similarly, furanyl
or thienyl oximes 32 in the presence of NaOCI afforded tricyclic products 33 in 35-90%
yields (equation 15). Nitrostyrenes (ArCH=CHNO,) and various nucleophiles (for
example, allyl mercaptan) also generated hydroximoyl chlorides which underwent similar
cycloaddition leading to bicyclic tetrahydrothiophene and tetrahydrofuran derivatives®>>3.



238 Edgars Abele and Edmunds Lukevics

Rl
X \N -0 TEAT
DMAP
R

Rl
|
@£ e
|
/\iz COCF;

(24)
(1)
R R'
/ \__/ -
— [¢)
(25)
R = H, Br, OH, OR, NO,; R! = H, Me
¢}
b (D
H,/PtO,
Z _OH N (12)
N SN H
(26) 27
OH
0
HO- N\ — NaNOyHCI/H,0/E{OH —
\ 0"\ N 13)
HO Me Me
(28)
R
SN OH
R! NaOCl (14)
O\/\
(30) R,R!=H, Me, Ph (31
Me Me
Me - OH X
Me%A N v NaOCl = 171
X | Y 0 (15)
\ ~
32) (33)

X, Y=0;X=0,Y=5X=S,Y=0
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Intramolecular cycloaddition reaction of O-tert-butyldimethylsilyloximes having ally-
loxy moieties 34 was efficiently catalyzed by BF3+OEt,. Bicyclic products 35 were isolated
in yields up to 87% (equation 16)°*.

OTBS .
X - X
N srsomy | [N,
o R o R
\/\<1 \/\<
R R!
(34) (35)
TBS = -BuMe,Si; R, R'= H, Me, Ph

(16)

Radical cyclization of oxime ethers having allylic substituents to five-membered rings
including furan and pyrrole derivatives was described in reviews>®>’. A thiophenol-
promoted radical cyclization of oxime ethers into tetrahydrofurans was recently described.
For example, oxime derivative 36 in the presence of thiophenol and azobisisobuty-
ronitrile (AIBN) afforded substituted tetrahydrofurans 37 and 38 in a ratio 1.2-3:1
(equation 17)%-¢1, Radical cyclization of oxime ethers 39 to tetrahydrofurans 40 was
successfully realized in the presence of alkyl iodides and Et;B in refluxing toluene
(equation 18)62.

SPh SPh
\2 NOR NHOR _NHOR
j PhSH/AIBN/PhH/reflux + 4
6] 0] 0
(36) R = alkyl 37 38 17
R]
\ NOBn NHOBn [ NHOBn
R'I/Et;B/PhMe/reflux

O &

o) R O R
major mmor

39) R'=alkyl (40) (18)

Cobaloxime-mediated intramolecular radical cyclization of oxime ethers 41 to furan

derivatives 42 occurred during electrolysis in yields up to 76% (equation 19)%3.
Me Me
Br 2 R 5
Ri fNOR Co (I)/electroreduction ﬁ NHOR
1 1
(41) (42)

R,R!' = H, Alk, OAIk, RR' = -(CH,),0-, n =2,3; R>=Me, Bn
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2. Trioxolanes

Ozonolysis of acyclic ketoximes 43 in the presence of ketones resulted in the for-
mation of tetrasubstituted cross-ozonolides (1,2,4-trioxolanes) 44 in yields up to 73%
(equation 20). Ozonolysis of O-methylated monooximes of 1,4-, 1,5- and 1,6-dicarbonyl
compounds afforded bicyclic oxonides®*

R \(/ N \OMe RZCOR3/pentane/ozon01ysis R 0-0 R2
1 Ao
R R "07 "R (20)
(43) (44)
11-73%

Ozonolysis of the O-methyl oximes of cyclic ketones in the presence of 1,4-cyclohex-
anedione and ozonolysis of the O-methylated dioxime of 1,4-cyclohexanedione in the
presence of cyclic ketones afforded the corresponding diozonides®

3. Dithioles

The cyclobutanone oxime derivatives 45 reacted with disulfur dichloride, N-chlorosuc-
cinimide (NCS) and Hunig’s base to give three unexpected 10 pseudoazulenes in low
yield: the dark blue cyclopenta-1,2-dithiole (46), its red isomer 47 as well as orange
cyclopenta-1,2-thiazine 48 (equation 21). The mechanism of formation of compound 46
included cyclobutane ring opening, with subsequent reaction with S,Cl, and formation of
the dithiole ring system®

NOX
SZCIZ/NCS
Humé, s base

(45) (46) (47)
+ (21)
171/5 Cl
a1
Cl
Cl
Cl

X =H,SiMe; (48)
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S
45 Sk Q_\ S,Cl, g(\s
CN
C

N

e

“HCI

S

S,ClL/NCS

46 2 \S

=
CN

4. Pyrroles

General synthesis of pyrroles and 1-vinylpyrroles by the reaction of ketoximes with
acetylenes and their synthetic equivalents (vinyl halides and dihaloethanes) in the presence
of the strongly basic KOH/DMSO system (Trofimov reaction) has been reviewed®”~"° in
recent years. Therefore, in the present work this reaction will be described very shortly.
In principle, pyrrole (51) synthesis can be carried out as a one-pot procedure by treat-
ing ketones (49) with hydroxylamine and then reacting the ketoximes (50) formed with
acetylenes (equation 22).

Rl
R R HC = CR? N R2
1 NH,0H | 2
\[(\ R WA R MOH/DMSO R/Z_>
o] NOH N
R3 (22)
(49) (50) (51)
R, R! = alkyl, aryl, hetaryl; R? = H, Me, Ph; R® = H, CH,=CH, PhCH=CH;
M =Li, Na, K, Rb

2-(2-Benzofuranyl)pyrroles”!, 2-(2-thienyl)pyrroles’>~74, 2,2'-dipyrroles™, 3-(2-pyr-
79281

rolyl)indoles’® 77, 2-(2-benzimidazolyl)pyrroles’® and 2-(2-, 3- and 4-pyridyl)pyrroles
were prepared using this method. Reaction of alkynes (for example, propyne) or allene
with ketoximes in a superbase system (MOH/DMSO) leads to 2,5-di- or 2,3,5-trisubstituted
pyrroles®>33. Pyrroles and dipyrroles were synthesized also from corresponding dioximes
and acetylene in a KOH/DMSO system® 3. It has also been shown that 1,2-dichloroeth-
ane can serve as a source of acetylene in pyrrole synthesis®’. Oxime 52 in the system
acetylene/RbOH/DMSO at 70 °C afforded a mixture of three pyrroles 53—55 in low yields
(equation 23). The formation of product 53 occurred through recyclization of pyrrolopy-
ridine intermediate®3.
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Ph Me Me
H. N Me Ph P _—
HC=CH )
RbOH/DMSO N N
Ph NOH ﬁ/
Me Ph
(52) (53)
+ (23)
Ph Ph
Me H_ Me
N \ N
| + C=CH
N N
Ph H Ph OHH
Me Me
(55) (54)

2-Phenyl- and 2-(2-thienyl)-3,3-dimethyl-3 H-pyrroles (58) were obtained by the reac-
tion of the corresponding ketoximes 56 with acetylene catalyzed by MOH (M = Na, K) in
DMSO. The reaction intermediate observed is the corresponding O-vinyl oxime 57 which
undergoes [3,3] sigmatropic rearrangement and cyclization to products 58 (equation 24).

The yield of the products obtained strongly depends on the structure of the ketoxime®.

Me Me
Me R Me 0
Rj\/K b, RWH\Me %\Me py M 7
Me MOH/DMSO N HN
NOH \o—/ \OJ/ R™ “NH
(56) (57)
Me Me 24
Meb\ MOH/DMSO Me \
N j\ B
R™ N7 TOH R N

M =Na, K; R = Ph, 2-thienyl ~ (58)

Reaction of cyclohexanone oxime (59) with phenylacetylene in the presence of KOH/
DMSO afforded Z-[1-(2-phenylvinyl)]-3-phenyl-4,5,6,7-tetrahydroindole (60) (equation
25)%. Transformation of O-vinylacetophenone oxime (61) in the system t-BuOK/THF has
been studied. The reaction at 60—65 °C afforded 2,4-diphenylpyrrole (62) and oligomeric
products instead of the desired 2-phenylpyrrole (equation 26)°!.

Regioselective synthesis of 2-substituted pyrroles using oximinocyanoacetate esters
or related compounds in a Knorr-type reductive condensation with diketones was des-
cribed?>=%. Thus, oximinocyanoacetates 63 reacted with pentane-2,4-diones 64 in hot



7. Synthesis of heterocycles from oximes 243

acetic acid in the presence of zinc dust, giving pyrrole-2-carbonitriles 65 when the acetic
acid was wet (equation 27)2.

NOH Ph
PhC = CH | N\
KOH/DMS0/80 °C N Ph (25)
e/
(59 (60)
42%
Ph
Me
)\ o +-BuOK/THF Phﬂ %
P NN b 20
(61) (62)
21%
o o R Me
CN
)\ + M Zn/AcOH/NaOAc / \
Me Me ————
HON” “CO,R! Me” “NT CN
R H
(63) (64) (65)
R =H, CH,CH,CO,Me 23-28%  (27)

The pyrrolo[2,3-d]pyrimidine 67 ring system can be obtained from 4-amino-substituted
pyrimidine oxime 66 and Dowex-50 in water (equation 28)°’. Similar cyclization was
realized in the presence of benzaldehyde and concentrated HC1%®.

