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Foreword

The present volume deals with organic compounds in which the functionz!
group is a C—X group, X being fluorine, chlorine, bromine or iodine. The
material was again organized according to the general plan of the series
“The Chemistry of Functional Groups’, described in the Preface printed
in the following pages.

- This volume was planned to contain 22 chapters; five of these, on
‘Formation of C—X bond’, ‘Modern synthetic uses of organic halides’,
‘Syntheses and uses of isotopically labelled halides’, ‘Fluorocarbons’ and
‘Optical rotatary dispersion and circular dichroism of organic halides’ did
not materialize.

Almost all of the originally planned volumes of the series are now either
published, in press or in the course of active preparation. Since several
volumes were published for which important chapters had not been
delivered and, furthermore, since in many of the subjects treated the
scientific progress was even faster than expected, it was decided to publish
supplementary volumes to the series. These volumes will contain, it is
hoped, the ‘missing and omited’ chapters from previously published
volumes, as well as chapters treating new material and, last but not least,
comparative chapters dealing broadly with similarities and differences of
related functional groups (e.g. double-bonded groups such as C=C,
C=0, C=N— and —N=N—),

Jerusalem, June 1973 SAUL PATAI
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The Chemistry of Functionai Groups
Preface to the series

The series “The Chemistry of Functional Groups’ is 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
functional group treated and on the effects which it exerts on the chemical
and physical properties, primarily in the immediate vicinity of the group
in question, and secondarily on the behaviour of the whole molecule.
For instance, the volume The Chemistry of the Ether Linkage deals with
reactions in which the C—O—C group is involved, as well as with the
effects of the C—O—C group on the reactions of alkyl or aryl groups
connected to the ether oxygen. It is the purpose of the volume to give a
complete coverage of all properties and reactions of ethers in as far as
these depend on the presence of the ether group, but the primary subject
matter is not the whole molecule, but the C—O—C functional group.

A further restriction in the treatment of the various functional groups
in these volumes is that material included in easily and generally available
secondary or tertiary sources, such as Chemical Reviews, Quarterly
Reviews, Organic Reactions, various ‘Advances’ and ‘Progress’ series as
well as textbooks (i.e. in books which are usually found in the chemical
libraries of universities and research institutes) should not, as a rule, be
repeated in detail, unless it is necessary for the balanced treatment of the
subject. Therefore each of the authors is asked 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 post-graduate level.

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

1X



X Preface to the series

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

(a) An introductory chapter dealing with the general and theoretical
aspects of the group.

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

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

(d) Chapters on the reactions, transformations and rearrangements
which the functional group can undergo, either alone or in conjunction
with other reagents.

(e) Special topics which do not fit any of the above sections, such as
photochemistry, radiation chemistry, biochemical formations and reac-
tions. Depending on the nature of each functional group treated, these
special topics may include short monographs on related functional groups
on which no separate volume is planned (e.g. a chapter on ‘Thioketones’
is included in the volume The Chemistry of the Carbonyl Group, and a
chapter on ‘Ketenes’ is included in the volume The Chemistry of Alkenes).
In other cases, certain compounds, though containing only the functional
group of the title, may have special features so as to be best treated in a
separate chapter, as e.g. ‘Polyethers’ in The Chemistry of the Ether Linkage,
or ‘Tetraaminoethylenes’ in The Chemistry of the Amino Group.

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



Preface to the series Xi

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

The Chemistry of Alkenes (published in two volumes)

The Chemistry of the Carbonyl Group (published in two voluimes)
The Chemistry of the Ether Linkage (published)

The Chemistry of the Amino Group (published)

The Chemistry of the Nitro and the Nitroso Group (published in two parts)
The Chemistry of Carboxylic Acids and Esters (published)

The Chemistry of the Carbon—Nitrogen Double Bond (published)
The Cheriistry of the Cyano Group (published)

The Chemistry of Amides (published)

The Chemistry of the Hydroxyl Group (published in two parts)

The Chemistry of the Azido Group (published)

The Chemistry of Acyl Halides (published)

The Chemistry of the Carbon-Halogen Bond (published in two parts)
The Chemistry of the Quinonoid Compounds (in press)

The Chemistry of the Thiol Group (in press)

The Chemistry of the Carbon—Carbon Triple Bond

The Chemistry of Amidines and Imidates (in preparation)

The Chemistry of the Hvdrazo, Azo and Azcxy Groups (in press)
The Chemistry of the SO, —SO,, —SO,H and —SO;H Groups
The Chemistry of the —OCN, —NCO, —SCN and —NCS Groups
The Chemistry of the —PQOzH, and Related Groups

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

The publication of this series would never have started, let alone
continued, without the support of many persons. First and foremost
among these is Dr. Arnold Weissberger, whose reassurance and trust
encouraged me to tackle this task, and who continues to help and advise
me. The efficient and patient cooperation of several staff-members of the
Publisher also rendered me invaluable aid (but unfortunately their code
of ethics does not allow me to thank them by name). Many of my friends
and colleagues in Israel and overseas helped me in the solution of various
major and minor matters, and my thanks are due to all of them, especially
to Professor Z. Rappoport. Carrying out such a long-range project would
be quite impossible without the non-professional but none the less essential
participation and partnership of my wife.

The Hebrew University, SAUL PATAI
Jerusalem, ISRAEL
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2 Georges H. Wagniére

i. GENERAL INTRODUCTION
A. Recent Advances in the Study of Molecular Properties
I. The calculation of electronic properties

Previous theoretical chapters of the Functional Group Series summarize
basic aspects of the quantum mechanical calculation of molecular electronic
structure. The LCAO-MO scheme and different degrees of semi-empirical
appreximations are, for instance, mentioned in references 1-3. Ab initio
calculations are dealt with in detail in reference 4. .

Advances in technology and increased accessibility of large-scale
electronic computers have greatly spurred the development of ab initio
calculations®. There the general aim still is an improved understanding of
small molecules, containing but a few second-row atoms. Increased
emphasis is laid on the computation of excited and ionic molecular states
and of potential curves. The problem of taking into account electron
correlation and of finding rapidly converging configuration interaction
schemes is very much in the centre of attention. Computations on larger
molecules, or on small molecules containing heavier atoms, such as sulphur,
phosphorus or chlorine, while not prohibitive, nevertheless become
extremely expensive in computer time if a reasonably large orbital basis is
used.

One must be careful to use the right method to answer a given question.
If numerically accurate predictions are to be cbtained, the problem must be
tackled on the ab initio level where all intermediate quantities are calculated
exactly. This in itself is no guarantee of success, however. A result may
depend heavily on. the orbital basis chosen and on the steps following an
initial SCF calculation. But exact numerical agreement between experiment
and a computed quantity obtained by semi-empirical means will, by
nature, always have a somewhat fortuitous aspect. On the other hand,
semi-empirical procedures, possibly even the simplest ones such as the
Hiickel or extended Hiickel®? methods, may all the more clearly reveal
how certain molecular quantities depend on such properties as overall or
local symmetry. This has, for instance, been adinirably exemplified
recently in the study of concerted reactions®, and in the interpretation of
photoelectron spectra, which have proven immensely useful in the study of
halogen-containing compounds (see section I. A. 3).

Semi-empirical methods which explicitly take into account all valence
electrons of a molecule and generally start out with an SCF calculation are
finding increased application. They are proving useful for a semi-
quantitative interpretation of many molecular properties. In all of these
procedures certain integrals are neglected, others are calibrated on atomic
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data and possibly on one or more test-molecule(s). Depending on the
approximations and the parametrization, different designations have
found common usage: CNDO 2! (complete neglect of differential overlap),
INDO *2 (intermediate neglect of differential overlap), NDDO 3 (neglect of
diatomic differential overlap), PNDO (partial neglect of differential
overlap), MINDO ' (modified intermediate neglect of differential overlap).
For an assessment of the respective merits and shortcomings of these

methods the reader is referred to the literature, and also to some recent
reviewsl% 17,

2. Some spectroscopic properties

In this section we briefly mention some spectroscopic properties of
halogen-containing compounds which are of general interest, but which
will not be treated in more detail in the following parts of this chapter. In
some cases recent and extensive reviews already exist, as indicated.

a. Nuclear quadrupole resonance (n.g.r.). Nuclei having a spin larger
than 34, as do chlorine, bromine and iodine, possess a non-spherical charge
distribution, which implies the existence of an electric nuclear quadrupole
moment. Due to this a nucleus may only take on certain orientations with
respect to a surrounding inhomogeneous electric field. The coupling
energy is proportional to the quadrupole moment and to the electric field
gradient at the nucleus. As the nuclear spin is fixed with respect to the
nuclear quadrupole moment, its orientational energy also depends on the
electric field gradient. At given frequencies, lying in the radiofrequency
range, nuclear resonance transitions beiween the different orientational
substates, or quadrupole levels, can be induced. From these frequencies the
relative value of the electric field gradient at the nucleus may be deduced
and conclusions drawn on the electronic charge distribution in the vicinity
of the nucleus!®. This provides a means of evaluating the participation of
halogen p orbitals in bonding. Such measurements require relatively large
samples of material in the solid state. A review on n.q.r. and its application
to chemistry has been given by Lucken?®.

b. Mossbauer spectroscopy of bonded iodine® 2, The exact frequency of
the 57-6 KeV gamma rays emitted by the *I nucleus depends on its
molecular environment. The chemical information obtainable from such a
Magssbauer spectrum is derived from the quadrupole splitting, which
gives an estimate of the extent to which iodine p orbitals participate in the
filled molecular orbitals of the system, and the isomer shift, which measures
the s electron density. It appears that in iodobenzene, for instance, the best
description for the electronic structure of iodine is pure p bonding®.
Though the magnitude of the quadrupole coupling is only determined to an
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accuracy of ~0-5% %0, hence less precisely than with n.q.r., M&ssbauer
spectroscopy has the advantage of also yielding its sign2L,

¢. Fluorine nuclear magnetic resonance. The only naturally occurring
isotope of fluorine, **F, has a nuclear spin of }#, like the proton. Its
g-value is also not very different, the n.m.r. frequency in a 10 kilogauss
field being 40-055 Mc/s, as compared to 42:576 Mc/s for the proton.
Observation of F n.m.r. is therefore relatively easily accessible with
standard equipment. These spectra may show large chemical shifts and
spin coupling constants, both between different fluorine nuclei and
between fluorine and hydrogen. It appears that the magnetic shielding of
the ®F nucleus decreases with increasing electronegativity of the atom to
which the fluorine is bonded®. In the series CHyF, CH,F,, CHF, the
fluorine chemical shifts in p.p.m. with respect to CF, are + 210-0, + 80-9,
+ 18-2-respectively? 24, For a general review see reference 24.

In the frame of LCAO-MO theory the expression for the constant for
indirect F—F coupling is made up of orbital (OB), spin dipolar (SD) and
Fermi contact (FC) terms?>2, An interpretation of a variety of experi-
mental data from this point of view is to be found in reference 27.

d. The heavy-atom effect and the study of triplet states. Spin-orbit
coupling increases in heavy atoms (see also sections I. B. 1 and II1. A) and,
to a varying degree, in molecules containing such atoms. It is well known,
for instance, that aromatic molecules substituted with iodine, bromine or
even chlorine atoms show an enhanced phosphorescence. Spin—orbit
coupling is responsible for singlet-triplet mixing, making a non-radiative
intersystem crossing from higher singlet states to the triplet states of the
molecule, in particular to the lowest triplet state, more probable. The
probability for phosphorescence, or the radiative transition from the
lowest triplet state to the singlet ground state, grows accordingly. Beside
intramolecular, or internal spin—orbit effects, as mentioned, the presence
of surrounding solvent molecules containing heavy atoms may have a
similar influence on a solute molecule. This is termed the solvent- or
external heavy-atom effect. For a review see reference 28.

The classification and assignment of molecular triplet states are of
considerable general interest. This aim may be pursued by studying the
fine structure of phosphorescence spectra and of triplet—triplet absorption
spectra. Electron spin resonance also has become an important tool,
in particular the measurement of zero-field splittings®8. Recently a
combination of both approaches has been developed, designated as
phosphorescence-microwave double-resonance spectroscopy®® (p.m.d.r.).
It consists of saturating the transitions between the zero-field sublevels of
the lowest triplet state with microwave radiation of appropriate frequency
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and observing the concomitant changes in the selectively polarized
phosphorescence from these individual sublevels. For an application to the
lowest triplet state of p-dichlorobenzene, see reference 30.

e. The haloketone effect in optical activity. The measurement of the
300 nm n~ 7* Cotton effect of the carbonyl chromophore has found wide
application in determining the absolute configuration and the position of
substituents in asymmetric ketones. The main characteristics of this effect
are summarized by the well-known szctor rules, be it an octant31-33 rule or
quadrant®-37 rule. Djerassi and coworkers have empirically found that
axially (as opposed to equatorially) located «-halogen substituents exert a
very strong influence both on the wavelength of the n— #* transition and
on the magnitude of the o.r.d. or c.d. curve®, The introduction of the
halogen substituent may even reverse the sign of the n—#* Cotton effect.
Interestingly, however, the contribution of a dissymmetrically located
fluorine substituent to the rotational strength of this transition: appears to
be opposite in sign to that of other atoms in similar position, such as
carbon, chlorine, bromine or iodine3:3%39 Bouman and Moscowitz®
conclude that the fluorine anomaly cannot be explained if the effect of the
fluorine atom on the carbonyl chromophore ic treated merely as an
electrostatic perturbation. The present author has tried to give a tentative
answer to this question by considering the n-w mixing as arising through
overlap with a substituent orbital. The mixing coefficient is shown to be
inversely proportional to the difference between the effective ionization
potential of this orbital (fluorine 2s, 2p, say) and of the carbonyl n
orbital¥. It is conceivable that this difference is of opposite sign in the case
of fluorine, as compared to chlorine, bromine or iodine.

In the following sections we will see that the fluorine anomaly is not
restricted to the realm of optical activity. It appears very strikingly in
photoelectron spectra, for instance.

3. Photoelectron (p.e.) spectroscopy

Although the photoelectric effect has been known for almost a century?,
its systematic application to the study of molecules is recent®-45, This
.development was only made possible by important progress in the
conception and design of spectrographs on the one hand, and by significant
advances in the quantum-mechanical description of molecular electronic
structure on the other.

When a photon hits a molecule with sufficient energy Av to ionize it, the
kinetic energy of the ejected electron £ may be expressed as

E=h—W (1a)
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where W is the work required to extract the electron and bring it to infinity.
In turn W may be written as

W=I,+AE,,+AE_ (1b)

where I, designates the adiabatic ionization potential, that is, the energy
difference between the neutral and ionized molecules, both at the lowest

vibrational-rotational Ievels of their ground states (see Figure 1). AE_;,

~ ionized molecule

—_— — ~ — ——-——
- Evip
dr

I
v [A

neutral molecule

- X . - =

FiGgure 1. lllustration of the vertical and adiabatic ionization potential, Iy
and [, for a diatomic molecule. Ar, represents the difference in equilibrium
geometry between neutral molecule and radical cation.

and AE_, are the differences in vibrational and rotational energy. Of
course | I, [S{AE;, [>| AE,q |, the accurate measurement of these quanti-
ties depending on the resolving power of the apparatus and the nature of
the spectrum.