OBn OBn

H,0/Dowex-50 HN

Iy e

(66) (67)
71%

H,N

99-105 6

Pyrrole and dihydropyrrole derivatives were obtained by palladium- or copper-'©
catalyzed intramolecular Heck-type amination of the olefinic moiety in oximes of unsat-
urated ketones'?’. Substituted pyrroles 69 were synthesized from y,8-unsaturated ketone
O-pentafluorobenzoyl oximes 68 (equation 29). The formation of products 69 proceeds
via 3,4-dihydro-2 H-pyrroles, which undergo aromatization by treatment with Me3SiCI%.
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NOCOCgFs 1. Pd(PPh3)/EtsN/DMF/80 °C / \
2. Me3SiCl R!
)K/\/\ R N

R Z “R! H (29)
(68) (69)
R = Alkyl, aryl; R! = H, Me, CO,Et 35-88%

Heck-type cyclization of oxime ethers which contain a halogenated aryl group is a
new route to dihydroindole oxime ethers. Thus, oxime ethers 70 in the system Pd(PPh3)4/
K,COs/dioxane afforded dihydroindoles 71 in 59—-89% yields (equation 30)'%8,

NOBn

R X _NOBn R
\O: J/ Pd(PPhy),/K,COy/dioxane
N N (30)

| |
Ts Ts

(70) X =Br, I; R =H, Me, OMe, CO,Me (71)

Cyclization of p-hydroxybenzylacetone derivatives 72 proceeds when treated with tetra-
butylammonium perrhenate and trifluoromethanesulfonic acid in refluxing CICH,CH,Cl,
affording azaspirodienones 73 in moderate to good yields (equation 31). The azaspiro-
dienones are easily transformed into quinolines via dienone—phenol rearrangement'® 111,

R! NOH
R BuyNReO,/CF;S0;H
Me _ BuaNReO,/CF350:H €04/CF3503 Y
T CICH,CH,Clireflux N ( 31)
HO

(72) (73)
R, R!=H, alkyl 52-91%

3,4-Dihydro-2 H -pyrroles were prepared by base-catalyzed cyclization of oxime esters
or activated ethers. Thus, 3,4-dihydropyrroles 75 were obtained from (E)-O-methylsul-
fonyl oximes 74 having an active methine group at the y-position by treatment with
DBU (equation 32). The stereoselectivity of the cyclization is evidence that Sy2 sub-
stitution occurs at the nitrogen atom of oximes 74'!2. Alkylidene radicals can be easily
generated from O-2,4-dinitrophenyl oximes 76 of y,5-unsaturated ketones by treatment
with NaH and phenols, 3,4-methylenedioxyphenol being the best. The resulting radical
species intramolecularly add to the olefinic moiety to afford 3,4-dihydro-2H-pyrroles 77

(equation 33) in moderate to good yields!!> 114,
R'  NOMs R! R2
RO,C N Me DBU/CH,Cl,/0 °C RO,C >Z_§\
CO5R R? RO,C N/ Me  (32)
(74) (75)

R =Me, Bn; R = H, alkyl, Ph; R”Z=H,Me  85-99%
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0,N

NO,

O. R! R?
?1 NaH/1,4-cyclohexadiene (33)
3,4-methylenedioxyphenol N
R Z “R? \
R! R
(76) 77

R = alkyl, Ph; R' = H, Me; R? = H, Ph; R'R? = cycloalkyl ~ 54-86%

The oxime esters or benzyl ethers having alkene substituents were readily cyclized to
the corresponding dihydropyrroles or related polycyclic pyrrole derivatives in the presence
of radical initiators or irradiation''®~124, Thus, oxime benzoates react with BusSnH in the
presence of AIBN to give iminyl radicals, which can be captured by an internal olefin.
Thus, slow addition of BuzSnH and AIBN to refluxed solution of oxime 78 in cyclohexane
afforded pyrrolenine 79 in good yield (equation 34)!'5 116 Irradiation of ketoxime O-
(S-methyl)xanthates 81, prepared in situ from oximes 80 and NaH/CS,/Mel, leads to
dihydropyrroles 82 through cyclization of an intermediate iminyl radical in a radical
chain reaction (equation 35). The last reaction step involves transfer of a dithiocarbonate
group and various external radical traps can be incorporated into the medium, allowing

access to a variety of substituted dihydropyrroles'!”.

Bu;SnH/AIBN/cyclohexane /O\
m— = - P N Me

N
NOCOPh H (34)
(78) (79)
88%
MeS
S
NOH = . NaH/THF NO — R!
2.CS, | irradiation
R 3. Mel R CH,Cly/rt
N SCOSMe
R! R! R™ N
(80) (81) (82)
R = alkyl, aryl; R! = H, alkyl; R, R! = cycloalkyl (35)

The intramolecular cyclization of oximes with alkene substituents to dihydropyrroles
in the presence of radical initiator or by heating was also described'>>~!30. Thus, oxime
83 underwent a tandem 1,2-prototropy—cycloaddition sequence and gave an unstable
cycloadduct 84, which on treatment with NaOH afforded indolizine 85 (equation 36)'%5.
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(83) (84) (85)
60% (36)

[2-(1-Hydroxyiminoethyl)phenyl]acetic acid (86) was easily transformed to 3-methyl-

1 H-isoindole-1-carboxylic acid (87) in the presence of hydrochloric acid (equation 37)!3!.
COH
COZH HCI/EtOH/reflux
— N
_ N-OH y (37)
Me Me
(86) (87)

Recently, it was described that interaction of 1,2,2,3,3-pentacyanocyclopropane-1-
carboxamide 88, obtained by reaction of tetracyanoethylene and monobromocyanoac-
etamide, with oximes leads to 4,4-bis(alkylideneaminooxy)-2-amino-N,N-dimethyl-1,5,6-
tricyano-3-azabicyclo[3.1.0]hex-2-en-6-carboxamides 89 as main products (equation

38)132, 133.
NMe,
NC CONMe,
R (88) ﬁON CRR! (38)
1 /KN _OH  — CHONM . HNTN

N 'ON=CRR!
(89)
R =Me, R! =Me, Et; RR' = —(CH,),~  25-44%

R

Reduction of oxime 90 with NaBH, leads to a mixture of three products 91-93. At low
temperatures (— 10 °C) pyrroloindole 91 was isolated as the main product (equation 39)!34,

1,3-Diphenyl-2-hydroxyimino-1,3-propanedione (94) reacted with phosphonium ylides
to give as main products 1-hydroxy-2,3-dihydropyrroles 95 along with novel ylides
(equation 40)!3.

Radical cyclization of oximes or oxime ethers having allylic substituents or an alde-
hyde group to tetrahydropyrrole derivatives was described!3¢~!40, Thus, SmI,-induced
5-exo-trig radical cyclization of oxime ethers containing a formyl group was found to
be particularly effective for the preparation of cyclic trans-amino alcohols. For example,
oxime 96 in the system Sml,/THF/t-BuOH at 25 °C or —78 °C afforded pyrrolidin-3-ols
97 and 98 in a ratio 3:2 or 9:1 (equation 41)!%. Cyclization of oxime ether 99 in the
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system i-PrI/Et;B/hexane at 80 °C leads to product 100 in 63% yield (equation 42)'%.

Similar cycloadditions were realized also by heating of reaction mixtures'#! 142,
HO N.
~ OH
Rl NaBH,
1TI (0]
R
90)
(39)
1 Rl Rl
~ R HO | HO
N N N
M Ny + v OH
¥ il ¥
R R
91) (92) R,R'=H,Me,Ph  (93)
(0]
O Ph / NO
Ph NOH —
NOH  FhP=CHCOXR | Ph CO.R
Ph CHCO,R RO,C
0 PPh3
94)
‘ (40)
Ph;P=CHCO,R
O ppp, Ph CO.R
Ph /
CO,R Ph M i,
Ph NHOH N €O
(0]
O
95)
R = Me, Et 41-45%
BnOHN OH BnOHN OH
NOBn
BocN_ N Sml/THF/-BuOH/25 °C or —78 °C ; ;
0 33-70% N N
Boc Boc

(96) 97) 98) (41)
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i-Pr NHOBn
HO\/\ )K/ i-PrI/Et;B/hexane
N

0" N

S &
S NOBn OH

cis and trans
99) (100)

(42)

Thermal hetero [3 + 2] cycloaddition reaction of dipolar alkene with O-alkyloximes
produces substituted pyrrolidines. Thus, heating a mixture of alkylidenecyclopropane
102 with anti-O-alkyloximes 101 yields substituted pyrrolidines, which upon hydroly-
sis under mild conditions give 3-alkoxycarbonylpyrrolidines 103 in moderate to good

yields (equation 43)'43.
Me Me OCH,CMe,CH,OH
1. MeCN/80 or 100 °C 0
NOR! 2. hydrolysis
| + 0. _O
7_< (43)
N R
R |
OR!
(101) (102) R = aryl, hetaryl, CO,Me; R' = Me, Bn (103)

The consecutive reduction and cyclization of O-benzoyl protected 5-O-methylhexose
O-(tert-butyldiphenylsilyl)oxime (104) with dimethylphenylsilane in trifluoroacetic acid
afforded a N-hydroxypyrrolidine (105) ring system in good yield (equation 44). The
mechanism involves a cascade of neighboring group participation steps involving the
O-benzoyl protecting groups'+.

OBz B0 OBz
OMe
H
TFA/HSiMe,Ph
— NOSiPh,Bu-1 Me2 N OBz
B20 | (44)
H
BzO OBz O OBz
(104) (105)
70-73%

Reduction of oxirane oxime 106 with LAH in ether leads to pyrrolidine 107 as a 1:1
mixture of cis- and trans-isomers (equation 45)!43.

NOCH,0Me OCHZOMe
(106) R = SiMe,Bu- (107)
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Synthesis of isatin 109 derivatives readily proceeds from anilide-derived oximes 108
by interaction with sulfuric acid (equation 46)!46-148,

(|)H o)
1
R! N R Ny
H,S0, l
N o)
B H
R R
(108)
l (46)
R! 0
0]
N
H
R

R,R!'=H, Me (109)

5. Pyrazole and imidazole

Synthesis of some pyrazole derivatives from amidoximes was reviewed by Karbonits
and Horvath!7. It has been shown that acrylophenone or methacrylophenone oximes
(110) on treatment with BuONO in the presence of pyridine and copper(Il) sulfate,
and with subsequent interaction with dilute NaOH and acidification, gives 3(5)-phenyl-
1-hydroxypyrazole 2-oxide or 4-methyl-3(5)-phenyl-1-hydroxypyrazole 2-oxide (111),
respectively (equation 47)!49130,

NOH 7
1. BUONO/CuSO,/pyridine/EtOH R2 N
R2 AN R 2. 5% aq. NaOH/EtOH /N o (47)
3. filtration o. /

Rl 4. conc. HC1 I-i
(110) (111)
R,R!,RZ=H, Me, Ph 38-89%

Similar synthesis of 1-hydroxypyrazole-2-oxides was realized in the presence of Co(II)
ions'>! or HNO,'* as nitrosating agent. Pyrazole-N-oxides were successfully obtained
from 1,3-dioximes and SOCl,!33.

Conjugated oximes were converted to pyrazoles in a one-pot reaction by refluxing with
hydrazine and iodine in ethanol. The process proceeds via an inverse electron-demand
Diels—Alder reaction involving electron-deficient heterodienes and diimide species as
dipolarophiles'*.

Pyrazoles were obtained from corresponding 2-hydroxy(or alkoxy-)imino-1,3-diketones
or related ketoesters and hydrazine'>>~138, Thus, reaction of oximes 112 with hydrazine

in ethanol afforded aminopyrazoles 113 in 48—95% yields (equation 48)'>. Interaction of
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3-hydroxyimino-2,4-dioxopentanone (114) and hydrazine hydrate leads to trans-bis(3,5-
dimethyl-4-nitrosopyrazole) dimer (115) in 42% yield (equation 49)'33.

o o HN R!
NH,NH,/EtOH/0 °C to rt / \
R R! R N
N (48)
NOH H
112) (113)
R = alkyl, aryl; R! = Me, Et, CHMe,, CO,Et
O Me
o O
NHNHyH,0. \ 49)
Me/\kﬂ)k Me 1mmed1alely
NOH
(114) (115)

Esters of oximes of R(C=NOR')CH,Het type (where Het is a nitrogen-containing
heterocycle, R = H, alkyl; R' =COCF;, SO,C¢H,;R2-p) readily undergo Beckmann rear-
rangement forming bicyclic pyrazole-containing heterocycles'>~!%4. Benzothiazole oxime
116 in the presence of an excess of trifluoroacetic anhydride (TFAA) at room temper-
ature afforded 2-methyl-3-trifluoroacetylpyrazolo[5,1-b]benzothiazole 117 in 92% yield
(equation 50)'%°. Pyridine oximes 118 were transformed to pyrazolo[1,5-a]pyridines 119
by a two-step process (equation 51)'6!,

HON N Me
N M N
>j € TFAA >l (50)
COCF;
S S

(116) (117)

1. (CF5C0),0/Et;N
I N
2. FeCly/1,2-DME

(118) (119)
X =H, F, Cl, Br, alkyl, aryl, NH,, CONH,, NHR

The treatment of substituted ethyl 1-(3,4-dihydro-3,3-dimethylisoquinolyl)-1-oximino-
acetates 120 with hydrazine hydrate leads to a 3,4-dihydroisoquinoline ring enlargement
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with the annulation of a pyrazole ring to form substituted 5,5-dimethyl-2,3,5,6-tetrahydro-
3-oxopyrazolo[3,4-b]benzo-3-azepines 121 in 47-74% yields (equation 52)'%*.

R Me Me
R
Me Me
_N NH,NH,-H,0 N
R / (52)
R
> OEt |
ITI N. N ©
OH o H

(120) R =H, OMe (121)

Oximes can be also used for the imidazole ring synthesis. Thus, reaction of «-amino-
oximes 122 and orthoesters leads to imidazole N-oxides 123 (equation 53)'. Interac-
tion of a-ketooxime 124 with triazinanes also afforded imidazole N-oxides 125 in good
yields (equation 54)'%. Similarly, a-ketooximes in the system NH3/H,O/aromatic alde-
hyde afforded trisubstituted 1-hydroxyimidazoles'¢’.

NOH /Z»
R C(OR3)3/ACOH )\
R2
Me)Kr

NHR R
(122) (123)

R = alkyl, aryl; R!= alkyl; RZ=H, Me

N7 | N7 | R
N O N I\II
(CHoNR)3
| N/> (54)
NOH \
O
F F

(124) R = alkyl (125)

(53)

The reaction of «-halogenoximes 126 with amidines in the presence of iron carbonyls
gives imidazoles 127 in 31-79% yields. The reaction occurred via deoxygenation of 4 H -
1,2,5-oxadiazines by iron carbonyls (equation 55). Efficiency of carbonyls decreased in
the following order: Fe3(CO);, > Fe;(CO)y > Fe(Co)s'%8.

NH

,JLP

Rl
R [
iron carbonyls (55)

NOH
(126) (127)
R=CLBr;R!= alkyl, aryl; R%= aryl
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1-Benzyl-4-methylimidazoles with substituents at 2-position were prepared from O-
pentafluorobenzoylamidoximes containing N-allyl group in the presence of a palladium
catalyst. For example, oxime ester 128 in the system Pd(PPhs)4/Et;N gave imidazole 129

(equation 56)'%°.
Ph
O F Me
N_ _N._ F
N J:/ o Pd(PPhs), Ph 1/\14§
Ph E;N/DMF N
56
NH F F (56)
| F NHBoc
Boc
(128) (129)
70%

1,2-Benzoquinone dioximes and aldehydes in the presence of acidic catalyst (for
example, HCIO,) in EtOH afforded 1-hydroxybenzimidazole 3-oxides'”’.

Imidazo[1,2-a]pyridine!”' =173, imidazo[5,1-a]isoquinoline'”® and imidazo[2,1-a]iso-
quinoline'””>178 rings were successfully obtained from pyridine or isoquinoline oximes
or their ethers. Thus, oxime ethers 130 were converted to imidazopyridines 131 in the
presence of Et3N in methanol (equation 57)!74. Isoquinoline oxime 132 by treatment with
ethylenediaminetetraacetic acid (EDTA)/HgO and then Ac,O gave imidazoisoquinoline
133 (equation 58)'7%. Similar mercury(II)/EDTA mediated cyclization of pyridine oximes
afforded fused dihydroimidazoles'”®.

R3
2
X R R3
Z 2
Nt TR! Z R
Br~
_N Et;N/MeOH/65 °C Y
MeO™ N N R!
i (57)
Br Br
(130) (131)
R,R!, R? R3=H, alkyl 78-96%

Ph

Ph
N /\|( 1. HeO (58)
N 2. Ac0
“OH

(132) (133)

=2z
2\)\
=
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Syntheses of xanthines, uracils and related compounds from the corresponding o-
iminooxime derivatives were described'®°~!83, For example, oxime ester 134 in refluxing
ethanol afforded theophyllin 135 in good yield (equation 59)!83.

(0]
Me NOCOMe Me
N EtOH/reflux N
PN - L (59)
(0] 1}1 NMe (6] ITI
Me Me
(134) (135)

Synthesis of 1-hydroxy-3-oxyimidazolines from o«-hydroxylaminooximes has been
reviewed!84. Therefore, in the present work it will be described very briefly. In general,
the reaction of oximes 136 with aldehydes, ketone or triethyl orthoformate leads to
imidazolines 137 or 138, respectively (equation 60).

AN OEt

Me
(137
Ph
NC
>: NoTs  t

NC

(139)
( OMe

RO (0]

CH(OE),
OH

NHOH MeCOR!
Ph)K( Ph “OH (60
R R
(136) (138)
R, R!=H, Me
NC CN _OTs
COzMe N
MeO,C
- 61
ITI CO,Me MeO,C N Ph (61)
Ph Ph
(140) (141)
OMe
RO /( o
Li*
LiC = CSiMe;
THF AN
SiMej
(62)
OMe

SiMe3

R, R! = alkyl, aryl (143)
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In some cases O-substituted oximes reacted with azomethine ylides. Thus, reaction of
O-substituted oxime (NC),C=NOTs 139 with azomethine ylide derived from aziridine
140 afforded imidazoline 141 in 44% yield (equation 61)!33. Addition of lithium derivative
of silylated alkyne to oxime ethers 142 leads to 4-ethynyl- N-hydroxy-2-imidazolines 143
in 49-72% yields (equation 62)'86,

Reaction of isatin 3-monooxime sulfonate 144 with allylamine proceeds with ring
opening and recyclization to 1-arylimidazoline 145 (equation 63)'%". Isatin 2,3-dioxime
(146) in the refluxing acetic anhydride afforded a new tetracyclic ring 147 in 31% yield
(equation 64)'38,

NOSO,Ar
O,N A~ N J<
(0]

dioxane/reflux

Iﬁ (63)
H Me
(144) (145)
77%
Ac;0 /reflux
«
COMe
(146) (147)

6. Triazoles

4,5-Disubstituted 2-phenyl-2H-1,2,3-triazole-1-oxides (150) can be easily obtained
from the corresponding bis(hydroxyimino)butanes 148 in three steps. Thus, treatment
of dioximes 148 with diluted HCl in dioxane with subsequent interaction with
PhNHNH,/EtOH/AcOH afforded a-hydrazinooximes 149 in excellent yields. Reaction of
149 with N-iodosuccinimide (NIS) in CCly or with CuSOy in aqueous pyridine afforded
triazoles 150 (equation 65)'%°. Similar cyclization in the presence of SOCI, also leads to
1,2,3-triazoles!%?.