The probability f of photoionization may be described in the same terms
as the probability for ordinary absorption. Within the Born-Oppenheimer
approximation one may write for a transition from electronic state i,
vibrational state v to electronic state j, vibrational state p%47 '

f:l,'V,]'/l = 4'703 x 1029.Vij.| A—{i] l2'|S/lV|2 (2)

vy; Is the average frequency of the transition in cm—1. #7;; designates the
electronic transition moment in electrostatic units averaged over the normal
vibrations of the initial, or ground state, and S,, stands for the overlap
integral between the vibrational wavefunctions of the initial and final state.
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In other words, photoelectronic transitions also obey the Franck—-Condon
principle®®. The most probable electronic transition is the one which does
not entail any change in the nuclear coordinates and corresponds to a
vertical excitation energy or ionization potential Iy (see Figure 1). Within
an electronic band in the spectrum the relative intensity of the vibrational
lines should be given by the magnitude of the Franck—-Condon factors
[S,. 2. Absorption spectra show the vibrational spacings of the final
(upper) state.

The extent of vibrational structure in photoelectron spectra depends
very much on the nature of the electron which has been removed. The more
bonding (or antibonding) an electron, the more will its removal affect the
potential curve (or, in general, energy hypersurface) governing the motion
of the nuclei. This in turn will change the equilibrium nuclear geometry
and will lead tc vibrational progressions in the spectrum. It is therefore, on
the other hand, to be expected that the ejection of a non-bonding electron
will not lead to significant dimensional changes of the molecule and
consequently, by the Franck—-Condon principle, to a single sharp line®,

The Franck—Condon principle gives a means of rationalizing AE_;, in
the p.e. spectrum. Koopmans’ theorem®® provides a way of predicting the
vertical ionization potential I, (see Figure 1); the energies of the Hartree-
Fock SCF orbitals of the neutral molecule are generally good approxima-
tions for these ionization potentials. This in turn permits the assignment of
a given photoelectron band as the ejection of an electron from a particular
SCF orbital and consequently to deduce the symmetry of the electronic
state of the resulting ion. Even if, due to the neglect of electronicreorganiza-
tion upon ionizaiion, and of correlation effects, the agreement between
Koopmans’ theorem and experiment cannot possibly be exact, the
energetic sequence of the ionized states is almost always cotrectly predicted.

At this point we wish to make some remarks which are perhaps not of
immediate concern to the experimental chemist, but which we deem
extremely important from a theoretical point of view: in recent years much
attention has been given to so-called localized orbitals’-53. From a
mathematical point of view these localized orbitals provide just as accept-
able solutions for the molecular SCF problem as the usual delocalized or
canonical ones. It appears that they may give an intuitively more appealing
picture of the charge distribution of individual electrens and be better
suited than canonical orbitals as a starting point to take into account
electron correlation. They possibly provide a means of defining wave-
functions for certain limited groups of atoms and of transfecring these
wavefunctions from one molecule to another, without the necessity of
performing elaborate calculations. In this sense some doubt has been cast
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on the physical significance and usefulness of canonical SCF orbitals, as
compared to the localized ones. Photoelectron spectroscopy, or the other
hand, shows these doubts to be completely unfounded in relation to
ionization. As Brundle, Robin and Basch remark5: ‘The canonical
Hartree~Fock orbitals for the neutral species are uniquely defined as those
orbitals (within the basis of all occupied MO’s in the parent molecule)
which best represent the electron charge density the molecule would lose
for each electron, were that electron to be removed ; information about the
ejected electron’s wavefunction is unambiguously built into the neutral
molecule canonical Hartree-Fock MO’s.’

We may add that delocalized orbitals are also well suited for the descrip-
tion of electronic spectra and for understanding the symmetry principles in
concerted reactions.

B. Electronic Properties of the Molecules F,, Cl,, Br, and I,

A meaningful comparison of the electronic properties of the carbon-
halogen bonds C—F, C—CIl, C—Br, C—1 requires a study of the halogen
molecules themselves. The data given and discussed in this section are to be
understood in this sense.

The halogen atoms all lack one electron to fill their respective valence
shells. In an elementary but illustrative way® the electronic energy levels of
the diatomic halogen molecules may be understood as shown in Figure 2

3otply

2p

FIGURE 2. The sequence of orbitals in the fluorine atom and molecule,
according to a simple energy level scheme.
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for the exampie of fluorine. From this scheme one predicts the decreasing
energy sequence of the filled valence orbitals to be la,, 17, 30, .. .. By
Kocpmans’ theorem® the ionization potentials are expected to be

Og(p)

FIGURE 3. A simplified representation of some orbitals of = and ¢ symmetry.

approximately equal to the energies of the Hartree~-Fock SCF orbitals.
Consequently the first ionization of F, should go to the 2II state of the
ion Fj, the next ionizations to the state 2II,, followed by 2Z,. Recent
photoelectron (p.e.) spectra of the halogens® indicate that this sequence is
indeed found in F, as well as in the molecules Cl,, Br, and I,. The numerical
values of the ionization potentials are given in Table 1b. As is to be
expected, they decrease on going from F; to I,. One notices that in a given
molecule the average value of the potentials for ionization to the states
21, and 211, } (/4 Ip), lies very close to the corresponding atomic ioniza-
potential (Table 1a). The difference of 0-1-0-2eV is not far from the

TABLE la. Properties of the halogen atoms

Experimental property F Cl Br 1

First atomic ionization potential (eV)  17-418¢ 13-01¢ 11-84¢ 10-454¢
Atomic electron affinity (eV) 3-448> 3-613* 3-363> 3-063?

8 X(2Py)-~X*(3P,). C. E. Moore, Natl. Bur. Std. ( U.S.) Circ., 467, Vol. 3 (1958); see
also R. W. Kiser, Tables of Ionization Potentials, Dept. of Chemistry, Kansas State
University, Manhattan, Kansas, 1960.

> R. S. Berry and C. W. Reimann, J. Chem. Fhys., 38, 1540 (1963).
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1. General and theoretical aspects of the carbon-halogen bond 11

experimental uncertainty of p.e. spectra. This finding lends support to the
naive picture of the top-filled orbitals 7, and =, being symmetrically
located in their energies with respect to the atomic orbitals np,, or np, of
which they are composed. The energy splitting between the =, and =,
orbitals is expected to be roughly proportional to the overlap integral
{npa\np.y», the suffixes @ and b designating the atomic centres.

As the top-filled =, orbital is antibonding the =, orbital is bonding, and
as in the halogen molecules there are as many clectrons in the one as in the
other, the net effect of these = electrons is a non-bonding one by cancella-
tion. One expects the resulting bonding contribution to come mainly from
the electron pair in the top-filled o, orbital. Consequently it appears that
the single bond drawn by the chemist, F—F, CI—Cl, Br—Br, I—1I, is an
appropriate representation of the valence situation.

Ab initio calculations of the electronic properties of the halogen molecules
are quite numerous in the case of fluorine, scarce in the case of chlorine
and, to the author’s knowledge at the time of writing, only one calculation
has ever been performed on both Br, and on I,%.

One notices in the case of F, that calculations of an improved degree of
sophistication and accuracy do not automatically lead to better results, in
fact sometimes even to predictions which contradict the much more naive
picture discussed above and supported by experimental evidence. For
instance, in an ab initio calculation following the Hartree-Fock—~Roothaan
procedure®® the energetic sequence of highest-filled orbitals is (in eV)
lar, (—18-03), 30, (—20-29), 1w, (—21-91), and the dissociation energy D,
is found to be negative, namely —1-63 eV, the experimental value being
+1:65 eV. The best value of D, for F, obtained by the Hartree-Fock
method is —1:37 eV ¢, Correlation effects play a decisive role in the
electronic structure of the fluorine molecule. By taking these into account,
as with the optimized valence configuration method®l, positive values for
D, close to the experimental ones are found. The experimental dissociation
energy of F, is extremely low, compared for instance to the one for nitrogen
of 7-519 eV or for oxygen of 5:178 eV *¢2, Chlorine, with the highest
dissociation energy among the halogens® 3, shows a value which still lies
well within the energy spectrum of visible radiation. The photochemicil
reactivity of the halogens is well known. The primary process of dissociation
under light of relatively long wavelength is commented upon in basic
textbooks. In the chlorine molecule a satisfactory calculation of D, to date
still seems elusive. Recent valence bond calculations on the one hand® and
SCF results on the other® lead to computed resuits of 0-71 eV and 0-87 eV
respectively, compared to the experimental value of 2:51 eV (Table 1b).

* From D8+ we/2.
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In view of advances in mass spectroscopic and molecular beam
techniques it is also of interest to get an idea of the dissociation energy of
the positive and negative molecular jons. In this connexion the following
relations between dissociation energies*, lowest ionization potentials 7 and
electron affinities 4 are useful®84.65;

Dy(X7) = Dy(Xa)+ Ay — AXX) (3a)
Dy(X$) = D(Xp)— (%) +1(X) (3b)
By definition in this context:
IXp) = E,.(r))—E(ro) (4a)
AXy) = E(ro —E_(r3) (4b)

where E(r.), E.(r}) and E_(r;) designate the electronic energies of X,, XF
and Xj respectively, at the corresponding equilibrium distance (see
Figure 4)1. Electron affinities of halogen molecules have recently been

& (r)ﬁ>

E(r,) -

r
. >

FiGuURE 4. THlustration cf the binding energy D, and the vibrational frequency we.

experimentally determined by assessing the charge transfer threshold in
halogen ion-halogen molecule®® or alkali atom-halogen molecule®”
collisions of the types

Y-+X, —> X;+Y
and

M+X, — X7;+M+

* The dissociation energy D. referred to the potential minimum is also

called binding energy.

t+ I as defined here and I, the adiabatic ionization potential, are related by
I, = I+ }{w? — w,), neglecting terms due to anharmonicity of vibration.
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Previous estimates were obtained from charge-transfer spectra for Cl,,
Br, and I,% and from the appearance potentia: of the F5 ion in mass
spectra™.

While the dissociation energy measures the depth of the minimum of the
potential energy curve, the vibrational frequency w, gives an indication of
the shape in the vicinity (see Figure 4) of the minimum. One notices from
F, to I, a very marked decrease of w,, as simultaneously the equilibrium
distance r, increases.

In the %11 states of the molecular cation the molecule possesses a resulting
electronic orbital angular momentum around the internuclear axis, as well
as an electronic spin angular momentum. This leads to spin-orbit coupling
and a splitting into two different substates 211, and 2I1;, depending on the
value of the total electronic angular momentum. The high value of the
spin-orbit coupling constant in Br, and particularly I, illustrates its strong
dependence on nuclear charge Z. For a hydrogenic state of given quantum
numbers 7, / the spin-orbit coupling constant is proportional to Z4 In a
many-electron atom or molecule an effective screened nuclear charge must
be taken. The increase is thersfore much attennated, but still important,
namely roughly of the order of Z2,

The electronic absorption spectra of the halogen molecules have been
the aim of intense study, but are difficult to characterize in a concise way.

TasBLE lc. Properties of the halogen molecule cations

Experimental property 21, state Fi Cl Bry Iy
Internuclear distance r. (&) 1-326%¢  1-892%.¢ —_— —
Dissociation energy D, (eV) 3-37¢ 4-03¢ 3-324.¢ 2.67%:¢
Vibrational frequency 1054-5%.¢  645-6%¢ 376:0%¢ —

we (cm™Y)

Spin—orbit coupling constant 337 +40° 645+40° 2820+40° 5125 +40°
{(cm™)

% T. L. Porter, J. Chem. Phys., 48, 2071 (1968).

b E. P. Hubermann, J. Mol. Spectry., 20, 29 (1966).

¢ Reference 56.

4 Rough estimate from the relation Do(X?}) = De(Xp) — I(Xo)+1(X); sec also
reference 73.

¢ Value for %I, state.

TasLE 1d. Properties of the halogen molecule anions

Experimental property F; Cly Bry 1z

Dissociation energy D, (eV) 1-284 1-28¢ 1-14e 1-08¢
@ Estimate from the relation De(X7) = Do(Xy) + A(X2) — A(X); see also reference 61.
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In F, one finds only continuous absorption, with a maximum at about
34,500 cm~L. Absorption continua set in at 20,850 cm™! in Cl, and at
19,580 cm™! in Br,%. For further details see for instance reference 71. A
recent and very thorough discussion of the electronic structure and
spectrum of iodine is given by Mulliken?.

Before turning to the carbon-halogen bond, a glance at the halogen
hydrides is instructive (see Table le). The first ionizations are in general to

TaBLE le. Properties of the hydrogen halides

Experimental property HF HCl HBr HI

Ionization potential 16-06° 12-802 11-87¢ 10-754
Dipole moment (Debye) gas 1:736° 1-034° 0-828¢ 0-448°

e Reference 73, adiabatic values, average of 2II; and %II; lines.

® A. L. McCleiian, Tables of Experimental Dipole Moments, W. H. Freeman and
Co., San Francisco, 1963.

¢ F. A. Van Dijk and A. M. Dymanus, Chem. Phys. Letters, S, 387 (1970).

the 2I1 state of the ion. The ionization poiential of HF is 1-35 eV lower
than the first atomic ionization potential of fluorine, whereas in HI the
deviation from the atomic value changes sign and is only —0-30 eV. The
dipole moment decreases likewise on going from HF to HI, showing the
attenuated effect of the hydrogen atom in the higher hydrogen halides.

Il. ALIPHATIC CARBON-HALOGEN COMPOUNDS

A. Alkyl MHalides
. The electronic properties of halomethanes

Photoelectron spectroscopy has recently proved very useful in the study
of the carbon-halogen bend within simple homologous series and/or in
systems of relatively high symmetry. Assignments of p.e. bands may some-
times be made with limited computational effort and provide a meaningful
insight into the electronic structures of both the neutral molecule and the
ion. At first we want to compare the p.e. spectra of the fluoromethanes with
computed data 74, Then the correlation with the spectra of the derivatives
of the higher halogens will be discussed?s 76,

It is perhaps instructive to begin by looking at some structural properties?
(Table 2). In particular we note the decrease of the C—F bond length on
going from CH,F to CF, by the amount of almost 0-07 A, which indicates
an increase in C—F bonding. This change is paralleled by the trend in the
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first ionization potential (Table 3b). 4b initio calculations®® 7 predict the

highest occupied orbitals in CH4F to be of symmetry e Zl;oint group C,;,)
and to be quite strongly antibonding along the C—F bond (Table 4a). On

going from CHF to CF, the contribution of the top-filled orbital gradually

TABLE .2. Experimental bond iengths r in A, bond angles §, and C—F
stretching force constants & in mdyn/A in the fluoromethanes, from
referznce 77

CH, CH,F CH,F, CHF, CF,
r(CH) 1-085 1-105 1-091 1-098 —
r(CPF) —_— 1-383 1-358 1-332 1:317
6 (HCH) 109-47° 109-8° 112-1° —_— —_
8 (FCF) — — 108-2° 108-8° 109:47°
ke-r — 58 — 81 92

TasLE 3a. Experimental vertical ionization potentials in eV, from
reference 75

CH,F CH,Cl CH,Br CH,I
L () 13-04 11-30,11-32 10-54, 10-86 9-54, 10-16
L (@) 17-06 1442 13-49 12-50
Is () 17-06 15-40 15-08 14-80
I (@) 23-4 21-5 19-9 19-6
A, (cm-Ye — 630440  2560+30 5050 +40

a Reference 76.