R W R 1. HC/dioxane/reflux R W R
HON NOH 2. PhNHNH,/AcOH/EtOH PHHNN NOH
(148) (149)

NIS/CCly/reflux
or
CuSOy/pyridine
H,0

(65)

(150)
R = aryl, cyclohexyl 44-68%
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Oximino cyanoacetate or malonate esters (MeO,CC(CN)=NOTs or (MeO,C),C=
NOCOPh) reacted with diazoalkanes (RCHN}) to give unstable 1,2,3-triazolines'®!. Syn-
thesis of N-imidoylbenzotriazoles via benzotriazole-mediated Beckmann rearrangement
of oximes is also described'®?.

Hydrazine derivatives of oximes 151 in the system aromatic aldehyde/catalytic amounts
of conc. H,SO4/MeCN leads to 1,2,4-triazoles 152 in 50-92% yields (equation 66)'%3.

i
_N
H,NHN OH N\ )— Ar!
Ar | —N Ar'CHO/H,SO/MeCN AT (4 N (66)
N N
W \ I \
N ~ O N N o~
(6] O
(151) (152)

Pyrazolo[1,5-b]-1,2,4-triazole 154!%* and 1,2,4-triazolo[1,5-a]pyridine 156'% ring sys-
tems were successfully obtained from the corresponding formamidoximes or related ami-
doximes 153 and 155, respectively, and acylating agent (TsCl or TFAA) (equations 67 and
68). Similarly, 1,2,4-triazolo[1,5-a]pyrimidines were obtained from pyrimidine formami-

doximes'%°.

R R
)_B\ R! TsCI/THF m NH
N N/L§NOH' - NN oy 67)
H H N™ "Rl
(153) R, R! = alkyl (154)

H

N l_/§/ N~ NOH TFAA/THF/rt R _/\f N />
LN NG % 68)
(155) (156)
R =H, Br, Me, CO,Me 41-91%

Cycloalkanone oximes 157 reacted with nitrile imines forming spirotriazolines 158 in
48-61% yields (equation 69)'97.

/Arl

N—-N
= NFN- /
HON A _AICEN"N-ArY/ THF/t /< )C\
% Ar ﬁ A (69)

(157) (158)
A= CH2CHM€CH2; CHch(Bu-f)CHz, (CH2)4, (CH2)5

Reaction of isatin 3-monooxime sulfonate 159 with hydrazides leads to 1-aryltriazoli-
nones 160 with 41-46% yields (equation 70)!°%. Interaction of oxime PhC(=NHPh)CCl=
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NOH with HNC(CH,OH); afforded 2,5—diphenyl—2,4—dihydr0—1,2,4—triazol—3—on9199.

NOSO,Ar C[CN
0
RCONHNH, //<
o — N

N Et;N/dioxane/reflux NH (70)
| )Q N

H R
(159) Ar = p-MeCHy; R = aryl (160)

7. Tetrazoles

Tetrazoles were successfully prepared from corresponding azidooximes in acidic
media®®-2%2, Thus, oximes 161 in ether in the presence of gaseous HCl afforded tetrazoles
162 in yields up to 85% (equation 71)>%.

HO_
N; NN

N won  _EseowncmEo R <

I R (71)
N N N N

N 7 N

o 0

a1 R =NH,, N3 (162)

8. Isoxazoles, oxazoles and isothiazoles

The [2 + 3] cycloaddition reaction of nitrile oxides, easily accessible from correspond-
ing aldoximes, with different alkenes is known as an excellent route to isoxazoline
derivatives?0*204 The reactions of asymmetric addition?®> or addition of unsaturated ger-
manes and stannanes to nitrile oxides?®® were reviewed in recent years. In this subsection
only the main directions of the synthesis of isoxazole derivatives are briefly reported.

Cycloadditions with monosubstituted olefins proceed rapidly and regioselectively to
yield the 5-substituted dihydroisoxazoles. Thus, addition of styrene to nitrile oxide 164,
formed from oxime 163, results in the formation of the 5-phenyl- 165 and 4-phenyldihy-
droisoxazoles 166 in a 99:1 ratio (equation 72)204207,

Cl R R Ph
base PhCH=CH, / /
OH — ————
(0] Ph (e)
(163) (164) (165) 166) (72)

On the other hand, reactions of nitrile oxides with 1,2-disubstituted olefins are slower
and regioselectivity usually was not so high. For example, benzonitrile oxides, obtained
from the corresponding chlorooximes 167, undergo 1,3-dipolar cycloaddition reaction with
methyl cinnamate to produce the 5-phenyl 168 and 4-phenyl 169 regioisomers in approx-
imately an 80:20 ratio?*®. However, use of N,N-diethylcinnamamide as the dipolarophile
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unexpectedly resulted in the formation of the 5-phenyl and 4-phenyl regioisomers in a
23:77 ratio (equation 73).

CcozZ
X\ A AN J/
| NCS | Ph
/ H DMF _ al EtOAC/EGN
NOH NOH
(167)

(73)

(168) (169)

X = H, Cl, OMe, NOy; Z = OMe, NH,, NHPh, NMe,, NEt,

Usually nitrile oxides, necessary for the synthesis of isoxazoline derivatives, were gen-
erated from hydroximoyl halides by interaction with EtsN?%°, AgOAc in CH,Cl,2!9 or
from the corresponding aldoximes in the presence of N-chloro- and N-bromosuccinimide/
Et;N211-212 NaOCI/Et;N?!3, t-BuOCI?'4, chloramine-T2!3, 1-chlorobenzotriazole/base?!©,
Pb(OAc),?'7, hypervalent iodine compounds?'®, ceric ammonium nitrate?'®, dimethyldi-
oxirane??® and MnO,%?!. Isoxazolines are also prepared from aldoximes and olefins in the
presence of Ca(OCl),/CH,Cl1,%?? and 1-sodio 3,5-dichloro-s-triazine-2,4,6-trione/Al, O3/
CH,Cl, systems??3 under ultrasonic irradiation or in the presence of Al;O3 and Al,03/NCS
under microwave irradiation??*?2>. For example, benzothiophene derivative can be easily
transformed to corresponding fused isoxazoline 171 by treatment with aldoxime 170/NCS/
Al, O3 under microwave irradiation (equation 74).

H O- N
_OH AN NCS/ALO; |
Ar > N * @ MW | q Ar
S0 oSS (74)
o) o O
(170) 171)
84-95%

Nitrile oxides were also readily generated by reaction of aldoximes 172 with zert-butyl
hydroperoxide and bis(tributyltin) oxide. The reaction proceeded under mild conditions,
in which O-stannylated aldoximes 173 were the key intermediates. This reaction system
was applicable to the one-pot synthesis of isoxazoline 174 or isoxazole 175 derivatives
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from the corresponding alkenes or alkynes (equation 75)>%°.

R
R!CH=CH, n
H 0 /" #BuOOH o Rl
174)
Bu3Sn),0
R/KNOH L R/J\NOSnBu3 doole o
72 173) R
-BuOOH o D R2
175)

R = alkyl, Ph; R!, R? = alkyl, alkoxy, aryl, alkoxycarbonyl ~ 55-70 %

It has been shown that magnesium ions dramatically accelerate nitrile oxide cycload-
dition reaction to allylic alcohols, improving both the regio- and stereoselectivity of the
reaction. For example, cycloaddition of hydroximoyl chloride 176 to terminal allylic alco-
hols produces syn-stereoisomers of 2-oxazolines 177 selectively (equation 76)*%’. Metal
salts other than magnesium, such as lithium, zinc and aluminum, are less effective. An
excellent enantioselectivity is obtained in asymmetric 1,3-dipolar cycloaddition of nitrile
oxide to (E)-and (Z)-2-buten-1-ols 178 (equation 77). The reactions were performed using
diisopropyl (R,R)-tartrate ((R,R)-DIPT) as a chiral auxiliary to afford the corresponding
3,4,5-trisubstituted 2-isoxazolines 179 with high regioselectivity?23.

1) R3-M/CH,Cl,
2) R2

NOH %\/ OX N—-O 2 N—-O 2
)J\ R! / < R! M R!
Rl —5 R~ R + R e

up to 99:1
(176) syn-(177) anti-(177)

R = aryl; R! = alkyl; R? = H, alkyl; R>-M = BuLi, EtMgBr, Et,Zn, Et3Al; X = H, MgBr

1. Et,Zn/CHCl3 1/\1_ 0
4. RC(C)=NOH N 77
(178) (179)
20-59%
ee 88-98%

The synthesis of silyl-substituted tetrahydrofuro[2,3-dJisoxazoles 181 by [2 4 3] cy-
cloaddition of benzonitrile oxide, prepared in situ from benzhydroxamic chloride 180 and
E;N, to 5-(2,3-dihydrofuryl)silanes was described (equation 78). Compounds with two
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condensed bicycles at the silicon atom were also prepared by the addition of acetoni-
trile oxide to the corresponding bis[5-(2,3-dihydrofuryl)]silanes??°. Synthesis of silyl and
germyl substituted 2-oxazolines from nitrile oxides and unsaturated silanes and germanes
has been also reported®® 23!, Thus, the reaction of o-difluoromethoxybenzhydroxamic
acid chloride 182 with vinyl- and divinylgermanes in the presence of Et;N afforded
2-isoxazolines 183 (equation 79).

Ph
NOH i N
Et;N/Et,O N
SiRR'R? , (78)
o)
O Sirr'R?
(180) R, R', R? = Me, Ph, 2-thienyl (181)
OH
N Cl
Et,,Ge(CH=CH,),
OCHF, ~ EoNELO (79
n
(182) n=1,2 (183)

Fluoride ion catalyzed 1,3-dipolar cycloaddition of bromo nitrile oxide, obtained in situ
from dibromoformaldehyde oxime 184, to nonactivated alkynes provides a new approach
to the synthesis of neuroactive isoxazoles. However, the regioselectivity of cycloaddi-
tion in this case is not high—products 185 and 186 are obtained in a 1:1 to 1:1.4 ratio
(equation 80)>*2. Cycloaddition reaction of hydroximoyl chlorides and acetylene was suc-
cessfully carried out also in the presence of NaHCOj; as a base?®3. For instance, a-keto
oximes 187 were reacted with acetylene and NaHCO; to give isoxazoles 188 in good
yields (equation 81).

NOH
)k RC CR!/KF- H,O
M OCH CH,OM
Br”~ Br I (80)

(184) (185) (186)
R = Me, CHon, CHzcl, Rl = (CH2)4M€, CHQOH, CH2CH20H, CH2C1

R cl p
[\ X HC = CH/NaHCO; ‘ \ h \ \ (81)

I N-o

(187) R, R!=H, alkyl, alkoxy, halo (188)

Intramolecular cyclization of «-halooximes or nitrile oxides having allylic or propar-
gylic substituents leading to isoxazolines has been described. 3-Substituted 5-hexenyl
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nitrile oxides, which are easily obtained in situ from the corresponding unsaturated oximes
189, undergo intramolecular dipolar cycloaddition to afford bicyclic isoxazoline deriva-
tives 190 with good cis-diasteroselectivity (ca 9:1) (equation 82)%3*.

H H
R
Z NCS/Et;N/CHCl3 R ~ (¢} H N O
H —_— — / + — / (82)
N H N R N

NOH
(189) cis-(190) trans-(190)

Novel polycyclic heterocyclic systems including the isoxazoline ring were described.
Thus, oximes 191 and 193 in the presence of sodium hypochlorite afforded hetero-
cycles 19223 or 194, respectively?*® (equations 83 and 84). Intramolecular cycload-
dition of nitrile oxide was used in the synthesis of the A-ring fragments of lw,25-
dihydrovitamin D3 and taxane diterpenoids?®’, sulphur-containing isoxazoles?3, fluoro-

substituted aminocyclopentanols®* and aminocyclopentitols®*?. New gem- and vic-
disubstituted effects in such cyclization reactions have been reviewed by Jung?*!.
N-O
R |
— NOH R
NaOCI/E;N COqEt
N i (83)
R! 0 Z CO,Et R! o
(191) (192)
R,R'=H, OMe 42-85%
COzEt Et02C\ O\
OMe OMe N
j;o Me  waoci - O><Me
Me N O Me
/
p-N p-Ns
(193) p-Ns = p-nitrobenzenesulfonyl (194) (84)

B,y-Acetylenic oximes undergo in a similar manner conversion to 3,5-disubstituted
isoxazoles. Thus, oximes 195 in the system K,CO3;/MeOH at room temperature afforded
isoxazoles 196 in excellent yields (equation 85)**?. a,B-Unsaturated ketoximes 197 can
be also easily transformed to the corresponding 5-arylisoxazoles 198 (yield up to 95%)
by treatment with iodine and potassium iodide. The presence of isoxazoline was detected
in the reaction mixture (equation 86)’43. &,B-Unsaturated ketoximes in the presence of
palladium catalyst afforded isoxazolines?*.

NOH R!  K,COyMeOH/20 °C R Rl
/U\/ m
R N{ (85)

0
(195) (196)

R = alkyl, aryl, hetaryl; R' = alkyl, aryl, SiMe; 62-95%
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R 1
NOH / {

86
R /\)k Rl L/KI/NaHCO4/H,O/EtOH R o N (86)

197) R = aryl, hetaryl; R = alkyl, aryl (198)

Synthesis of 3,5-diarylisoxazoles 200 and 201 (overall yield up to 85%) by the reac-
tion of asymmetrically substituted -diketones (199) with hydroxylamine was investigated
(equation 87). It has been found that the reaction occurs with a low degree of site selec-
tivity unless steric effects are operating. The isoxazole that has the more electron-deficient
aryl group in position 3 is formed preferably when the reaction is performed with hydrox-
ylamine hydrochloride. When the reaction is carried out in a neutral medium, a reversed
site stereoselectivity is observed?**. Similar cyclization occurred using B-dioximes as
starting material>*> 240

1
Ar Ar
O
)J\/{?\ NH,OH or NH,OH-HCI I\ + n 7)
Ar Arl MeOH/reflux N \O Arl \O Ar
(199) (200) (201)

3-Substituted 5-alkylisoxazoles 203 are successfully obtained from oxime dianions, pre-
pared from acetone oxime 202 and BuLi, and then by interaction with N-methoxyamides
of type RCON(OMe)Me (equation 88)%47.

Me
NOH 1. BuLi /
)k 2. RCON(OMe)Me N \
Me Me 3 HaSOJ/H,O/THF o R (88)
(202) (203)

38-94%
The reaction of w-halo ketone oximes 204 with isocyanides leads to formation of

5-aminoisoxazole derivatives 205. The reaction involves formation of nitrosoalkenes as
intermediates (equation 89)**%.

R

NOH

)]\/X RIN=C/Na,CO4/CH,Cl, N/ \

R 0 NHR! (89)
(204) (205)

R, R! = alkyl, aryl; X =CI, Br ~ 40-93%

Surprisingly, 3-(2-dialkylaminoethyl)-1,2-benzisoxazoles 207 can be easily obtained
by direct cyclization of the corresponding Mannich bases oxime acetates 206 in refluxing
benzene in the presence of anhydrous K,CO;3 (equation 90). The known methods for ring
closure to 1,2-benzisoxazole were ineffective for this class of pharmacologically relevant

compounds®*.
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NOAc
X
R2 o
| / R]
OH
(206)

R =H, Me; R! = H, Me; R? = alkyl

NR,

K,CO5/PhH/reflux

(90)

(207)
38-61%

1,2-Benzisoxazoles and isoxazoles are also accessible in excellent yields by intramolec-

ular Mitsunobu reaction or related reactions of o-hydroxy- or a-hydroxyoximes

250-256

Thus, treatment of oxime 208 in the presence of diethyl azodicarboxylate (DEAD) and
PPh; in THF leads to benzisoxazoles 209 (equation 91)>.

R
R3

R? OH

Rl
(208)

NOH

R3

DEAD/ PPhy/THF N

P — N

R? 0 1)
Rl
(209)

R = H, Me, Ph; R! = H, OMe; R”> = H, alkyl; R> = H, Br

o-Cyanooxime derivatives gave isoxazole derivatives in the presence of a basic
catalyst. For example, interaction of 2-bromo-3-cyano-4,6-diaminopyridine

or acidic?9-260

257,258

(210) with acetone oxime/tert-BuOK and subsequent treatment of intermediate 211 with
aqueous NaOH afforded 3,4,6-triaminoisoxazolo[5,4-b]pyridine (212) (equation 92)>7.

NH,

Me,C = NOH/-BuOK
- e .

DMF

NaOH/H,0

NH,

CN
X

HN~ N
(211)

ON=CMe,

92)
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Reaction of C,O-dilithiooximes 213, obtained from the corresponding oximes with
BuLi, and «-chloroketones afforded 5-hydroxymethylisoxazolines 214 (equation 93). o, 8-
Unsaturated aldehydes reacted with dilithio salts 213 to give the acyclic 1,2-addition

products 215, which were easily cyclized to the corresponding 5-vinylisoxazolines 216",
Ar R
Ar!
1. Ar'COCH,Cl/THF/-78 °C N_ OH
2.H (6]
NOLi (214)
Li _
Ar)J\/ 1 68-77%
1. R'R?C = CHCOR*/THF NOH Rl
R 2. H* R? OH
(213
) Ar 7 g2
R
93)
(215)
l PzOS
Ar R 1
R
/ R’
N
o S e
(216)
45-96%

Ar, Ar' = aryl; R = H, alkyl; R!, R%, R? = H, alkyl, aryl

Effective synthesis of spiroisoxazoline derivatives was elaborated using hypervalent
iodine reagents. Thus, treatment of o-phenolic oximes 217 with phenyliodonium diacetate
(PIDA) in MeCN at 0°C afforded spiroisoxazolines 218 in moderate yields (equation
94)262_ Oximes 219, prepared in situ from 2-trifluoromethylchromones, in the acidic media
also led to spiroisoxazolines 220 (equation 95)*63.

OH O
Rl
R PIDA/MeCN/0 °C

NOH 94)

R2

Rl
(217) (218)
R =alkoxy, amino; R! = H, Br; R> = H, OMe  40-72%
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HON R!
o)
HO
R 1. i-Pr,NLi R
2. R'MeC=NOH |
0] CF; 0] CF;
(219)
(95)
H;0*
(220)
R = H, Me; R! = Me, -Bu, Ph 22-64%

It has been shown that phenylselenyl halides easily reacted with O-allyl oximes 221
to give cyclic iminium salts 222, which by reaction with water afforded isoxazolidines
223 in moderate to good yields (equation 96)*6*. Compounds 222 can be reduced in situ
by sodium borohydride to produce N-alkyl-substituted isoxazolidines 224 in 50-95%

yields?%.

SePh
1 R
(\r R SePh o/\ ; ,
R N \Rl
O. R PhSeX/MeCN/t_ H0 |
N N 1 H
| N'x-R
* N (223)
R2 R3 D) 3
R R 60-95% (96)
(221) (222) N—
\4 SePh
R
O. !
-
R2 J\ R3
R = H, Me; R! = H, Me, Ph; R2, R? = H, alkyl, Ph (224)

Cycloaddition reactions of oxime derivatives having vinyl substituents leading to poly-
cyclic compounds containing isoxazolidine ring were widely described by Grigg and
coworkers?®®-27! For example, aldoxime 225 undergoes a cyclization—cycloaddition cas-
cade in boiling THF with N-methylmaleimide (NMM) in the presence of PdCl, to give
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the product 226 in 81% yield as a 10:1 mixture of exo- and endo-isomers (equation 97)>.