See also references 54 and 45, Chap. 8.

The symbol I,(e) designates the potential of the first p.e. band, corresponding to
ionization from the top-filled degenerate orbitals of symmetry e; I (a,) stands for the
potential of the second p.e. band, corresponding to ionization from the next orbital of
symmetry &, etc. A; indicates the spin—orbit splitting in the first p.e. band. Under
CH,Cl, CH,3Br and CH,I the energies of the resolved *E; and *E; peaks of this first
band are given.

TaABLE 3b. First vertical ionization potentials in eV of halo-

methanes
F Cl Br 1
CH,;X 13-04¢ 11-31e 10-70e 9-85e
CH.X, 13-295, 11-40b,+ a, 10-61b, 9-46¢,
CHX, 14-80q, 11-48a, 10-47a, —_—
CX, 16-231, 11-691, 10-54¢, _—

Data and assignments from Reference 75. Averaged values withir_l a p.c. band:
The letters after the numbers indicate the symmetry of the orbital from which
ionization occurs.
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becomes non-bonding. The experimental first ionization potential then also
increases from 13-:04 eV to 1623 eV, a value not very far from the first
ionization potential of the neutral fluorine atom. The calculated effective
atomic charges (Table 4a) remain relatively constant on the fluorine atoms

TABLE 4a. Computed overlap populations of top-filled SCF—~-MO and
total effective atomic charges, ¢

CH, CH,F <CH.F, CHF, CF,
C—F overlap®  — —0228 —0142 —0-119  0-000
acb -0305 —0034 +0224  +0-530 —
P — —0212 —0200 —0-208 —

¢ Reference 54.
b Reference 74.

TaBLE 4b. Dipole moments of fluoromethanes in
Debye units

CH,F CH,F, CHF,

Experimental® 1-85 1-97 1-65
Ab initio SCF-MQO*°  2:43 2-61 221
Ab initio SCF-MOQO?  2-597 2-812 2-245

¢ Reference 74.
Y Reference 54.

(~ —0-2), at the expense of the carbon atom, which becomes increasingly
positive: perfluorination on one carbon centre appears to make that
centre very electron deficient.

The p.e. data on the higher halomethanes contrast with those on the
fluoromethanes in two interesting ways: the first ionization potentials in
CH,Cl, CH;Br, CHjl are not very far from those in Cl,, Br,, I,, respectively
(Tables 1b and 3a). In CH,F, however, it is about 2-7 eV lower than in
F,. Secondly, on going from CHCl to CCl, or from CH;Br to CBr, the
first ionization potential does not change appreciably, in contrast to the
series CH3F to CF, (Table 3b).

To what extent are the electrons in the top-filled e orbitals of CH,CI,
CH,;Br or CH;l ‘non-bonding’ halogen np electrons? Only a detailed
calculation could give a quantitative answer. From the ionization potentials
one would assume these orbitals to be more weakly antibonding along
C—X (X = Cl, Br, I) than in CHF. On the other hand, it also appears
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that the bonding properties along C—X do not change as much on going
from CH3X to CX, than in the case of the fluorine compounds.

One notices (Table 3a) that the first p.e. band I,(e) is split by an amount
of about 600 cm~! in CH4Cl, 2500 cm~! in CH,Br and 5000 cm~?! in
CH,l. This splitting (A,) is due to spin—orbit coupling and is of the same
order of magnitude as in the parent halogen molecules. An interesting
observation has been made and interpreted by Brogli and Heilbronner®® by
studying the p.e. spectra of alkyl monobromides and monoiodides of lower
symmetry, in particular of symmetry C,. If the symmetry axis along the
carbon-halogen bond is less than threefold the degeneracy of the e
orbitals is lifted and the orbital angular momentum strongly quenched.
Consequently one would expect spin—orbit coupling and the concomitant
splitting A to decrease. Yet this is not observed and the splitting A persists
undiminished in compounds such as

<>—Br [>—Br

Brogli and Heilbronner were able to show that this apparent anomaly is
due to differences in conjugation of the halogen np orbitals with the alkyl
orbitals in and perpendicular to the plane of symmetry. Their simplified
model also permits a rationalization of changes in the vibrational fine
structure.

It is interesting to note that spin—orbit coupling effects should be smaller
in the p.e. spectrum of CHBr;, for instance, than in that of H;CBr, in
spite of the same overall symmetry and of the fact that bromoform
contains more heavy atoms?>. However, none of these atoms lie on a higher
(n = 3) axis of rotation, in contrast to methyl bromide. On the other hand,
degenerate bands may in general also be split by Jahn-Teller interaction.

From the relatively high ionization potentials it is to be expected that the
fluoromethanes absorb at short wavelengths (Table 5). It is found that
throughout the series, with the exception of CF,, the first absorptions
appear at about 30,000 cm— or 3-5-4 eV below the first ionization potential.

TaBLE 5. First vertical ionization potential compared to longest-wavelength
u.v. absorption (of Rydberg type) in cm~! (from reference 54)

CH, CH,F CH,F, CHF, CF, CH,CH,

First ionization 109,400 105,200 107,000 119,800 130,500 97,500
Absorptionto 3s 78,000 76,000 75,500 87,000 — 68,000
Absorptionto3p  — 83,500 83,500 95,500 110,000 75,800
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Brundle, Robin and Basch5* assign the first and second absorptions in
CH,F, CH,F, and CHF; as Rydberg transitions to 3s and 3p orbitals,
respectively. In CF, no transition to 3s is reported.

Among other properties, the particular nature of the carbon-fluorine
bond is also exhibited by the stretching force constant (Table 62), which is

TABLE 6a. Carbon-halogen stretching force
constants in mdyn/A, and characteristic fre-
quencies in cm~! (from reference 78)

F Cl Br 1
N 5:96° 3-64 3-13 2-65
—C—X
4 1100 6350 560 500

¢ See also Table 2.

TABLE 6b. Proton chemical shifts referred to CH, in p.p.m. for
gaseous monohalo-alkanes (from reference 79)

F Cl Br 1
H,C—X —4-00 —271 ~2-32 —1-85
IX I I —4-23 —3-22 ~3-12 —-2:97
H3CH2C—X
n —1-14 —1-29 —1-47 —1-66

very much higher than in corresponding bonds with other halogens. The
strongly polarizing influence of fluorine is shown by the proton chemical
shifts in monohalogenated alkenes. Interestingly, however, the deshielding
effect of fluorine appears to be less long-range than that of iodine
(Table 6b).

In view of the importance of radical reactions, comparisons between
halomethanes and halomethyl radicals are of immediate interest. Studies
of bond dissociation reactions indicate®! that the dissociation energies of
carbon-hydrogen and carbon-bromine bonds to form CBr, radicals are
about 13-17 kcal/mole lower than the dissociation energies for carbon—
hydrogen and carbon-bromine bonds to form CHj radicals. This coincides
with the observation made by matrix i.r. spectra%? that the C—Br stretch-
ing force constants of CBry are higher than either those of CBr, or of
HCBr,. Likewise, bond dissociation energies indicate that dibromomethyl
is electronically stabilized®%83, though to a lesser degree than tribromo-
methyl. Similar findings are made with the corresponding chlorine
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compounds, leading to the conclusion that an analogous stabilization of
radicals prevaiis®®. It seems that in general alkyl radicals are stabilized by
chlorine and bromine, in the sense that CX, lies energetically less far above
CX, than CHj lies above H;CX, and CX, lies energetically less far above
HCX,; than CH, lies above CHj etc. This systematic trend is not observed
for the corresponding fluorine compounds. It appears that triffluoromethyl
and difluoromethyl are scarcely stabilized in the sense here mentioned8? 83,
In the absence of detailed calculations it is not easy to put the finger on the
exact reason for the basic difference between bromo-, chloro- (and
presumably also iodo-) methyl radicals, on the one hand, and the fluoro-
methyl radicals, on the other. It may be due to the very high electronegativity
and the lack of easily accessible d orbitals for bonding in fluorine.

The determination of the geometry, i.e. planarity or non-planarity, of
halomethyl radicals has also been tackled by electron spin resonance®.
While CHj is planar®s, CF; is not®. From the magnitude of the coupling
constants in e.s.r. spectra one predicts CH,Cl to be nearly planar®,
CFCl, to be more pyramidal than CCl;3:8%, On the other hand, from the
interpretation of vibrational spectra, both CBrg and CCl; appear to be
pyramidal, with bond angles intermediate between tetrahedral and planar®?
(see also Table 7).

TaBLE 7. Properties of halomethy! radicals

Geometry Valence angles Stabilization
CH, Planar 120° @
CF, Pyramidal ~115°2.¢ None¢
>108° ¢
CCl, Pyramidal < 120° ~ 12 kcal/mole®
>109°¢
CBr; Pyramidal < 120° ~ 12 kcal/mole®

e Reference 85.
b Reference 86.
¢ Reference 82.

2. The inductive effect and the dipole moments of alkyl halides

The ab initio computations of molecular dipole moments are fraught
with difficulties even for the simplest of alkyl halides, the fluoromethanes
(see Table 4b, section II. A. 1). The results of SCF calculations appear to be
numerically too large and they probably depend quite strongly on the
choice of basis functions. We do not want to deal here at length with the
results obtained by more approximate quantum mechanical procedures,

2
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such as the CNDO method®, although their agreement with experiment,
for reasons hard to analyse precisely, is rather better. Instead, we will go
back about twenty years and look at a model for the inductive effect
which, though admittedly crude and semi-empirical, permits a posteriori to
rationalize a quite wide variety of data on the dipole moments of more
complicated alkyl halides®®®2. In particular, a recent application has been
rnade to various chloroethanes®,

The theory starts out from a knowledge of bond longitudinal polariz-
abilities, Slater-type electron screening constants and covalent radii. It uses
the notions of net charge, total net charge and effective nuclear charge. One
considers each bond A—B in the molecule as being essentially made up of
two electrons. These electrons may be described by a bond orbital, for
instance

ba_p =axa+bxs (5)

xa and x,; being appropriate atomic orbitals. We define as the net charges
on atoms A and B respectively, due to the bond A—B,

ga_p = —2e(a®*+abS)+e (6a)

S stands for the overlap integral between x, and xg and e for the positive
elementary charge. This reflects the idea that originally each atom
contributes one electron to the bond and, depending on the coefficients
a, b, gets a certain amount of electronic charge back. The coefficients g, b
may conceivably be calculated using an MO procedure. On the other hand,
the net charges may also be assessed empirically, applying formula (10) to
appropriate molecules of known dipole moment, as is done in reference 91.

The total net charge on each atom is the sum of the individual bond
contributions. For instance, in the case of CHyX:

Qg =9a-¢0 QPc=3c-mtdc-x» @x=9x—c (7a)
30r+Q0c+0x=0 (7b)

The total net charge on each atom is not an exact measure for the
screening of the nuclear charge. The effective nuclear charge Z , is made up
of a part which is constant for a given atom, on going from one molecule to
another, z,,, and a part depending on the total net charge.

Zy =zoa+(sal€) Q4 ®)

where s, stands for Slater’s screening constant®. The next quantity of
importance is the longitudinal polarizability of a given bond, o, g,

Of course
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which may be inferred from experiment® and which is assumed constant on
going from one molecule to another. The dipole moment induced in the
bond A—B may be expressed as

Ha-p =0y p.F &)

where F is an effective or average field strength along the bond. It seems
reasonable to write

Zre Zge
BaB= —qa_p-"A-B= ak—B(‘}{AT"'E%‘) (10)
A B

where r,_y is the bond length and R,, Ry designate the covalent bond
radii of atoms A and B. Expression (10) represents a set of coupled
equations, one for each bond in a molecule, subject to the condition (7b)
that the sum of total net charges be zero. Using the experimental dipole
moments of the molecules CH;X, say, for calibration, the equations (10)
provide a means of predicting the dipole moments and charge distributions

of numerous other haloalkanes to a satisfactory degree of accuracy (see
Tables 8 and 9).

TasLE 8. Average bond properties

A—B Bond Bond Covalent Bond dipole  van der
lengths?  longitudinal radii¢ moments? Waals radii®
ra-s (A) polariz- Rg (A) ta-B (D) Wz (&)

abilities®
oh-p

(% 10% cm?)

C—H 1-091 0-79 0-30 04 1-2
c—-C 1-541° 1-88 0-771 0 —
C—F 1-381 0-96 0-64 1-41 1.35
c—-Cl 1-767 3-67 0-99 1-46 1-80
C—Br 1-937 5-04 1-14 1-38 1-95
C—I 2135 8:09 1-33 1-19 2-15

¢ Paraffinic bond lengths. Tables of Interatomic Distances, (Ed. L. E. Sutton), The
Chemical Society, London, 1958.

b Reference 91.

¢ Reference 91,

4 C. P. Smyth, Dielectric Behavior and Structure, McGraw-Hill Book Company,
New York, 1955, p. 244,

¢ L. Pauling, The Nature of the Chemical Bond, 3rd ed., Cornell University Press,
Ithaca, N.Y., 1960.
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TABLE 9, Calculated and measured dipole moments, in Debye units—vapour
phase, unless otherwisz stated

Calculated Measured Reference
CH,F 1-81 1-81 91
CH,Cl 1-86 1-86 91
CH;Br 1-78 1-78 91
CH,I 1-59 1-59 91
CH,F, 1-91 1-96 9]e
CH,Cl1, 1-63 1-57 91
CH,Br, 1-48 1-43 91
CH,I, 1-23 1:08-1-14 solution 91
CHF, 1-53 1-59 91
CHCI, 1-12 1-01-1-15 91
CHBr, 0-98 0-90-1-3 91
CHI, 0-78 0-80-1-0 solution 91
C,H,F 1-95 1-92,1:96 92
C.H;Cl 2:02 2:00-2-05 92
C,HBr 1-95 1-99-2-02 92
C,H;I 1-82 1-87-1-93 92
CH,CH,CI 1-86 1-75-2-09 93°
CH,CHIClL, 1-79 2:07-3-33 93¢
CH,CCl; 1-55 1-79-2:03 93b
CH,CICCl, 1-58 1-44 solution 930
CHC1,CCl, 1-09 0-92 932
CCl,CCl;, ' 0-0 0-0 930
CH.CICH,Cl 1-03 (25°C) 1-13-1-84 932
CH,CICHC], 1-30 (90°C) 1-25-1-42 93®
CHCl,CHCl, 1:09 (130°C) 1-29,1-37 93¢

@ See also A. L. McClellan, Tables of Experimental Dipole Moments, W. H.
Freeman, San Francisco, 1963.
v And references cited therein.