7 A PACL/THF/60 °C
+ O N [0)
N I
z OH Me

(225)

(226)

Hydrogenated isoxazole derivatives were obtained by single electron transfer (SET)
cyclization of B,y-unsaturated oximes2’>?73, by thermal [4 + 2] cycloaddition of aldox-
imes or ketoximes to conventional dienophiles?’* or isomerization/cyclization of an
ortho halogeno or nitro-substituted amidoximes?”. Preparation of 1,4-disubstituted 3-
hydroximino-2-nitro-1-butenes and their oxidative cyclization to 4-nitroisoxazoles are
reported?’®. Synthesis of fluorine-containing substituted isoxazolidines>’”-2"® as well as
isoxazoles by ultrasonic methods?’® has been also described.

Not only isoxazole but also oxazole derivatives are easily accessible from oximes. Ben-
zoxazoles are widely used in organic synthesis due to their importance as intermediates
for the preparation of polyether antibiotics or fluorescent whitening agents. For example,
2-methylbenzoxazole (228) was obtained from o-hydroxyacetophenone oxime (227) by
Beckmann rearrangement, followed by intramolecular ring closure (equation 98). The best
yield of the product 228 (86%) was obtained in solvent-free conditions in the presence
of equimolar amounts of ZnCl, under microwave irradiation?®°. POCl; is also used as a
Lewis acid in the synthesis of benzoxazole derivatives?®!. Benzobisoxazole (230) was pre-
pared by rearrangement—cyclization of dioxime (229) in the presence of polyphosphoric
acid (PPA) (equation 99)?%2.

OH
Me ZnClo/MW or heating/xylene O
/>— Me (98)
NOH N
(227) (228)

18-86%
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HO OH

Me Me O (0]
PPA/96-100 °C Me4<\ j@[ />7Me 99)
NOH NOH N N

(229) (230)
58%

The preparation of 1,3-azoles (benzoxazoles, benzimidazoles and benzothiazoles) from
oximes using oxidants on mineral supports such as Ca(OCl),/Al,O3 or MnO,/SiO, or by
fusion ‘in dry media’ has been described. For instance, benzoxazoles 232 can be obtained
by reaction of o-aminophenols (R, R” = H, NO,,Cl) with substituted benzaldehyde oximes
231 in the presence of Ca(OCl),/Al,03 under microwave irradiation (equation 100)?%3.

. R NH; Ca(OCl)y/Al,05 R N\

_OH

AT SN MW >‘ Ar
R’ OH R’ o

86-88%
(231) (232)

Activated O-vinyloxime 233 undergoes a thermal rearrangement to afford 2-alkenylox-
azole 234 in 31% yield (equation 101)%34,

N\, CO,Me
07 N \J\f ’
0

= © (101)

(100)

M602C

MeO,C OH
(233) (234)

Thermal synthesis of 2-substituted phenanthroxazoles and related compounds by
cyclization of O-methyl o-quinone oximes with compounds ArCH,Y (Ar = aryl, hetaryl;
Y = H, OH, CI, Br, OAc, SH, COR, NH;) or with amines (PhCH,NMe,, PhNHMe,
PhNMe,) has been described?®>. Cyclization of a-oxooximes in the system alkyl halide
or sulfate/DMF/K,CO; also leads to oxazole derivatives?®.

The reaction of ketoximes 235 with dimethyl carbonate in the presence of K,COs,
carried out in an autoclave at 180-190 °C, afforded 3-methyl-4,5-disubstituted 4-oxazolin-
2-ones 236 (equation 102)**7. The formation of compounds 236 occurred via [3,3]sigma-
tropic rearrangement of intermediates of the oxime methylated with dimethyl carbonate.

R! Me
R/\fNOH MG/O\H/O\Me IN/
0
R 0%0

1
R K,CO4/180 °C

(102)

(235) (236)
R, R! = alkyl 22-48%
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Cyclization of 2-hydroxy ketoxime ether is used in the synthesis of the alkaloid
(—)-cytoxazone containing 4,5-disubstituted 2-oxazolidinone ring?®®. Thus, treatment of
2-hydroxy ketoxime ether 237 with LiAIH4/Et,O and Boc;O/DMAP/MeCN and then with
TFA/CH,Cl,, O3/CH,Cl, and NaBH, afforded racemic cytoxazone 238 (equation 103).
Optical resolution of racemic 238 was readily accomplished via the conventional sepa-
ration of the corresponding diasteroisomers obtained by acylation of racemic cytoxazone
with (—)camphanic chloride.

(0]
NOMe 1. LIAIHy/Et,0
2.Boc,O/DMAP/MeCN HN
3. TFA/CH,Cl, o)

Me 4 0scCH,Cl, (103)

OH 5. NaBH4/MeOH
MeO 6. resolution with
(—)camphanic chloride MeO OH

(237) (238)
o-Mercapto- or o-alkylthiooximes were transformed to benzoisothiazoles in the pres-

ence of PPA?:2% or strong acid (H,SOy4, p-TsOH)?°'. Thus, treatment of compound
239 with PPA at 20 °C leads to isothiazolo[5,4-b]indole (Brassilexin) 240 in 18% yield

(equation 104)%.
HON
N\
\ S PPA \ N ll\I
N —~ NOH S 104
H _N N
H H
(239) (240)

9. Dioxazoles, oxadiazoles, oxathiazoles, thiadiazoles and dithiazoles

o-Benzoquinones are unique conjugated 1,2-diones which easily react with various
dipoles. Thus, di- 242 and tri-substituted o-benzoquinones on interaction with nitrile
oxides, generated from the corresponding benzohydroximoyl chlorides 241 and Et;N,
afforded monospirodioxazole derivatives 243 and 244 in overall yields up to 100%
(equation 105). The reaction of monosubstituted o-benzoquinones with stable nitrile
oxides (mesityl nitrile oxide and 2,6-dichlorobenzonitrile oxide) leads to formation of
bis adducts?*>2%3, Reaction of a-hydroxyiminonitrile oxide 245 and carbonyl compounds
also leads to 1,4,2-dioxazole 246 ring formation (equation 106)>%*.

The main group of methods for the preparation of a 1,2,4-oxadiazole ring is based on
cyclization of amidoxime derivatives in the presence of acylating agents®*~3%4 A sur-
prisingly easy cyclization of O-benzoyl-S-piperidinopropioamidoxime 247 to oxadiazole
248 in DMSO at room temperature was described (equation 107)?%°. 3-(3-Aryl-1,2,4-
oxadiazol-5-yl)propionic acids 250 were obtained by the reaction of amidoximes 249 with
succinic anhydride under microwave irradiation or conventional heating (equation 108)3%.
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OH
|
Cl _N
t-Bu
O
[ I Et;N/PhH/rt
+ —_—
R! O
R

t-Bu
(241) (242)
(105)
R R
t-Bu 0
0 | o 1
| R4 Bu | R
o-N o-N
r-Bu o Bu-t
(243) (244)
R,R! = H, Me, OMe, CI
Ph cl Ph Ph
H Nal;fgz m—:N—>O RR'CO N& R
N N oS N - N
HO OH HO™ HO Y
(245) R, R! = H, alkyl (246) (106)
NOH
( "NAANHZ _PhCOCIDMSO
-0
NOCOPh 1\/] >\ (107)
/\)k DMS0/20 °C /\/L /" Ph
N NH, ———— N N
(247) (248)
73%

S e S
/
AI')J\ NH, MW or heating N N >\/\C02H (108)

0
(249) (250)
70-75%

1,2,4-Oxadiazoles can be sucessfully obtained from amidoximes and diethyl carbonate/

t-BuOK3% | triethyl orthoformate/BF3+0Et,3%:397 or by reaction of hydroximoyl chlorides

with nitriles%8.
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Alkyl 2-(substituted cinnamoylamino)-3-dimethylaminopropenoates 251 are trans-
formed to N-cinnamoyloxalic acid hydroxyimidic amides 252 by treatment with sodium
nitrite in aqueous HCI at 0°C. The latter can be further transformed into substituted
5-styryl-1,2,4-oxadiazole-3-carboxylates 253 by standing in aqueous HCI at room tem-
perature (equation 109)3,

1 ] COOR!
COOR NaNO,/HCl COOR HCI N
- HON H,O/t / \
Me,N NHCOR NHCOR ° R/QO/ N (109)
(251) (252) (253)

R = CH=CHAr; R! = Me, Et; Ar = aryl

It has been found that 1,2,4-oxadiazoles 255 can be obtained from amidoximes 254 and
aryl iodides by the palladium-mediated reaction in the presence of carbon monooxide. This
reaction was applicable to both electron rich and deficient aryl iodides (equation 110)31°,
Amidoximes in the system Arlt Ph X~/CO/PdCl,/K,CO3;/NMP/toluene also afforded
5-aryl-1,2,4-oxadiazoles®'!.

R
N~
O/N

HON
)j\ R!C4H,I/CO/ PACl,(PPhs),/Et;N/PhMe ] N
R” " NH, o (110)
1
(254) RY T (2ss)

40-68%
R = Me, CO,Et; R! = 4-CO,Et, 2-, 4-OMe, 4-NO,, 4-Br

A two-step synthesis of 1,2,4-oxadiazoles from aziridinylbenzaldoximes is described.
Thus, aziridinyloximes 256, obtained by reaction of hydroximoyl chlorides with 2,2-
dialkylaziridines in the presence of Et3N, undergo ring opening in hydrogen chloride—
dioxane solution to give (Z)-N-hydroxy-N’-(2-chloro-2-methylpropyl)benzenecarbox-
imidates 257. Reaction of oximes 257 with NaH in dioxane afforded 4,5-dihydro-1,2,4-
oxadiazoles 258 which, on treatment with N-chlorosuccinimide, gave heteroaromatic
1,2,4-oxadiazoles 259 (equation 111)312,

Heating of 4-hydroxyiminoimidazoles 260 in boiling water causes the hydrolytic open-
ing of the imidazole ring and by subsequent cyclization leads to 5-amino-1,2,4-oxadiazoles
261 in 79-86% yields (equation 112)°'3.