In the ethyl (and higher) alkyl halides in which the resulting dipole
moment varies with conformation, an averaging has to be carried out over

the potential for internal rotation : adopting a purely classical approach one
writes

2y = f ' u2($) exp {— E@)KT) dg / j:"exp{—E@/kT} d¢

Obviously in these cases a temperature dependence of the molecular dipole
moment must be and actually is observed.
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3. Barriers to internal rotation in haloethanes

In view of the very large amount of computer time required for ab
initio calculations on large molecules, predictions, or rather rationalizations,
of the barriers to internal rotation in haloethanes must today still mainly be
based on a more empirical frame of reference. If the lack of deeper insight is
partly compensated by conceptual simplicity, the aims of the experimental
chemist may be served just as well.

Scott and Scheraga?® have proposed a procedure for calculating barriers
to internal rotation® based mainly on two effects, namely ‘exchange
interaction’ of the electrons in bonds adjacent to the bond about which
internal rotation occurs and ‘non-bonded’ or van der Waals interactions.
All bond distances and bond angles, with the exception of the angle
of internal rotation ¢, are considered fixed in the molecule. The confor-
mational energy F(¢) is expressed as

E(p) = LE(1+ cos34) + Z {aexp(—byry)—cyrif+dyriy (1D
(%)

where the first term on the right-hand side represents the ‘exchange
interaction’, while the second term sums up the ‘non-bonded interactions’
between all pairs of atoms 7, j whose relative distance of separation 7
depends on ¢. Within molecules of the same class, such as substituted
ethanes, the quantity E, is taken as constant. The parameters a;;, b;; and
c;; characterize a van der Waals potential®® and d;;r;;* stands for an
additional Coulombic potential due to the interaction of atomic charges.
Table 10 summarizes values for these parameters and Table 11 gives data

TaBLE 10. Parameters for the non-bonded potentia! functions as
given by reference 96—energies in kcal/mole, distances in A
(see formula 11)

Interaction
i _] a;; b.',‘ Cij d,,
H--H 9-17x 103 4-54 452 0
H-F 1:69x 104 4-57 627 0
H--Cl 3-90 x 10* 4-15 321 0
H--Br 2-18 x 108 3-66 465 0
F-F 6:02 x 10? 4-60 118 14-4¢
F-Cl 1-47 x 108 4-18 527 4-09¢
Ci---Cl 3-14 x 10° 3-75 2520 1-16¢
Br«Br 3-46 x 10* 2-78 5180 0

a Value for the case where the halogen atom is attached to carbon, as in haloethanes.
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on barriers to internal rotation. The calculations by Mark and Sutton®
follow exactly the procedure of Scott and Scheraga with two exceptions.
(a) To obtain the Coulombic parameters d;; they explicitly take into account
the atomic charges as derived by the method described in the preceding
section I1. A. 2. (b) Scott and Scheraga adopt for E, the value 3-11 kcalf
mole, Mark and Sutton 2-9 kcal/mole.

TABLE 11. Barriers to internal rotation in kcal/mole

Molecule Experimental Calculated Calculated Calculated
(Scott and (Mark and (CNDO®)

Scheraga®) Sutton?®)
CH,CH, 2:70-3-10¢ 3-29 2-18
CH,CH,F 3-30° 3-31 2:00
CH,CHF, 3-18 3-33 1-88
CH;CF, 348 3:35 1-76
CF,CH,F 4-58 1-46
CFaCHFg 3'51 1'22
CF,CF, 3-92 4-35 1-07
CH,CH,CI 370 3-44 3-0
CH,CH(I, 35 3-56 31
CH,CCl, 2-8 3-73 3-3
CCl1,;CH.C1 10-0 87
CCI1,CHCl, 14-2 14-1
CCl1,CCl, 17-5%; 12-0° 20-89 19-6

¢ Reference 96.
b Reference 93.
¢ Reference 99.

In general, we notice in Table 11 that the barrier heights significantly
deviate from a value around 3—4 kcal/mole only in cases where Cl..-Cl
interaction is present, that is, when relatively ‘bulky’ substituents are on
both carbon atoms. In the case of the fluoroethanes, application of the
semi-empirical quantum chemical CNDO procedure fails to predict the
correct trend®. Ab initio SCF calculations have been performed on different
conformations of 3-fluoropropenel® to assess theoretically the barrier to
internal rotation around the C—C single bond.

Experimentally, barrier heights may be determined from microwave
data for molecules with permanent dipole moments, or from far infrared
spectra. In other cases one must rely on the results of electron diffraction
measurements or on thermodynamic data. In recent years ultrasonic
absorption techniques!®! have met with some success and the application
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of nuclear magnetic resonance appears to gain in importance!?2, A case in
point is that of perhalogenated ethanes containing different combinations
of fluorine, chlorine and bromine atoms. To obtain the barriers from
microwave or infrared data for such complicated asymmetric tops
is exceedingly difficult. The temperature dependence of the fluorine
nuclear magnetic resonance, on the other hand, may be more easily
interpreted to estimate these barriers. Newmark and Sederholm!® have
studied the fluorine n.m.r. spectra of such molecules as CFCl,—CFCl,,
CF,Br—CCl,Br, CF,Br—CFBr,, CF,Br—CFBr{l, CFCIBr—CFCIBr
and CF,Br—CHBrCI. Applying absolute reaction rate theory'®™, they find
free energies of activation for the transitions between different rotamers of
the order of 7-12 kcal/mole. These free energies of activation may, with
some reserve, be equalled with torsional barriers.

B. Halogenated Ethylenic Compounds
I. The electronic properties of some halogenated ethyienes from
p.e. spectrva
As in the case of the alkyl halides, photoelectron spectroscopy reveals
some highly interesting details on the electronic structure of halogenated
ethylenes. Table 12 gives the values for the first and second vertical

TasLE 12. First and second vertical ionization potentials of
halogenated ethylenes

IL(7) I.(0) Reference
H,C=CH, 10-51¢ 12-384 45
10-6 12-85 106
H,C=CHF 10-58 13-79 106
cis-HFC=CHF 10-43 13-97 106
trans-HFC=CHF 10-38 13-90 106
H,C=CF, 10-72 14-79 106
F,C=CHF 10-53 14-64 106
¥,C=CF, 10-52 15-95 106
F,C=CHCI 10-04 12-15 105
F,C=CFCl 10-24 13-01 105
F,C=CCl, 9-84 12-14 105
H,C=CHCI 10-18 11-72 105
- ¢cis-HCIC=CHCI! 9-83 11-71 105
trans-HCIC=CHCI 9-81 11-86 105
H,C=CCl, 10-00 11-67 105
Cl,C=CHCl 9-65 11-73 105
Cl.C=CdCl, 9-51 11-38 105

@ Adiabatic values.
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ionization potentials of the fluorinated and chlorinated species and we wish
to comment on some significant points.

Ungquestionably the first ionization in ethylene at 10-51 eV (adiabatic) is
from the « (1b,, = 1b,,)* orbital®s, firstly because the vibrational fine
structure of the p.e. band appears to show characteristic strong excitation
of the totally symmetric C—C stretching mode of the ion in conjunction
with the twisting vibration, secondly from the energetic sequence of SCF
orbitals in the neutral molecule and Koopmans’ theorem.

On similar grounds it is concluded that the p.e. bands occurring between
10-38 and 10-72 eV in the fluoro compounds!®1%, petween 9-51 and
10-18 eV in the chloro speciesi®, a.so correspond to ionization from the
respective highest filled orbital of symmetry =. Interestingly, the first
ionization potentials in the flucro compounds are all very close to the
value in ethylene and scarcely depend on the number of fluorine atoms
present. In the chloro compounds the first ionization potential is lowered
with respect to ethylene by about 0-4 eV when there is one chlorine atom,
by 0:6-0-8 eV when there are two, by 0-95 when there are three and by
about 1-1 eV in the tetrachloro case. This lowering may be explained by
the conjugation of the halogen 3p, atomic orbital of chlorine with the =,
orbital of the C=C bond1%, In the fluorinated species, because of the high
ionization potential of the fluorine atom, the corresponding conjugative
effect is smaller and the inductive effect is larger than in chlorine, tending
to keep the first ionization ¢iotential close to the value of the unsubstituted
compound (see also Figure 5).

The relative insensitivity of the first ionization potential of ethylene
towards fluorination is contrasted by the drastic stepwise increase of the
second ionization potential, which in the molecular orbital picture
corresponds to the ionization from an orbital of symmetry o. This finding
has been termed the perfluoro effect!%. It parallels the trend observed for
the first ionization potential in the fluoromethanes (see section II. A. 1)
and reveals the strong inductive effect of fluorine on o MO’s (see Figure 6).
On a computational level it is conceivably mirrored by a growing presence
of fluorine atomic orbitals in the corresponding o molecular orbital.
In the extreme case of tetrafluoroethylene the second ionization potential
lies 0-3 eV below the first one of tetrafluoromethane and 0-2 eV above the
first ionization potential of F,.

In the chlorinated compounds, on the other hand, the second ionization

* For the irreducible representations of the point group D,, B,, B;, B,,. we
here adopt the convention B., B,, B, in accordance with references 113 and

114. In reference 94, p. 386, and reference 112, however, one finds another
convention, B., B,, B,.
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potential changes only slightly within the series, in analogy to the first
ionization potential of the chloromethanes. In fact, all the values differ by
at most 04 eV from the first ionization potential of the molecule Cl,
(see Table 1b). They all lie below the second ionization potential of

a) c=C - Cl

FiGure 5. (a) The destabilizing influence of chlorine by conjugation with the
highest filled = orbital of ethylene. Note the node bisecting the C—Cl bond
in ;. (b) Because of the higher ionization potential of fluorine, i.e. its lower
2p level, the conjugative effect is much less pronounced. The inductive effect
is here disregarded. In neither case (a) nor (b) does the lower = level, =,,
correspond to the second ionization potential. The second ionization potential
corresponds in both cases to removal of a higher-lying o electron.
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unsubstituted ethylene. Obviously, the ¢ molecular orbitals from which
these ionizations occur must contain substantial contributions from the 3p,
originally non-bonding, chlorine orbitals. However, in contrast to the
fluorinated species, the inductive effect must here be of lesser importance.

10

"

12+

13+

5+

16+

17y

1 Il 1 I L

H; H3F HF3 HF3 Fq

FiGuUrE 6. The perfluoro effect: O, the first icnization potential of the fluoro-

methanes; B, the second ionization potential of the fluoroethylenes; A, the

first ionization potential of the fluoroethylenes, which is scarcely affected;
t, ¢, v mean trans, cis, vicinal, respectively.

In the halogen molecules X, the highest filled 7 molecular orbitals are
doubly degenerate and antibonding (see Figures 2 and 3). In halogenated
ethylenes a degeneracy of the two top filled orbitals is ruled out by lack of
cylindrical symmetry. However, the highest filled 7 orbital, and the
highest o orbital at least, should be antibonding along the C—X bond(s).
Along the C—C bond these orbitals are of course expected to be bonding.
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From the study of a Rydberg series in the electronic spectrum of C,Cly,
which converges to a first adiabatic ionization limit at 9-33 eV (correspond-
ing to the vertical ionization potential of 9-51 eV in the p.e. spectrum),
Humphries, Walsh and Warsop'?? conclude that, relative to the ground
state of the molecule, the upper Rydberg states and the ground state of the
C,CI} ion have increased C—C bond lengths and slightly decreased C—Cl
bond lengths. From an application of the Franck—Condon principle they
deduce the values of +(0-11+0-01 A) for the change of the C—C bond
lengths and — (0-03 + 0-015 A) for the C—Cl bonds in the ground state of
the ion, as compared to the ground state of the neutral molecule.

These results may be qualitatively understood by the fact that upon
removal of an electron from the top filled = orbital the bond order of the
C—C bond decreases, whiie the one of the C—Cl bonds increases. The
bond length should increase with decreasing bond order and vice versa.
For a detailed account of bond length-bond order relationships see
reference 109. Coulson and Luz!® have investigated the question more
quantitatively considering also electrostatic and exchange interactions and
they conclude that bond order changes indeed account primarily for the
experimental result.

2. The electronic spectra of halogenated ethylenes

To what exient and in what manner do the electronic spectra of
halogenated ethylenes differ from the spectrum of ethylene itself? A
difficulty in interpreting these spectra comes from the fact that even the
longest-wavelength bands strongly overlap. In ethylene it is generally
concluded!®.111 that the broad band, consisting of a very long progression
(f = 0-3) starting at or above 2150 A and attaining a maximum at about
1620 A, is the V< N transition, corresponding to =, — @} excitation, of
symmetry B, in the planar molecule. It appears from the vibrational
fine structure that much of the long-wavelength intensity of the transition
comes from the molecule being in a non-planar conformation where one
CH, group is twisted with respect to the other one. A series of sharp
doublets, starting at 1750 A, is attributed to a first Rydberg m,— o*(3s)
transition (f = 0-03). It is followed by higher transitions of the Rydberg
type converging at the adiabatic ionization limit of 10-51 eV. Recently
Buenker, Peyerimhoff, Hsu and Kammer!1?-14 have, from ab initio
calculations, come to a somewhat modified interpretation of the broad
2150-1620 A V<N band system. They conclude that non-vertical
transitions are responsible for the absorption maximum around 1620 A,
the molecule in the excited state being in a twisted conformation. Moreover,
two excited singlet states have to be considered to interpret this band. As
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hitherto assumed, the state termed V,,, corresponding to B (#,—>#7) in
the planar molecule and in addition the V, state corresponding to
1B, (m,—3p,) has also to be taken into account!®, As the molecule gets
twisted, the angle 8 going from 0° to 90°, the point group of the molecule
changes: Dy, —D,—D,;. The 1B, (*B,;)—'B,—!B,, V, state always lies
cnergetically below the 'B,,(!B,,)—B,—'A,, V, state!’3, The V,«N
transition, though magnetic dipole allowed and electric dipole forbidden
for 8 =0, gains electric dipole allowedness for 0°< 8 <90° reaching a
maximum at about 40°. This transition therefore also contributes intensity
to the band in question. For a detailed theoretical discussion of the
vibrational fine structure see reference 114,

A systematic experimental study of the u.v. spectra of fluoroethylenes
was recently carried out by Bélanger and Sandorfy%. It is shown that these
spectra may be well correlated with that of ethylene. With decreasing
wavelength the main sequence of transitions is, according to the assign-
ment of these authors, a sharp Rydberg 3R« N band followed by a broad
7 —>7* absorption, leading into a series of higher Rydberg transitions.
Table 13 only accounts for the lowest part of the spectra. With increasing
fluorination the 3R <N band is pushed to the red. Interestingly, a similar

TABLE 13. The longest-wavelength transitions in halogenated ethylenes in A and their
assignment (only the onset of the Rydberg bands is indicated)

T —a*(3s) T —>7¥ > a*(3p)
H,C=CH,* 3R«<~N 1744 V<N Max. 1620 3R’«<~N <1620
H,C=CH,® 3R+~N 1744 V,« N <1620 V,«< N >=1620
H,C=CHF* 3R«<N 1776 V<« N Max. 1665 3R« N 1532
cis-HFC=CHF 1910 Max. 1585 1586
trans-HFC=CHF 1775 Max. 1665 1502
H,C=CF, 1840 Max. 1650 1568
F,C=CHF 1907 Max. 1600 1555
F,C=CF, 1945 Max. 1395 1547
H,C=CHC(CIl¢ 3,4R<N 1750 V<« N Max. 1840 Higher 1585
Rydberg

trans-HCIC=CHC]l¢4-° 1800 Max. 1950 1528
Cl,C=CC(Cl,3:* <2000 Max. 1970 Max. 1615; 1573

@ References 110 and 111.

b References 112-114; see explanation in text.
¢ Reference 116.