3-Phenyl-5-bromodifluoromethyl-1,2,4-oxadiazole was obtained in the system
PhC(=NOH)NH,/BrCF,COOEVEt;N/toluene®'4. 1,2,4-Oxadiazoles can be also success-
fully obtained from amidoximes linked to solid resin and (CICH,CO),0 in 2-methoxyethyl
ether (MeOCH,CH,),03".

Substituted 1,2,4-oxadiazoles were prepared by addition of nitrile oxides to imines®'® or
hydrazones. It has been reported that interaction of hydroximoyl chlorides 262 with chiral
hydrazones 263 in the presence of Et3N leads to intermediates 264 with diastereoselectivity
up to 97%. A subsequent N—N bond cleavage to remove chiral auxiliary by formic acid
leads to 1,2,4-oxadiazolines 265 with ee up to 91% (equation 113)317.
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R R C
R? R! N R? R! HN
HCl/dioxane
N - = NOH — ~
R‘; R5 R% RS
R* R*
(256) (257)
R R (111)
R! R!
R? HN /Z/ R? N 42/
/O /O
NaH SN NCS SN
dioxane/reflux DMF/50 °C
R3 R’ R3 R’
R* R*
(258) (259)
66-95% 81-85%
R, R! = alkyl, R*R> = H, Me, Cl, NO,
HON COR
by o
\
H,O/refl N (112)
R \N)\ NH,HCl ——* + pN Ao/
(260) (261)
Cl NOH
R2
. ITI R2 Et;N/CHCly
y OMe
R
R3 R!
(262) (263)
(113)
R? R
N 2 H R
R! | R R! IlI
N OMe HCO,H/0 °C "
R = g
O—N O—N
3
(264) R (265)
50-100% 25-100%

R = alkyl, aryl; R!, R? = H, alkyl, Ph; R = H, F, OMe
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2-Hydroxyimino-1,2,3,4-tetrahydroquinoxaline in the presence of an acylating agent
afforded 1-oxo0-4,5-dihydro-1,2,4-oxadiazolo[4,3-a]quinoxaline’'®. The reaction of 2-
aminobenzamide oxime in the presence of aldehydes leads to oxadiazoloquinoxalines®!®.

A review dedicated to the reactions of oximes of 1,2,4-oxadiazoles and 1,2,5-
oxadiazoles has been published’?°. Beside this, the preparation of monocyclic furazans
(1,2,5-oxadiazoles) was also described in a monograph32!. Therefore, in this chapter only
the main directions of the synthesis of oxadiazole derivatives are briefly reported.

Interestingly, on treatment of 1,2,4-oxadiazole-3-carbohydroximoyl chlorides 266 with
ethyl hydrazinecarboxylate they rearrange to 4-amino-3-(2-ethoxycarbonylhydrazino)-
1,2,5-oxadiazole 267 (equation 114). The formation of product 267 proceeded through
an unstable hydrazidoxime3?2.

Cl

N ‘\(g NOH 4 NNHCOEVELNEOH/10 °C
N

(266) R =H, Me, CF;
114
0. R (114)
H,N NHNHCO,Et
HN NHNHCO,Et {
/A N_O N
N N e N O
0 (267)
32%

1,2,5-Oxadiazole-2-oxides (furoxans) 269 can be obtained by treatment of aldoximes
268 with N-chlorosuccinimide (NCS)/THF and subsequent interaction with Et3N in Et,O

(equation 115)3%3,
R R
NOH
)k 1. NCS/DMF/rt >/_\<
R H 2 E5NEGO/reflux N_ N (115)
O O
(268) (269)

The synthesis of 1,2,5-oxadiazoles is based on cyclization of 1,2-dioximes32*-326

or a-nitrooxime3?’-328 derivatives. The chemistry of dioximes is reviewed by Kotali
and Papageorgiou’. Thus, reaction of dioximes 270 with 5% aqueous NaOCI in the
presence of NaOH in EtOH afforded 1,2,5-oxadiazole-2-oxides 271 in good yields
(equation 116)*?°. Bromocyan®°, N,0,/CH,Cl,33!, bis(trifluoroacetoxy)iodobenzene33?
and SiO; at 150°C333 were also used as reactants in the cyclization of 1,2-dioximes
to 1,2,5-oxadiazoles.
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R R
R R
W 5% aq. NaOCI/NaOH/EtOH/0 °C \

HON NOH N\o”N\o (116)

271)
81-98%

(270)
R = aryl, cyclohexyl

Bicyclic derivatives of furazan N-oxide are prepared by nitrile oxide dimerization
reaction. Dioxime 272 (R, R’ = Me) undergoes cyclization to the corresponding 4,4-
tetramethylperhydrocycloocta[c]furazan N-oxide 273 (84% yield) by treatment with
NaOCI/H,O/CH,Cl, at 0°C and then refuxing in toluene (equation 117). However, in
the cases of sterically less hindered oximes 272 (R = H, Me; R’ = H) only complex
mixtures of oligomerization and cyclization products could be obtained®>*. Interestingly,
the reaction of pyridyl oxime E-274 with TsCl afforded 1,2,5-oxadiazole 275 as single
product (equation 118). On the other hand, the reaction of Z-isomer of oxime 274 leads
only to O-tosylated oxime’>>.

Ve O ~ /O
HON  NOH N\ /N
N/
R R 1. NaOCI/H,0/CH,Cl,/0 °C R R
R R’ 2. PhMe/reflux R R’ (117)
(272) (273)
R,R"=H, Me up to 84%
[ B
N Me TsCl N\ Me
| | - \ (118)
o N O~ N\
OH OTs
(274) (275)

Isothiazole aldoxime tosylate 276 in aqueous solution of K,COj; afforded the oxathia-
zole ring system 277 in 87% yield (equation 119)3°.

X

N
/ /\S+ (I) " K,CO4/H,0 J I \N
N pTs /N’S\Q’ (119)
Me Me
(276) (277)

5-0Ox0-1,2,4-thiadiazoles were prepared from the corresponding amidoximes and 1,1’-

thiocarbonyldiimidazole/BF3eOEt,3*” or CISCOCI/Et;N3*3. Thus, amidoximes 278 and
CISCOCI in the presence of Et3N afforded 1,2,4-thiadiazoles 279 in yields up to 20%
(equation 120).
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o) R!
/
NOH % N
CISCOCI/EtsN
(278) (279)
R =aryl

3-Aryl-1,2,5-thiadiazoles or 3-aryl-4-halogeno-1,2,5-thiadiazoles can be readily pre-
pared from 1-aryl-2-haloethanone or 1-aryl-2,2-dihalogenoethanone oximes and tetrasul-
fur tetranitride®3°=34!, For instance, interaction of dichloroacetophenone oxime 280 with
S4Ny/dioxane at reflux afforded 3-phenyl-4-chloro-1,2,5-thiadiazole 281 in 98% yield
(equation 121).

Ph 1 Ph Cl
>_< S4Ny/dioxane/reflux ; ;
HON cl N -N
S (121)
(280) (281)
98%

The 1,2,5-thiadiazole system was also constructed from ketoximes and S4N4eSbCls3#?

and by rearrangement of 4-hydroxyimino-2,3,5,6-tetrahydro-3,5-dioxo-1,2,6-thiadiazines
in the presence of acid®.

Synthesis of the dithiazole ring from ketoximes and S,Cl, has been described3#4-346,
Cyclopentanone oxime 282 reacts with S;Cl, at 4 °C in tetrahydrofuran containing Hunig’s
base (i-Pr,NEt), or in dimethylformamide without base, to give trichlorocyclopentadieno-
1,2,3-dithiazole 284 without isolable intermediates. Similarly, benzylidene acetophenone

oxime 283 afforded monocyclic dithiazole 285 (equation 122)3*.
Cl
NOH /N\
Cl S
/
S
S,Cly/Hunig's base/THF or DMF / Cl
(282) 22-26% \ (284) (122)
Ph N
-
/\/i c /\S
Z
Ph” N NOH S
Ph
(283) (285)

10. Oxadliazaboroles

Reaction of amidoximes 286 with boronic acids in refluxing toluene leads to 1,3,5,2-
oxadiazaboroles 287 in yields up to 95% (equation 123)**7.
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N-O

NOH RB(OH),/PhMe /B
BN L
A~ NH, | (123)
H
(286) (287)

Ar = aryl, hetaryl; R = alkyl, aryl, OH

D. Six-membered Ring Systems
1. Pyrylium salts and chromanes

Beckmann rearrangement of ketoketoximes 288 (R,R! = alkyl, aryl) with thionyl chlo-
ride unexpectedly afforded 2-aryl(or alkyl)amino-4,6-disubstituted pyrylium salts 289
(equation 124). This reaction is the first example of rearrangement/cyclization involving
carbonylic oxygen as terminator>*3.

Rl
O R! NOH \
W SOCL/E6,0/0 °C |
= (124)
R ~ R R (6] NHR
* CI-
(288) (289)
27-55%

2-(2-Bromoallyloxy)phenyl oxime O-ethers 290 have been cyclized with BuzSnH and

azoisobutyronitrile (AIBN) to alkoxyamino-3-methylidenechromanes 291 (equation 125).

The cyclization of oxime 290 proceeds through formation of vinyl radicals’*’.