4 Reference 110, pp. 536 ff.

¢ Reference 112.

/ Reference 107.
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more pronounced trend is observed with increasing methylation of
ethylenel??-119 Now, however, while in tetramethyl ethylene the first
ionization potential is 8-53 eV (determined by electron impact)!?, in the
tetrafluoro compound it is practically the same as in unsubstituted
ethylene. So the mechanism of the red-shift may be a different one. The
maximum of the w—#* band occurs in mono-, di- and trifluorinated
ethylenes around 1600 A, as in ethylene itself. Tetrafluoroethylene is an
exception in that this band is found at 1395 A. As in the case of the red-
shift of the 3R« N band, this blue-shift of the = —#* absorption cannot
be attributed to a change in the energy of the = orbital. Bélanger and
Sandorfyl'® consider the possibility that when the last hydrogen of
ethylene is substituted by fluorine the potential barrier to torsion becomes
so high that the excited state remains coplanar and strongly antibonding
with a correspondingly high energy. It may also have to do with the very
low energy (see Table 12) of the highest ¢ orbital. INDO-CI calculations!®!
show that in all fluoroethylenes there is an interaction between a oo*
configuration and the pure =#w* configuration, thereby lowering the
V(mr—>n*) excited state. In the tetrafluoro compound the oo* configura-
tion is energetically so high as to be of vanishing influence.

It is hard to give a simple account of the spectra of the chloro-
ethylenes!0% 110,122 Some rudimentary data are given in Table 13. A basic
analogy to the ethylene spectrum appears to be maintained. A marked
red-shift of the V< N maximum is encountered, as compared to ethylene.
Of interest is a recent study of the vacuum u.v. spectra of several chloro-
fluoroethylenes'?®3. An attempt is made to correlate the V< N data of these
compounds with that of the chloroethylenes on the one hand, the fluoro-
ethylenes on the other. The selective influence of the different F and Cl
substituents on the energies of the 7 and =* orbitals is considered. Among
the conclusions by Scott and Russell’23: the initial large destabilization of
the 7 orbital energy of ethylene on chlorine substitution (see Tables 12 and
13 and Figure 5) is present in the chlorofluoroethylenes. The initial large
stabilization of the #* orbital energy observed in the chloroethyienes is not
present in the chlorofluoroethylenes.

C. The Electronic Structure of Halogenated Acetylenes

An important feature of acetylene and its halogenated derivatives is the
linear equilibrium geometry of the electronic ground state. The vibrational
and rotational fine structure of the longest-wavelength absorption band
beginning around 2400 A leads to the conclusion that the first excited
state of acetylene is bent, however, having C,, symmetry (trans form)%.
The electronic spectra of chloro- and bromoacetylene have been studied by
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Thomson and Warsop'?%126, In chloroacetylene there are two electronic
transitions above 2000 A, namely around 2500 A and 2250 A respectively,
also leading to non-linear excited states. These bands probably both
correspond to w—z* excitations. Below 2000 A there appear several
Rydberg transitions to linear excited states. The spectrum of bromo-
acetylene is analogous to that of the chlorine compound, but shifted
slightly to the red'?%:1??, The interpretation of the recorded bands in terms
of intravalence or Rydberg transitions is similar to the chlorine case. The
maintenance of linearity in the Rydberyg transitions lets one assume that the
ionized species will also be linear. This is beautifully confirmed by the
photoelectron spectra.

Heilbronner and coworkers'?8-13% have measured the photoelectron
spectra of mono- and dihalogen acetylenes and have interpreted their
results in a most complete and elegant fashion. The sequence and
symmetry of the highest filled molecular orbitals of the neutral molecules
follow from elementary group theory and simple energetic considerations.
In the monohalogen compounds of symmetry C,, the sequence, diminish-
ing in energy, is , 7, 0,0 ..., while in the dihalogen species of symmetry
D, one finds m,, 7, m,, o-a, o, ... In this sense it is possible, even in the
absence of more quantitative computations, to assign the photoelectron
bands quite in detalil, if perhaps tentatively (see Table 14 and Figures 7a,
7b). The confirmation has to come from a study of the fine structure. The
electron configuration of the ion obtained by ionizing an electron from the
molecular orbital =; in the neutral molecule gives rise to two substates of
total angular momentum $/4 and }# respectively, energetically separated
due to spin—orbit coupling (see also section I. B and section II. A. 1 and
reference 2, p. 10). Besides the vibrational structure, more or less present in
all bands, the spin-orbit splitting between these two [1{®) and 2I1{® states
comes out very strikingly in the higher halogen derlvatlves128 129 The
magnitude of the splitting A, for a given band is experimentally given as the
energy difference of two characteristic sharp peaks:

Ay=Iy—1Iy (12)

The average ionization potential I; (which, by Koopmans’ theorem is
considered equal to the SCF energy of orbital =), listed in Table 14, is the
average value

I = (I + 1) 13)

Theoretically, the magnitude of A; is roughly equal to128

A= U372 ¢, (14)
Y4
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where Z,, is the nuclear charge of the pth atom in the linear molecule, ¢;,
is the LCAO coefficient on atom p of the molecular orbital 7; and £’ is a
constant., Contributions from atoms H, C and even F are negligible, for Cl
they become measurable, for Br and I they are large, as in the halogen

TABLE 14. Average vertical ionization potentials of halogenated acetylenes
from Heilbronner and coworkers® and, for comparison, of acetylene?, the
halogen molecules® and some interhalogen compounds?

I, I, I, I, I
HC=CH®* =,11440 o 1644 o 1842

F,° ™y 15:70 m, 18:98
HC=CF" m 11126 ©?17-8 m ?

Cl,e 7w, 1149 1, 14-43
HC=CCI* = 1063 = 1408 o 1676 o 1810
CIC=CCl* =,1009 m, 1344 =,14-45 o,1676 o, 17-81

Br,* 7, 1071, 13-08
HC=CBr* = 1031 = 1300 o 1599 o 176
BrC=CBr¢ =, 977 m,1226 1,1338 o, 1564 o, 16-90

I¢ 7w, 966 o, 11443
HC=CI® = 994 = 1208 o 148 o 174
IC=CI° e 925 w, 1093 m, 1228 o, 1422 o, 1548

CIBr¢ (r 111)
CiIC=CBr¢ = 998 = 1264 = 1408 o 1607 o 1747
Clre (= 1031)
CIC=CI* = 960 = 1166 = 1385 o 1488 ¢ 1721
Brl¢ (r 9-98)

BrC=CI]" T 951 =« 1146 = 13:03 o 1471 o 1635

o References 128, 129.

¥ References 45, 106 and C. Baker and D. W. Turner, Chem. Comm., 797, 1967.

¢ Reference 56.

2 R. W. Kiser, Tables of Ionization Potentials, Dept. of Chemistry, Kansas State
University, Manhattan, Kansas, 1960; electron impact data.

molecules themselves. The fact that A; depends on the coefficients ¢;,, is of

interest in discussing the relative differences between the 7 orbitals.
Figures 7a and 7b show in a qualitative fashion the shapes of the three

highest occupied orbitals in ClI—C=C-—Cl and I—C=C—1 (for details
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on the following o orbitals, see reference 128). The orbitals are pairwise
degenerate*:

1 .
Ty = :j_i (ory +im,) (15a)

Ty = % (ory,—1m,) (15b)

Each orbital is doubly occupied in the ground state of the neutral molecule.
In all molecules X—C=C—X the second highest pair of moilecular
orbitals 7, + 1 practically consists only of halogen np,, orbitals, because of
the node bisecting the molecule. Accordingly, the corresponding coefficients
are large and for a given compound one should find A,> A, Ay (see
Table 15), in agreement with experiment. Looking at the iodine compound,
one deduces that the top =, orbital contains a stronger iodine contribution
than the lower one, ieading to the conclusion A; > A, which is also verified

TaeLE 15. Absoluie values in eV of spin-orbit
splittings between 2II; and 2II; states—data on
halogenated acetylenes are from Heilbronner and
coworkers®; A; refers to ith ionized state (see

Table 14)
A A, As

cr 0-11

Cly 0-08

HCP 0-10

HC=CCl° — ~0-08
CIC=CCl — ~0-10

Br 0-46

Bry° 0-35 ~0-26

HBr® 0-32

HC=CBr* 014 0-13
BrC=CBr 0-20 0-29 0-13
Ia,0 0-94

I, 0-64 ~0-79

HI 0-66

HC=CJ* 0-41 0-23

IC=CI 0-44 0-60 0-21

s References 128 and 129.
b Reference 73.
¢ Reference 56.

* The x-axis coincides with the molecular axis.
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experimentally. In the chlorine compound one would expect the reverse to
be the case, only the effect does not seem to be measurable. The pctential
for ionization frem the =, orbital lies in all symmetric dihalogenated
acetylenes at about 0-4 eV above the first atomic ionization potential of the
corresponding halogen atom (see Tables 1a and 14).

We notice that, as in the halogenated ethylenes (see section II. B. 1) the
highest occupied = molecular orbital is antibonding along a C—X bond,
which implies that the overlap population, or the contribution to the bond
order, is negative. Consequently one expects these bonds to be shortened
upon Rydberg excitation or ionization of one electron out of this top
orbital. Heilbronner, Muszkat and Sch#iublini®® have estimated the
interatomic distances in monohaloacetylene radical cations from the
vibrational fine structure of the photoelectron spectra. By the Franck—
Condon principle, and assuming the ionization to proceed from the lowest
vibrational level of the neutral molecule in its ground state, only totally
symmetric vibrations will show up in these spectra. In analogy to Smith and
Warsop'®! Heilbronner and coworkers proceed as follows: the vibration in
question is identified from the vibrational spacings, based on a normal
co-ordinate analysis of the neutral molecule. This presupposes that the
vibrational frequencies do not change drastically upon ionization and that
the linearity of the molecular geometry remains unaffected. The intensity of
the vibrational sub-bands is considered to be proportional to the Franck—
Condon factors. From an analytical expression for these factors!3? the
relative change in the equilibrium value of the normal co-ordinate in
question is assessed and transformed into changes in internal co-ordinates.
The results so obtained from the photoelectron band of lowest energy arel3°:
Arg_p= —0062 A, Aic_g=—0:067A, Arg_y= —0078 A. On the
other hand, the C=C bond length increases by the respective amounts
+0-053 A, 40026 A, +0-025 A.

Ab initio SCF calculations on HC=CF and HC=CCl have been
performed by McLean and Yoshimine (cited in reference 133) and on the
dihalogenated species by Straub!34, Results of some n.q.r. measurements
arc to be found in reference 135.

iii. AROMATIC CARBON-HALOGEN COMPOURNDS
A. The u.v. Spectra of Halogen-substituted Benzene

The influence of a substituent on the 7 electrons of an aromatic system,
such as benzene or naphthalene, may, to a first approximation, be sub-
divided into an inductive effect and a resonance, or conjugative effect13¢,
From that viewpoint the inductive effect of a substituent corresponds to
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the influence of a perturbing electrostatic potential field on the = electrons
of the unsubstituted molecuie. A strongly electronegative substituent will,
for instance, increase the effective positive nuclear charge of the carbon
atom C’ to which it is attached. In the language of simple Hiickel theory the
absolute value of the corresponding Coulomb integral will be increased:
| oo |> | ac)- Bowever, in the molecular crbital itself no explicit cognizance
is taken of the substituent orbital(s). The resonance effect, or effect of
conjugation on the other hand, takes into account the capacity of the
substituent itself to contribute electrons to the = electron system. In the
case of halogen each substituent contributes two electrons originally
located in np, orbitals which are perpendicular to the plane of the molecule.
The region over which the = electrons are delocalized is consequently
extended. In the language of simple Hiickel theory there is a non-vanishing
resonance integral Box between the substituent and the adjacent car-
bon atom C’, and the molecular orbitals explicitly contain halogen #p,
contributions.

It was recognized a long time ago'¥ that the electronic spectrum of
benzene cannot possibly be understood on a simple one-eleciron basis, on
account of the degeneracy of the Hiickel orbitals e and ef;, e, and e,
The 7 electrons have to be regarded as an inseparable system, that is, the
mutual influence of the electrons must be considered explicitly by means
of configuration interaction. Although, in those substituted benzene
derivatives in which there remain only twofold axes of symmetry, this
degeneracy is more or less strongly lifted, electron interaction remains a
very important effect.

Starting from Hiickel molecular orbitals for benzene and the lowest,
quadruply degenerate, singly excited configurations built therefrom!%, the
influence of (i) electron interaction, (ii) the inductive effect of one or more
substituents and (iii) the resonance effect of these substituents may, within
the frame of perturbation theory, be taken into account in a sequence of
computational steps.

One procedure, applicable to substituents of weak conjugative influence,
may be as follows. Let (i) electron interaction split the degeneracy of the
lowest singly excited configurations. One obtains the singlet states 1B,,
(responsible for the L, band), !B,, (responsible for the L, band) and
1E,, (the final states of the B absorption). The (ii) inductive effect of one or
more substituent(s) is now treated as a perturbation!®8. According to the
symmetry of this perturbation, these states in second-order perturbation
theory mix differently with each other, with the ground state A, , and
possibly with higher excited benzene states. From the shifted energy levels
and modified transition moments the spectral changes are predicted.
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A further development in the application of perturbation theory consists
in explicitly including the states of the substituent in the calculation, as well
as charge-transfer states between substituent and benzene nucleus3?-142. On
this basis Petruskal®, for instance, distinguishes between the following4!:
(iia) The first-oider inductive perturbation. In the case of multiple
substitution the contribution of each substituent is additive and independent
of its relative position. (iib) The second-order inductive perturbation. It
is a measure of the mixing of the benzene ring states with each other. In the
case of multiple substitution these second-order terms add vectorially, that
is, they are dependent upon the relative position of substituents. (iii) The
second-order conjugative perturbation. It is a measure of the mixing of
pure benzene states with the ring-to-substituent charge-transfer states. For
multiply-substituted species these terms are scalarly additive, as are the
terms (iia). Quantitatively Petruska finds for the shift Av of the non-
degenerate band L,:

—Av =T 1, + | Do, exp Qrim/3) - 02| T, (- ™[ (16)

where /,, and v,, are parameters characteristic of the substituent attached
to carbon atom m in the benzene ring (m = 1, . . ., 6). Obviously / contains
the contributions (iia) and (iii), while » stands for (iib). These parameters
may be either calculated or calibrated on some chosen species.

TABLE 16. Petruska’s'?® parameters for
benzene substitution

Substituent  /(cm™) v (cm~—1)

F 50 17-0

Cl 935 11-0
(840 ortho)

Br 975 11-0

I 1000 150

CH, 560 80
(405 ortho)

NH, 3550 21-0

Values of / and v for halogen substitution as obtained by Petruskal4? are
given in Table 16. They reflect the following relative influences.

Second-order inductive effect: NH,>F>I>Cl, Br>CH,
Resonance or conjugative* effect: NH,>IxCl, Br>CH;>F

* The terms ‘inductive’ and ‘resonance’ as used from a MO-theoretical and
spectroscopic point of view in this chapter cannot be directly identified with
the more chemical definitions, as found, for instance, in C. K. Ingold, Structure
and Mechanism in Organic Chemistry, 2nd. ed., Cornell University Press,
Ithaca, New York, 1969.
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As an illustration of the strong second-order inductive effect of fluorine,
note the relative shift Av in the 'L, band of 1,3- and 1,4-difluorobenzene
(Table 17). Compare it with the data on the corresponding Cl and Br
compounds.

‘With the development of digital computers the P method!43:144 has found
increasing application in the study of substituted aromatic systems. This
procedure starts out from molecular orbitals extending over all the =
centres of the molecule, including all substituent atoms. These MO’s are
made self-coxsistent (SCF) by an iterative procedure. From these orbitals
singly excited configurations are constructed. The excited states are
obtained by letting all those configurations which fall within an appropriate
energy range interact with each other. The advantage of the P method is
that it can treat weak and strong substituents on exactly the same formal
basis!4®, It has the disadvantage of making an intuitively useful qualitative
distinction between different types of interaction more difficult than the
perturbation methods. The P method may possibly be somawhat more
accurate than the better perturbation procedures, but less suited to relate
directly spectral changes within a homologous series.

For an application of the P method to some fluorobenzenes see reference
146.

For recent investigations on the triplet states of halogen-substituted
benzenes see section 1. A. 2. d and, for instance, references 147-149.

B. The p.e. Spectra of Halogen-substituted Benzene

Turner!® reports the photoelectron spectra of benzene and of a number
of halobenzenes. In benzene the first, 9-24 eV, band is unquestionably due
to ionization from the top filled m,(ef;), ms(e7,) orbitals. Recently Brundle,
Robin and Kuebler!® have reinterpreted the second band at 11-49 €V in
the light of a comparison with hexafluorobenzene. It appears that ioniza-
tion from a o(e,,) level is responsible. A number of calculations indeed
predict a o orbital to lie energetically between the 7 orbitals. Such a result
was obtained for the first time by extended Hiickel calculations?. Ionization
from the lowest m(a,,) orbital should give rise to the 12:3 €V band.

In monohalobenzenes similar bands occur, although somewhat shifted
in energy. A splitting of the first band into two components seems to
confirm that the degeneracy between 7, and 7, has been lifted. In addition
to the bands resembling the ones in benzene some sharp peaks are observed,
at 13:7 eV in fluorobenzene, 11-3 and 11-7 €V in chlorobenzene, 10-6 and
11-2eV in bromobenzene, 9:6 and 10-5eV in iodobenzene. Turner
attributes these bands to ionization from °‘non-bonding’ molecular
orbitals containing significant halogen #np contributions. In Figure 8 we
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have identified the negative value of the vertical ionization potentials with
the energy of the SCF orbital from which by Koopmans® theorem an
electron is assumed to be ionized. Our assignment of the ‘non-bonding’
levels as a higher one of symmetry = and a lower one of symmetry ¢ and
the correlation of o levels is somewhat speculative. In the absence of
ab initio calculations on such large systems, some good CNDO-type
calculations or even EH calculations may shed some light on this question.
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1. INTRORUCTION
The lengths of carbon-carbon bonds vary from 1-54 A* for the single bond
in diamond and alkanes, through 1-:34 A for the double bond in alkenes, to
1-20 A for the triple bond in acetylenic compounds?. Intermediate lengths
are found for the bonds in aromatic compounds (1-39 A in benzene
derivatives) and for formaily single bonds, such as the central bonds
in 1,3-butadiene, CH,=CH—CH=CH, (148 A) and butadiyne,
HC=C—C=CH (1-38 A). The reduction in bond distances from
alkanes to alkenes to alkynes has been interpreted in terms of increasing
sr-bond character (e.g. reference 2), with partial multiple-bond character

* Throughout this chapter mean bond distances will be quoted to the
nearest 0-01 A, Individual bond lengths determined from microwave spectra
are usually accurate to about 0-001 A for molecules of the complexity described
here; from electron-diffraction of gases the accuracy is several thousandths of
an Angstrom The accuracy of X-ray diffraction results is given in terms
of the standard deviation, e.g. bond length = 1-857 A, standard deviation
(¢) = 0-007 A, written as 1:857 (7) A. Common statistical practice is to take
only differences greater than about 3¢ as being highly significant, so that
standard deviations quoted throughout this chapter are approximately tripled
before the significance of bond length differences is discussed.
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for the single bond in butadiene. It has long been recognized® %5, how-
ever, that the effective covalent radius of carbon varies with its state of
hybridization, so that some of the bond length differences arc a result of
this etfect. It has been proposed that in fact electron-delocalization effects
are unimportant in classical molecules, the bond lengths in them being
determined solely by the state of hybridization of carbon®?. The lengths of
formally single bonds, such as the central bonds in butadiene and buta-
diyne, can be rationalized solely in terms of smaller covalent radii for
C(sp?)- and C(sp)-hybridized atoms than for the C(sp®) atoms in alkanes;
use of the covalent radii C(sp®) = 0-77 A C(sp?) = 0-74 A, C(sp) = G-69 A
permits an explanation of formally single C(sp™)—C(sp™) bond distances
compleiely in terms of hybridization differences and also accounts for
some of the shortening in multiple bonds. The controversy over the rela-
tive importance of hybridization and electron-delocalization in influencing
carbon—carbon bond lengths has been summarized®.

Similar bond length variations are found for carbon-halogen bonds!,
with ranges 1-38-1-32 A for C—F, 1-78-1-64 A for C—Cl, 1-94-1-79 A
for C—Br and 2-14-1-99 A for C—I1. Decreases in the C—Cl bond
distances in chlorobenzenes (given as 1-70 A in reference 1, but see section
II, B) and chloroalkenes (1-72 A), in comparison with similar bonds in
saturated aliphatic chlorine compounds (1-77 A), have been interpreted in
terms of about 10-20% double-bond character for the C—Cl bonds?,
resulting from conjugation of an unshared pair of electrons of the chlorine
atom with the double bond or aromatic nucleus:

:CI+.
' = _Cla+
© HQC—C<H
1 [63)

Nuclear quadrupole coupling constants, however, indicate only about 5%
double-bond character in molecules such as vinyl chloride®10 and varia-
tions of C—X bond lengths (Table 1) have been correlated satisfactorily

TaBLE 1. C(sp™)—X bond distances (A)

Yo 5= X=H C(sp® F Cl Br I
character
C(spH)—X 25 1-10 1-54 1-38 1-78 1-94 2-14
C(spH—X 33 1-08 1-51 1-33 1-74 1-89 2-09
C(sp)—X 50 1-06 1-46 1-27 1-64 1-79 1-99
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with changes in hybridization of the carbon atom’, linear relationships
being found (Figure 1) between bond length and percentage s-character of
carbon. The correlatior lines for the carbon-halogen bonds are approxi-
mately parallel, and the fact that they are not parallel to the C—C and

B \\ C-I
| \\ c-Br
02 \\ .
= c-Cl
c 1°6 | '
Z
K]
E \
S c-C
{-4 b
\
C-F
1-2r ’
e\o C-H
t 1 ]
20 30 40 50

% s-Character

FIGURE 1. Relation between C—X bond distance and % s-character of the
carbon atom.

C—H lines has been rationalized on the basis of an expected non-
additivity of covalent radii and in terms of details of the overlap of atomic
orbitals?.

Further lesser variations in C—X bond lengths have been related to the
electronegativities of the other atoms bonded to the carbon atom. Thus
(Table 2), the C—F bond length decreases from 1-:385 A in CH,F to

3
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1:323 A ir. CF,; the C—Cl distance from 1-781 A in CH,Cl to 1-751 A in
CF,Cl and to 1:766 A in CCl,. The effect is most marked with the strongly
electronegative fluorine atom. The effect has again been attributed to

TabLE 2. Dependence of C(sp®)— X bond distances (A) on
electronegativity of other substituents

X=F X=Cl

R=F R=F R=C R=CH,

CH,—X 1-385 1-781 1-781 1-781
RCH,—X 1-358 1-759 1772 1-788
R,CH—X 1-332 — 1762 1-798
R,C—X 1-323 1-751 1-:766 1-803

double-bond characters as high as 2092, resulting from structures such as
3, but is also explicable in terms of hybridization changes at the carbon

F-
H—C=Cl*
+'|
3)

atom, in this case small second-order effects!!: the strongly electronegative
fluorine atom attracts the p-electrons of the carbon atom, resulting in
more s-character in, and thus shorter, C—X bonds.

The variation in C—Cl distances in methyl, ethyl, i-propyl and ¢-butyl
chlorides (Table 2)1%13 might also be explained on the basis of electro-
negativity differences, but it has been considered that electron-delocaliza-
tion, hybridization, electronegativity and steric effects are all inadequate
to explain the variation in the bond lengths in this series of molecules. It
has been suggested that the increase in C—Cl bond length from CH,Cl to
t-BuCl 1is consistent with increasing ionic character, but it is difficult to
place tiie arguments on a quantitative basis!3,

In order to account for variations in carbon-halogen bond distances it
is probably necessary to consider one or severzal of the following possible
effects:

(i) hybridizaticn of the carbon atom;

(i) hybridization of the halogen atom, although it is difficult to esti-
mate this effect;

(iii) electron-delocalization of halogen lone-pairs, resulting in contri-
butions from structures with C=X* arrangements;
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(iv) electronegativity differences, which lead to second-order changes
in Lybridization;

(v) ionic character in the carbon-halogen bond;

(vi) intramolecular steric effects;

(vii) intermolecular interactions in the solid state.

The data presented in Tables 1 and 2 suggest that hybridization of the
carbon atom is the ma’or influence on the carbon-halogen bond lengths,
with minor variations resulting from any or all of the other effects. It
seems appropriate then to discuss the lengths of carbon-halogen bonds in
terms of variation in the hybridization of the carbon atom, with double-
bond character and other effects playing a more minor role. In the follow-
ing survey of carbon-halogen bonds, no attempt has been made to be
completely comprehensive, but a selection of bond distances in various
types of molecular system has been chosen to illustrate the ranges of
C—X distance found in various bonding situations. Where possibie these
have been chosen from more recent accurate structural analyses, although
the accuracy is often not very high for bonds involving the heavier halogens,
Br and I. Carbon-chlorine bonds are discussed first, since a large number
of fairly accurate values are available covering a wide range of distances,
followed by C—Br and C~-I bonds, for which the available measurements
are usually less accurate. Finally a description is given of variations of

C—F bonds, which are related to the strongly electronegative character
of the fluorine atom.

Il. CARBON-CHLORINE BONDS
A. Saturated Compounds

The carbon—chlorine bond lengths in simple aliphatic chloro-com-
pounds are in the range 1-75-1-78 A, a mean value of 1-767 A being
quoted in reference 1. Some recent X-ray crystal studies of more complex
molecules have revealed C--Cl distances which are somewhat longer than
this range, with values as high as 1-86 A having been reported (Table 3).
It is difficult to find any systematic correlation between the variation in
C—Cl bond distances and the various factors outlined in secticn 1. In
4, where all the C—Cl bonds are 1-857 A (Table 3), the CI—C—C angles
are in the range 105-3-107-6°, which could indicate less than normal
s-character in the C—Cl bonds and hence account at least qualitatively
for their increased length in comparison with other C—Cl bonds. It is
difficult tc extend such correlations to other compounds in Table 3. Some
of the molecular skeletons are subject to considerable strain, e.g. 7 and 8,
as evidenced also by C—C bond distances as long as 1:593 A in 7 and
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TasLe 3. C—C! bond distances (&) in aliphatic compounds

Compound C—Cl Reference
2,6,11,15-Tetrachloro-2,6,11,15- 1-857 (7) 14
tetramethylhexadecane (4)
trans-2,5-Dichloro-1,4-dioxan 1-845 (6) 15
2,3-Bis-(cis-4-chloro-1-methylcyclo- 1837 (7) 16
hexyl)-trans-2-butene (5) 1-809 (9)
a-Chlorotropane (6) 1-834 (3) 17
cis-2,3-Dichloro-1,4-dioxan 1-819 (9) 18
1-781 (7)
3,6-Dichioro-11,12-benzotetracyclo- 1-814 (5) 19
{5.3.2.0%¢.0% ¢]dodecan-9-one (7) 1-800 (6)
t-Butyl chloride 1-803 12
iso-Propyl chloride 1-798 13
3,4,5-Trichlorotetra-cyclo- 1-795 {6) 20
[4.4.0.0% ®.0% 8]decan-2-one (8) 1-754 (4)
1:753 (5)
Ethyl chloride 1-788 13
Dichloromalonamide, 1-781 (2) 21
Cl,C(CONH.),
8,8-Dichloro-4-phenyl-3,5-dioxa- 1-78 (2) 22
bicyclo[5.1.0Joctane (9) 1-77 (2)
Various simple chloroparaffins 1-751-1-781, 1
mean 1-767
Chlorocyclopropane 1-740 23
1,1-Dichlorocyclopropane 1-734 24

1:574 A in 8. Of the three C—Cl bonds in 8, one is 0-04 A longer than the
other two, the only distinction being that the long bond involves a carbon
atom with a hydrogen atom attached. Again it is possible to make some
rationalization in terms of electronegativity and hybridization differences,
but it is difficult to extend the arguments on a general basis.