R
1
RON R Br R'OHN
0 Bu3SnH/AIBN/PhH/reflux 0
(125)
(290) (291)
R =H, Me; R! =Me, Bn 71-81%

2. Pyridines and quinolines

Oximes of type XON=CW, (X =Ts, Tf, Ac; W = CN, CO,Et) are of interest as
cycloaddition partners in [4 4+ 2] cycloaddition reactions of dienes** 3!, For example,
addition of acetoxyimino Meldrum’s acid to dienes at high pressure afforded tetrahy-
dropyridine derivatives®2. Recently, such reactions were studied in detail by Renslo
and Danheiser’®3. Thus, Diels—Alder cycloaddition of oximinotosylate 292 with a vari-
ety of 1,3-dienes afforded tetrahydropyridines 293, which can be easily transformed to
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the corresponding pyridines 294 by treatment with NaOMe/NCS in MeOH/THF (1:1)
(equation 126).

NOTs R?
3
OWO R/\)N R
Rl
(6] >< o Me,AICI/CH,Cl,/~78 °C
Me Me
(292) (293)
NaOMe/NCS
THF/MeOH (126)
R
Rl
()
=
R2 CO,Me
R3
(294)

R,RLRL R =H, alkyl 40-77%

Reaction of cyclopentadienylzirconium derivatives having C=C bonds with (NC),C=
NOTs also leads to pentasubstituted pyridines®>*.

The reaction of «,8-unsaturated oximes with ethyl acetoacetate and related S-dicarbonyl
compounds in the presence of FeCl3* or InCl;*® leads to polysubstituted pyridines.
Thus, oxime 295 in the system ethyl acetoacetate/FeCl; (5 mol%) at 150—160°C formed
the pyridines 296 in 41-81% yield (equation 127).

H R2 )(J)\/loj\ R CO,Et
N OEt Rl
RMNOH FeCl3/150-160 °C \ N/ Me 127
R! R
(295) R, R!, R?=H, alkyl, Ph (296)

Synthesis of quinolines by nucleophilic substitution of nitrogen atom in oxime deriva-
tives was described by Narasaka and coworkers®’. B-Aryl ketone oximes 297 in the
presence of trifluoroacetic anhydride and 4-chloranil afforded quinolines 298 in 72—82%
yield (equation 128). However, interaction of oxime 299 with 48% HBr at 105 °C pro-
ceeded with elimination of hydroxyimino group and gave 2,3-dimethoxynaphtho[1,2-
b]quinolizinium bromide (300) in 45% yield (equation 129)3.

The diazaphenanthrene system was isolated in the reaction of 1-methyl-3,6,8-trinitro-
2-quinolone with PhCH=CHCPh=NOH?>*’,

Indole oximes are widely used in the synthesis of «-, 8- and y-carbolines. Synthesis
of a-carbolines 302 was easily realized from O-2,4-dinitrophenyl-substituted oximes 301
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using NaBH3CN/NaH in 1,4-dioxane (equation 130)3¢.

1
R Rl

(CF3C0),0/4-Chloranil/CH,Cl, | X
R N7 P (128)

OMe
NOH
|
AN HBr (129)
\ N+

Br~
(299) (300)
R R!
R2
\ R
N
H $ NaCNBH;/NaH N R!
N _ (130)
O,N H N g2
NO,
(301) (302)

R, R!, R? = H, Me, CO,Me 45-72%

8-Hydroxy-1,2,3,4-tetrahydroquinolines 304 were obtained by cyclization of oxime
2,4-dinitrophenyl ethers 303 in the presence of system NaBH;CN/NaH/1,4-dioxane
(equation 131)3!, If the reductive cyclization was followed by oxidation with DDQ (2,3-
dichloro-4,5-dicyano- p-benzoquinone) the corresponding 8-hydroxyquinolines 305 were
obtained®®2,

Oxime derivatives having allyl and vinyl groups can be intramoleculary cyclized to
pyridine or quinoline derivatives3®3-372,

Syntheses of B-carbolines’’>~37° and B-carboline derived alkaloid 17«-epoxyapovi-
caminate®’ from indole oximes were described. For example, oxime 306 in o-
dichlorobenzene at 190 °C cyclized to carboline 307 in 81% yield (equation 132).

Derivatives of y-carbolines were also sucessfully obtained by cyclization of indole
oxime derivatives. Refluxing of oximes 308 in xylene gave the y-carbolines 309 in
51-55% yields (equation 133)%%!.

Polysubstituted pyridines 312 can be prepared by a sequence involving an intramolec-
ular thermal or high-pressure Diels—Alder cycloaddition of oximino dienophile 310,
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followed by a mild aromatization of the resulting cycloadduct 311 with Cs,CO3; in DMF
at room temperature (equation 134)%2, 3,6-Dihydropyridines 314 can be successfully pre-
pared by 6-endo radical cyclization of S-allenyl ketoxime benzoates 313 in the presence

of tosyl bromide and AIBN in cyclohexane (equation 135)33,
NO,
o
§  NO
R R' N R R!
R2
e 1. NaH/1,4-dioxane/reflux N
2. DDQ/AcOH/1,4-dioxane |
R? Pz
N R3
OH OH
(303) (305) (131)
58-82%
NaBH3;CN/NaH
1,4-dioxane/50 °C
R R
@R2
N 3
H R
OH
(304)
64-92% R, R!, R% R3 = H, alkyl
Me Me
N
N\ NOH g0 N\ /
> (132)
N N
\ \
CHzoMC CHQOMe
(306) (307)

HON
Me
\ xylene/reflux
N 7 CO,Me
H R

(308)




278 Edgars Abele and Edmunds Lukevics

R~ PhMe/reflux Cs,CO;
or 12 kbar DMF
Rl \ CN
(311)
35-70%
R,R!,R*=H, Me, Ph; X =CN, CO,Et; n =0, 1 (134)
Me Ts M
— €
R >: ‘/ye TsBr/AIBN/cyclohexane R
C —
" Ph R' N=( Me (135)
BzON Ph
(313) (314)
R = alkyl; R' = H, alkyl 42-94%

o-Ethynylbenzaldehyde oximes** or o-ethynylpyridinealdehyde oximes? afforded the

corresponding isoquinoline N-oxides or naphthyridine N-oxides. For example, oxime 315
in refluxing methanol afforded 3-hexylisoquinoline 2-oxide 316 in 96% yield (equation
136).

Hex

F Hex
Z MeOH/reflux @i/\(
(136)
+
_NOH N

o)
(315) (316)

A method was developed for preparation of the tetracyclic carboline alkaloids iso-
canthine, isocanthin-6-one and 1-methylisocanthin-3-one by an intramolecular hetero-
Diels—Alder reaction. For example, oxime 317 in sulfolane at 285 °C afforded isocanthine
318 in 8% yield (equation 137)386.

— NOH
\ sulfolane /285 °C
N (137)
K/\
(317) (318)

Reaction of aldoximes with dimedone derivatives under microwave irradiation leads to
partially hydrated acridine derivatives®’. Fused heterocyclic compounds containing par-
tially hydrogenated pyridine and quinoline rings were prepared by intramolecular cycload-
dition reaction of 8-alkynyl oxime derivatives?®”-2%%, (Z)-1,10a-Dihydropyrrolo[1,2-5]
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isoquinoline-3,10(2 H,5 H)-dione oxime undergoes Semmer—Wolf-type aromatization in
the presence of polyphosphoric acid and gives 1,4-dihydrobenzo[c]-1,5-naphthyridin-
2(3H)one’®8,

Desilylative cyclization of oxime silyl ethers 319 in the presence of TBAT (tetra-
butylammonium triphenyldifluorosiliconate)/THF or benzene afforded tetrahydropyridine
N-oxides 320 in 67-71% yields (equation 138)33°.

o
OMs__ NOTBDPS N
L e L
R!O ‘ OR — - Rlo ‘ OR (138)
OR! OR!
(319) (320

TBDPS = SiPh,Bu-7; R = Bn, TBDPS; R! = alkyl

Total synthesis of (+)-lycoricidine, (—)-lycoricidine and (4)-narciclasine via 6-exo
cyclization of substituted vinyl radicals with oxime ethers has been reported®. Thus,
interaction of oxime ether 321 with thiophenol and then with Sml, and TFA afforded
(+)-lycoricidine 322 in good overall yield (equation 139).

OH
: O Me
=
0o O Me 1.PhSH
T . O
< | 2 ¢
0 O NOBn -
o)
OMe
(321) (322)

Derivatives of cyclopentanone oximes undergo Beckmann rearrangement to
corresponding tetra- or hexahydropyridines or quinolines in the presence of Lewis acid
(AIC13 %1392 BF3+0E,*? or PPA***) or DIBAH (i-Bu, AIH)/CH,Cl,3%.

3. Pyridazines, pyrimidines and pyrazines

The reaction of oxime 323 with concentrated aqueous HCl proceeded with a ring
contraction and afforded pyridazine 324 as a single product (equation 140)*°°. On the
contrary, the rearrangement of pyrrol-3-one oxime in the presence of hydrazine proceeded
with ring enlargement and led to 1H-pyridazin-4-one oxime*’.

A general method for the synthesis of pyrimidine N-oxides from amidoximes is des-
cribed. The conversion involves treatment of various carboxamide oximes 325 with
1,1,3,3-tetramethoxypropane, 2,4-pentanedione or 3-ethoxy-2-methylpropenal in the pres-
ence of CF3COOH to afford pyrimidine 1-oxides 326 (equation 141)3%:3%

Cyclic amidoxime 327 was reacted with DMAD (dimethyl acetylenedicarboxylate) in
CH;CN and then in refluxing o-xylene to give after addition of Bz,0O a bicyclic pyrim-
idine derivative 328 in 31% yield (equation 142)*%