Cl Cl Cl Ci
1-857

i |
MeCl:(CHz)aCI:(CH2)4C|:(CH2)3CI:Me
Me Me Me Me

4)
Hs cn,
Cl 1-809 C/ CI1 834
axial < ; N 1.837 CH, ’
7 5 Cl ~NE
H,C C

)



2. Structural chemistry of the C—X bond 55

Two of the compounds in Table 3 each contain one axial and one
equatorial chlorine atom. In cis-2,3-dichloro-1,4-dioxan the C—Cl dis-
tances are 1-8i9 and 1-781 A for the axial and equatorial chlorines respec-
tively, while in 5 the distances are 1-809 and 1:837 A for axial and equatorial
C—Cl bonds. The axial bond is thus longer in one case and shorter in the
other, and it is difficult to account for these differences in bond lengths.

The long C—Cl distance of 1-857 A in 4 has been ascribed to molecular
packing forces in the crystal, which contains relatively short Cl--+H
intermolecular contacts, the shortest being 2-7 A, in comparison with the

1-814CI

1-800
Ci

)]

Tl.va

PhTo &
o

9) (10)

sum of the van der Waals radii of 3-0 A. It is difficult to describe such
effects quantitatively. Many chlorine-containing molecules exhibit
Cl- - -Cl intermolecular distances in the crystal which are shorter than the
van der Waals contact of 3-6 A, with distances as short as 3-3 A being
observed®. These interactions may have an influence on the C—Cl bond
lengths, but again a general correlation is not readily apparent. Crystals
of dichloromalonamide for example contain an extremely short inter-
molecular Cl- - - Cl contact of 3-10 A, but the C—Cl distances seem quite
normal, 1-781 A (Table 3).

Although a general correlation of C—Cl bond distances with bonding
features does not seem evident, two significant points emerge from the
data in Table 3. The C—Cl bond lengths found in compounds with angles
close to the tetrahedral value are often longer than those found for
apparently similar hybridization situations in simple molecules (1-75-
1-78 A), with lengths as great as 1-86 A being observed. The detailed values
of the bond lengths are probably dependent on other factors such as intra-
and intermolecular steric effects and ionic character which are difficult to
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describe quantitatively. The second point is that C—Cl bonds in cyclo-
propane derivatives appear to be shorter (1-73-1-74 A) than normal.
This is probably a result of greater s-character in the C—Cl bonds, and
possibly also some 7-bonding between the chlorine atoms and the ring,
the cyclopropane ring having some properties which are similar to those

of a double bond?2e.

B. Aromatic Compounds

Carbon-chlorine bond distances have been measured in a large number
of aromatic molecules and a representative listing is given in Table 4.
The mean C(arom)—Cl distance in a typical aromatic chlorocompound is

TabLE 4, C—Cl bond distances (A) in aromatic compounds

Compound C—Cl Reference
3-Nitroperchlorylbenzene (10) 1-786 (10) 27
N-Methyl-p-chlorobenzaldoxime 1-768 (7) 28
2-Chloro-4-nitroaniline 1-766 (%) 29
1,3-Di-p-chlorophenyl-2-triethyl-carbinyl-4-ethyl-5,5- 1:764 (6) 30

diethyl-1,3-diaza-2,4-diborolidine
Bis-(5-chlorosalicylaldoximato)copper(n) 1-762 (11) 31
N-5-Chlorosalicylideneaniline 1752 (6) 32
2-Chloro-5-nitrobenzoic acid 1-753 (6) 33
p-Chloroaniline 1-75 (1) 34, 35
1-(2,6-Dichlorobenzyl)-6-hydroxy-1,4,5,6-tetrahydro- 1-748 (4) 36

nicotinamide dihydrate
2,5-Dichloroaniline 1-744 (12) 25
2,6-Dichloro-4-nitroaniline 1-743 (4) 37
N-(p-Chlorophenyl)-a-isopropyl-8-phenyl-B-lactam 1-741 (3) 38
Ammonium chloranilate monohydrate 1-741 (6) 39
p-Dichlorobenzene 1-74 (1) 40
1,4,5,8-Tetrachloronaphthalene 1-74 (1) 41
9,10-Dichloroanthracene 1-74 (2) 42
4-Acetyl-2’-chlorobiphenyl 1-738 (10) 43
2-Chloro-N-salicylideneaniline 1-737 (3) 44
trans-pp’-Dichloroazobenzene 1:737 (4) 45
o-Chlorobenzoic acid 1-737 (7) 46
4.4’-Dichlorodiphenylsulphone 2736 () 47
Di-p-chlorophenyl hydrogen phosphate 1-736 (13) 43
o-Chlorobenzoylacetylene 1-734 (6) 49
1-(4-chlorobenzyl)-1-nitroso-2-(4,5-hydro-2- 1-732 (12) 50

imidazolyl)-hydrazine monohydrate
2-Chlorotropone 1-73 51
2,6-Dichloro-4-diazo-2,5-cyclohexadien-1-one 1-73 52
syn-p-Chlorobenzaldoxime 1-728 (6) 53
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TABLE 4 (cont.)

Compound C—Cl Reference

Chloranilic acid dihydrate 1-720 (6) 54
2-Chloro-3-hydroxy-1,4-naphthoquinone 1-72 55
Chloranilic acid (12) 1-717 (6) 54, 56
Chlorobenzoquinones: tetrachloro 1-714 57, 58

2,3-dichloro 1-715 (5)

chloro 1-717 (4)

2,5-dichloro 1-717 (3)

2,6-dichloro 1-727 (5)
N,N,N’,N’-Tetramethyl-p-diaminobenzene-chloranil 1-716 (7) 59
Tetrachlorohydroquinone 1:70-1-74 60, 61, 62
Pentachlorophenol 1-67-1-73 61, 63
2-Chloro-3-amino-1,4-naphthoquinone 1-71 64
2-Chlorothiophene 1-71 65
Tetrachlorophthalic anhydride 1-705 66
1,2,3,4-Tetrachloro-di-nz-propylcalicene 1-705 (7) 67
1,2,3,4-Tetrachlorobenzo[g]sesquifulvalene 1-704 68
4,4’-Dichloro-3,3’-ethylenebis-sydnone (14) 1-678 (3) 65

about 1-74 A, with most of the accurate values lying in the range 1-73-
1-75 A (Table 4). This average value is longer than that of 1-70 A listed
for the standard C(arom)—Cl in previous compilations of bond distances
(e.g. reference 1), but is very close to the length quoted? for the C(sp?)—Cl
single bond, 1-736 A, which suggests that these C—Cl bonds have little
if any double-bond character. The longest C(arom)—Cl distance observed
is in 3-nitroperchlorylbenzene (10), 1-786 (10) A ; it is reasonable to ascribe
this long bond to an increased single-bond radius for the chlorine atom,
as a result of increasing substitution??. Only a few other bonds are longer
than the average range, and it is difficult to account for these increases.
In 2-chloro-4-nitroaniline, for example, the distance is 1:766 (9) A, while
in the rather similar 2,6-dichloro-4-nitroaniline, the length is the more
normal 1-743 (4) A. The hybridization at the carbon atoms is rather
similar in all the compounds, nearly all the C—CCl—C angles being
slightly greater than 120°, with no obvious correlation between angles and
C—Cl bond distance.

- A second group of compounds has C—CI distances in the range
1-70-1-72 A, mean about 1-71 A. These are mainly quinones, and the
shorter C—Cl distances are possibly explicable in terms of resonance
involving structures such as 11b for 2,5-dichlorobenzoquinone (11a), and
12b for chloranilic acid (12a). Some support for these structures with
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C==Cl double bonds is found by the observance of a more normal C—Cl
bond distance, 1-741 (6) A, in the chloranilate ion (13), possibly because
the major contributing structures are 13a and 13b, giving the delocalized
mr-systems in 13¢. It has been pointed out that most of the molecules with

o 0"

cl cit
cl +Cl
o) o-
(t1a) (11b)
o o~
ci OH +Cl OH
HO cli HO cl+
0 o~
(12a) (12b)
o} o
Ci o cl o)
-0 cl o) Cl
o} o~
(13a) (13b)
O-N~
N* Cl
TN NCH), L L o
Ci f;l ‘
~N-0
(14)

the shorter C—Cl bonds have ortho chlorine substituents, and tke shorten-
ing may result from some type of interaction between the chlorine atoms®8.
The shortest C—Cl bond found among aromatic compounds is 1-678 (3) A
in the sydnone (I4), and this shortening is probably due to considerable
delocalization of the chlorine lone-pair electrons onto the positive nitrogen
atom®.
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C. Ethylenic and Acetylenic Compounds

Olefinic C—Cl bonds average 1-72 Al and at acetylenic carbon atoms
the C—Cl distances are about 1-64 Al. The reductions from the range
found in saturated molecules (section II. A) are explicable largely in terms
of hybridization changes at the carbon atom (see section I).

In conclusion the ranges of C—CI bond distances found are 1:75-
1-86 A in saturated compounds, 1-73-1-74 A in cyclopropane derivatives,
1:74 A in most aromatic molecules, but about 1-71 A in chlorobenzo-
quinones and some other polychlorinated molecules, 1-72 A at ethylenic
carbon atoms, and 1-64 A at acetylenic carbon atoms. The gross differences
are explicable on the basis of hybridization differences at the carbon
atoms; more subtle minor variations are probably related to any or all of
electron-delocalization, electronegativity differences, intra- and inter-
molecular steric effects and ionic character, and it is difficult to make
quantitative correlations.

. CARBON-BROMINE AND CARBON-ICDINE BONDS

Carbon-bromine and carbon-iodine bond distances have generally been
measured with less accuracy than carbon-chlorine lengths, so that many
observed minor variations cannot be considered to be statistically signifi-
cant. The variations in bond distance again seem to be chiefly related to
hybridization of the carbon atom (Table 1, see section I). The C—Br
bond length is about 1-94 A in saturated molecules, about 1-89 A at
ethylenic carbon atoms, and about 179 A at acetylenic carbon atoms.
The quoted average C—Br bond distance in aromatic molecules? is
1-85 A, but this value seems low in the light of recent work, a length of
about 1-89 A having been found in several compounds, e.g. 1-886~
1-896 (16) A in 2,4,6-tribromoaniline®™, 1-91 3) A in the O-p-bromo-
benzoate of batrachotoxinin A7, 1-905 (15) A in the p-bromobenzoyl
derivative of e-caesalpin?, 1-892 and 1:904 (10)A in 5-(6’-bromo-3'-
ethyl-2’-methylbenzimidazolium) barbiturate™, and 1-897 (18) A in the
bromoindole derivative of 38-methoxy-21-keto-AS-serratene™.

The C—1 bond distance has been observed as 2-14-2-21, 2:09, 205 and
1199 A in paraffinic, olefinic, aromatic and acetylenic environments
respectively (Table 1, section I)%.

IV. CARBON-FLUORINE BONDS

The lengths of carbon-fluorine bonds are influenced by the strongly
electronegative character of the fluorine atom. In monofluoro paraffinic
compounds the C—F bond distance is about 1-39 A (Table 5), although
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one distance as long as 1:43+0-02 A has been reported, for z-butyl
fluoride?. In polyfluorinated molecules the C—F length is decreased to
about 1-33 A (Table 5). In addition other C—X bonds (X = Cl, Br, 1) are
shortened by the presence of fluorine atoms in the molecule. These bond
length shortenings are certainly related to the highly electronegative
nature of the fluorine atom, and may be rationalized either in terms of

TABLE 5. Variation of C—F bond distances (&)

Monofiuoro Polyfluoro
compounds compounds

C(sp®)—F 1-39 1-33
C(sp?)—F 1-34 131
C(sp)—F 1-27¢ —

@ References 75 and 76.

ionic, doubly bonded structures or of hybridization variations resulting
from the electronegativity differences (see section I). The C—F bond dis-
tances are also influenced by the state of hybridization at the carbon atom,
decreasing to about 1-34 A and 1-31 A for C(sp?)—F bonds in mono- and
polyfluoro compounds respectively, and to about 127 A for C(sp)—F
bonds (Table 5).

Within each group of compounds the C—F bond distances are re-
markably constant. C(arom)—F bond lengths, for example, are all
very close to 1-33 A?; a recent X-ray study™ of tetra(pentafluorophenyl)-
cyclotetraphosphane gives a range of 1-328-1-342 (5) A for ten indepen-
dent C(arom)—F bond lengths, with a mean of 1-337 A.

V. CONCLUSION

The full range of carbon-halogen bond distances is summarized in Table 6.
It is apparent that there are wide and interesting differences among the
bonds of each type; the variations are almost as large as those observed

TABLE 6. Summary of C—X bond distances (A)

C—F c—Cl C—Br C—I

Paraffinic 1-32-1-39 1-75-1-86 1-94 2-14-2-21
Aromatic 1-33 1-74 (1-71)  1-89 2:09
Olefinic 1-31-1-34 1-72 1-89 2-05
Acetylenic 1-27 1-64 1-79 1-99
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for C—C bonds, in spite of the fact that there are no unexcited structures

wi
in

th C=X as for C==C in alkenes. The grosser variations are explicable
terms of hybridization changes at the carbon atom, but it is difficult to

account quantitatively for the more minor variations, which probably
result from one or more of the effects outlined in section 1.
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I. INTRODUCTION
A. Uses of Halogenated Compounds

A brief consideration of the main fields of application of organic halogen
compounds* should be helpful for visualizing the type of analytical
problems to which they give rise.

(i) Synthetic organic chemistry has made ample use of halogen com-
pounds as agents for the attachment of alkyl and aryl groups, as viable
intermediates in the introduction of unsaturation, etc.1-2,

(ii) Much of the pioneering and subsequent work on the theoretical
aspects related to the electronic and geometric properties of organic
molecules has been done on organic halides®? The early studies ¢n
mechanisms of aliphatic and aromatic substitution were also largely
concerned with organic halides. Work in these fields is still very active
today.

(iii) Despite the abundance of halogens as a constitutive element of the
biosphere, only a few dozen really natural organic halogen compounds
are known. Among these, the only ones of outstanding importance are
the iodinated derivatives of tyrosine. On the other hand, many metabolic
products derived from pesticides, drugs and test organic compounds have
been isolated from living matter.

(iv) Many organic halides have pharmacological importance, although
their action is usually related to the presence of other functional groups in
the moleculeS.

(v) The field of pesticides produces many examples of organic halides,
mainly chlorides, and to a much lesser extent fluorides, bromides and
iodides™8.

(vi) In the high-polymer field the importance of polychloroprene, poly-
vinylchloride and polytetrafluoroethylene need not be emphasized®. The

* When speaking about organic halogen compounds in the present chapter,
only C-halogen compounds other than acyl halides and their thiono or imino
analogues are considered, although part of the discussion that follows also
applies to the latter compounds.
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flame-retardant properties of halogen compounds, especially brominated
compounds, have found application in the textile, plastics, elastomer and
wood industries®.

(vii) Various halogenated compounds have found applications as
solvents for reactions, extractions, dry cleaning and solvent dyeing, as
media for solid separations and as refrigerating media® 29,

The basic research and development work implied in all the fields just
described was accompanied by a parallel search for analytical methods.
These ranged from routine quality control to trace analysis of pesticide
residues in tissues, from the interpretation of spectra to the isolation and
characterization of undesirable trace by-products of similar structure to
the main product.

The variety and extension of these problems is enormous and comprises
many thousands of references to original works. In the present chapter we
intend to discuss briefly a number of outstanding methods and to mention
others which are of less importance from the point of view of their past
application, but which are of potential applicability in the future. Shortage
of space does not allow to go deep into the principles governing the

methods but we hope that the present work will inspire some new ideas
in the analytical field.

B. General Comments on Halogen Analysis

The analytical problems posed by the organic halides in principle
involve four sets of procedures, one for each element. It is fortunate,
however, that the sets for chlorine, bromine and iodine have much in
common and only problems involving fluorine usually require methods
that do not apply to the other halogens. It is for this reason that the word
‘halogen’ will usually refer to Cl, Br and I while the inclusion of F will
always be expressly mentioned.

Two important areas of development can be pointed out among the
methods of halogen analysis. One is the shrinking of the sample size or
halogen concentration necessary in order to attain results. Another
important trend concerns the analysis of two or more halogens present in
the same sample, especially when their proportions are very disparate.
This is the result of the methodology involving mineralization of the organic
halogen, which is usually followed by determination methods that do not
distinguish between the various halogens. As previous mineralization is
one of the most important and convenient methods for halogen deter-
mination, discriminative instrumentation is being developed for the
finishing steps. Powerful discriminative methods are nuclear activation,
various kinds of emission and absorption spectrometries and titrations
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with ‘specific halide electrodes’. Similar developments have occurred in
some methods that are intrinsically incapable of distinguishing among
halogens and do not require mineralization of the sample.

Nearly all reactions of the organic halo moiety involve the rupture of
the C-halogen bond, and in most cases this occurs rather sluggishly, with
yields lower than quantitative. This rules out derivatization as a way to
quantitative analysis for all but a few classes of compounds.

Table 1 lists some references to treatises and textbooks dealing with
organic analysis, where organic halides are discussed to various extents.

TasLE 1. A guide to textbooks and treatises on the analysis of
organic compounds

Type of analysis Reference

A. Chemical methods
1. Qualitative

Halogen detection 11-16
Specific compound detection 12, 15,17
Compound identification 11-14, 16, 19
2. Quantitative
Halogen determination 14, 16, 18, 20-23
Specific compound determination 16, 17, 21
B. Physical methods® 16, 18, 24-30

= Works dedicaied 1o a specific method appear in the pertinent sections.

. ELEMENTARY ANALYSIS

The methods causing minimal sample disruption, described in section
I1. A-C, have several intrinsic advantages. (i) Manipulations of the sample
are reduced to those of fitting its size to the instrument requirements.
(i) Dangers of contamination or losses can be considerably reduced.
(iii) The bulk may serve as the sample in continuous set-ups. (iv) The
same sample may be used for further analytical purposes. The most
outstanding methods of this type involve high energy irradiation which
causes small alterations in the sample that can be measured only with
sensitive physical devices. Besides the methods described immediately
below, electron capture may be included; however, the main application
of this procedure is found in the field of gas chromatography and will be
dealt with in section III. A. 2. c.

The methods described in sections II. D and E, on the other hand,
entail the destruction of the sample. Nevertheless, the amounts of material
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required are very small and vsually may be taken from bigger samples
intended for other purposes. Sections II. F and G deal respectively with

the conversion of organic into inorganic samples and with the halogen
analysis of the latter.

A. X-Ray Spectroscopy

X-Ray techniques are potentially of wide practical applicability3l, The
routine determination of halogens can be carried out with high efficiency
down to fractions of 19, thus attaining obvious advantages over the
usual chemical procedures. A peculiarity of X-ray spectra is their near
independence of the chemical state of the element (see below, however).

An X-ray photon absorbed by an atom promotes its potential energy
according to the rules of quantum mechanics and produces a characieristic
spectrum for each element. These are called edge spectra due to their
peculiar shape, namely a curve growing continuously with the wavelength
until a transition is reached, when a very steep drop (edge) takes place, the

TaABLE 2. Some absorption edges of the organic
elements?®?

Element  Edge Wavelength (A) Energy (keV)

H None
C K 43-68 0-2838
M K ~31-2 ~0-397
o K 23-32 0-5317
P K 5-784 2-1435
S K 5-0185 247048
F K ~18 ~0-69
Cl K 4-3971 2-8196
M 417 0-0297
Br K 0-9204. 13-470
Ly 6959 1-781
A% 399 0-0311
1 K 0-37381 33-1665
Ln 2:5542 4-8540
My 19-66 0-6161
Niv,v 224 0-0552
O 444 0-0279

same trend being repeated several times, depending on the element. In
Table 2 the main absorption edges of the organic elements are summarized.
In order to determine an element the absorption intensity is measured on
both sides of the edge and the jump compared with a standard®® 33, The
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edges commonly used are K and L, but specific problems may require the
use of other edges.

The measurement of polychromatic X-ray absorption, corresponding to
ordinary colorimetry, has been applied to chlorine-containing polymers,
where it was shown that the absorption is proportional to the chlorine
content®. Based on the same principle, a method has been proposed for
controlling the thickness of polyvinylchloride sheet continuously®:.

Emission X-ray spectroscopy is also a very useful analytical tool. It has
lately acquired a high degree of sophistication both in instru.nientation and
in its range of applications?®. Three types of spectra can be distinguished3e.

Photoelectron spectra measure the energy of electrons emitted after a
photon of known energy impinged on the sample®”. The energy difference
beiween tiic emiited electron and the exciting X-ray photon is an approxi-
mate measure of the binding energy of the electron, while the emitted
intensity measures the probability of the process. A direct correlation can
be established between photoelectron spectra and absorption spectra. This
type of emission spectra can be extended to the far ultraviolet region
where better resolution and more information on molecular structure can
be obtained3s.

Photon spectra (emission spectra, fluorescence spectra) arise when an
electron of an outer shell fills the vacancy left by the electron emitted in
the photoelectron processes. These transitions are accompanied by photon
emission of characteristic wavelengths and intensities. Analytically the
most useful lines are the K lines®®, arising from the transition of an L
shell electron to a K shell vacancy® (for example bromine-containing
drug traces in serum excreta, and tissues can be determined at the level of a
few p.p.m. or less?), However, other lines can now be used®. X-Ray
fluorescence spectra may vary with the chemical state, as the energy levels
of L and M electrons vary with chemical binding in small atoms.

Chlorides have been determined indirectly by precipitating the silver
salt and measuring the K line of silvert!. Fluorine cannot be determined in
conventional X-ray spectrographs, but, after conversion to fluoride ion
(section ¥I. C), it can be quantitatively precipitated from its solutions in
trace amounts with lanthanum nitrate, and determined by measuring at a
La-L, line%2,

Auger spectra arise when an electron of an outer shell fills the vacancy
left in an inner shell by the photoelectron process, and the energy difference
is spent by the emission of a second electron. These spectra are also
sensitive to the chemical state if they involve valence shell electrons?®s 43,
Auger spectra are suitable for the analysis of light atoms, including
fluorine.
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B. Electron Microprobe Analyser

This is a highly sophisticated instrument capable of analysing elements
in microscopic samples?: 45, The samples are scanned by a very narrow
beam of electrons (beam diameter often less than 1 ) and the X-ray
emission is measured and recorded. For the halogens the limits of detect-
ability are about 10® atoms. A particle of 1 u diameter should contain at
least about 29 of F, 0-29; of Cl or Br and 0-07%; of 14,

The use of the microprobe analyser for organic and biological samples
has also received some attention®'. A very recent development combines
the features of the electron microprobe analyser and the mass spectro-
graph, where many advantages in sensitivity, range of elements and
potential applications are gained. The applicability of this instrument, the
ion microprobe, to crganic and biological samples is still to be explored?®.

C. Nuclear Activation

Treatment of samples with high energy particles or electromagnetic
radiation may produce nuclear reactions leading to the formation of
radioactive isotopes. Strictly speaking no manipulations of the sample
should be required, other than proper size adjustments and encapsulation,
either before or after irradiation. In this case purely instrumental methods
can be applied, which allow the introduction of automation in routine
analysis. On the other hand, pre- or post-treatment might be advantageous
due to the nature of the matter analysed?’, thus converting the method
into a destructive one. Nuclear activation is a very convenient method for
trace analysis?® of organic compounds and of biological matter?$—50.

Losses of halogen by volatilization are observed on irradiation of
biological samples, which necessitates special containers for long irradia-
tion times5!. Some matrices frequently present in inorganic and biological
samples interfere with the trace analysis of many elements, including the
halogens. This is due to a large extent to the presence of sodium chloride
and other salts in the matrix as illustrated in Table 3%2. The background

TasLE 3. Detection limits (p.p.m.) of the halogens in various

matrices®?

Matrix F Cl Br 1
Whole blood 30 — — 4
Urine 30 — — 0-1
Milk 10 _ — 2
Tap water 3 —_ 0-1 0-3
‘Pure’ water 2 0-0007 0-04 0-0009

Polyethylene vessels 02 0-02 0-01 0-002
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activities limit the use of neutron activation coupled with paper or thin-
layer chromatography in the trace analysis of chlorine and bromine
derivatives in drugs®®. The activation of paper chromatograms has been
reviewed®.

The choice of one among the many activation techniques that have been
proposed depends on various factors: (i) number of analyses, (ii) radiation
sources available, (iii) counting devices available, (iv) elements required
and (v) nature of matrix and trace elements.

The nuclear activation method is recommended only for large numbers
of samples, where the outlay and labour spent in establishing the appro-
priate routines are paid oif by the eificiency attained.

Among the many possibilities of activation shown in Table 4 some
require nuclear reactors, while others are satisfied with more humble
devices which may be installed almost everywhere. Furthermore, the choice
of a certain activating reaction is made in order to improve the resolution
of the pertinent element from the rest of the sample. Thus, for example53,
bromine and fluorine can be determined in samples of biological origin,
containing C, H, O, P, S, Mg, Ca, Fe¢, K, Na and Cl by y-ray activation as
the threshold energies of °F(y,n)®F and #Br(y, n)*®Br are respectively
—10-4 and —10-0 MeV, while the other nuclides need higher energies to
become activated.

The pre- and post-treatment of samples are niecessary in many cases?’
and involve problems of contaminations and losses. For example, if
sodium is present in the original sample in high concentrations it interferes
with halogen determinations. It may be separated from its solutions by
adding 5-benzamidoanthraquinone-2-sulphonic acid (1)%8. Post-treatment

O
SO0

CeHsCONH O

m

may be a very involved process® 8 as exemplified in Figure 1. A simple
post-irradiation manipulation consists of separating by gas chromato-
graphy and counting before the gas chromatograph detector. One of the
obvious and immediate advantages gained by such a procedure is the
elimination of non-volatile contaminants®0.

Nuclear activation reactions that have been proposed for analytical
purposes are summarized in Table 4, and the modes of decay of the nuclides
together with references to applications are listed in Table 5.
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TABLE 4. Nuclear activation reactions of the halogens*® 5¢
Reaction?® Reference? Reaction® Reference?

E(y,n)'°F 55, 57-60 F(n, v)*°F 59
PF(p,®)!%0 59 1F(2H,3H)8F 59, 61
PE(p,*H)'"F 61 YERHe, no)!’F 59, 69-71
F(p,pn)'*F 59, 61 193 He, a) 8K 59, 61, 6972
YF(p,?H)'®F 59 1YF(3He,3H)"*Ne 59, 61, 69
E(p, n)1*Ne 61 BE(3He, 2p)*°F 59, 69
E(, o) SN 59, 62--64 i°F(3He, n)*'Na 59, 61, 69
1E(n, 2n)18F 59, 62, 65, 66 EF(*He,y)**Na 61

VE(n, p)**O 59, 62, 64, 67,68 °F(x, n)*2Na 59
35Cl(y, n)*smCl 55, 57, 58 3BCI(3He, an)**Cl 69
3Cl(p, pn)**™Cl 56 3BCICHe, x)3% 3Cl 39,70
35Cl(n, a)**P 67,73 5CY(He, 3p)*°S 69

35Cl(n, 2n)**Cl 74 35CI(GHe, 3 H)*SAr 69

35Cl(n, 2n)?*4™Cl 67,74 3%Cl(*He, 2p)*sCl 69
36Cl(n, p)*sS 73 35CI(*He, n)*'K 69
3%CI(3He, 20)*P 69,70 3CI(He, p)*?Ar 69
37°Cl(p, n)*7Ar 67 37CI(*He, a2p)3*P 69

37CHn, x)?4P 67 37CI(3He, a:211)®4. 34mCl 69, 70
37ClI(n, p)*°S 67,73, 74 37CI(3He, p)®°S 69
37CH(n, y)3sCl 64,75 37CI(PHe, x)*¢Cl 69
37Cl(n, y)38mCl 76 31CICHe, *H)*'Ar 69
37ICI(3He, 30)8A1 69 371C)(3 He, 2p)°8Cl 69
37CI(*He, 2:)*%P 69 3'CI(3He, 2n)3¢K 69, 70

37CI(®He, p)**Ar 69

9Br(y,n)’8 78MBr 57, 58 Br(n, n")*™Br 64,79
*Br{p, iy Kr 77 Br(n, y)**Br 79, 80
"Br(n,y)?%As 78 7Br(n, v)°2Br 56, 80
*Br(n,2n)?Br 79

81Br(y, )77 As 81 81Br(n, 21)3°MBr 67

81Br(y, n)8%: 8omByr 57,58 81Br(n, y)**Br 75
81Br(p, pn)t% 8°mBr 82 81Br(2H, p)®*Br 83
81Br(n, x)?8As 67

127)(y, 2)125] 84 127 (, 2m)128] 67

127Y(y, n)126] 57, 58, 84 129(py, p)13'Te 85

27)(p, n27Xe 77 1271(’1,'}')1281 64, 85, 86

127](n, a)12988b 56 1271(2H, 2n)12"Xe 87

aIn a nuclear reaction X(a, b)Y, nuclide X is irradiated with g, yielding b and
nuclide Y. n = neutron; p = proton; & = a-particle; y = y-ray; *H, *H and 3He are
nuclei.

® For possible interferences, consult reference 56.
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Animal tissues

Irragiation
L

| Activated sample I

1. H,580, digestion

2. Distillation
/

| Solution of HCI*, HBr*, HI* |

1. Addition of NaNO,,

2. Chloroform extraction

1,*/CHCl; fe —N\ NaCl*, NaBr*/H,0
% N328203/H20 1. Digestion with KMnCy4
Nal*/H,0 ‘ 2. Chloroform extraction
1. AgNOj precipitation Bry*/CHCl3
2. Filifztion , washing, 1. NH,OH . HCI
drying 2. Aqueous extraction
Agl* sample Br*'/HzO

1. AgNO; precipitation

2. Filtration, washing,
drying

{
AgBr* sample

FIGURE 1. Determination of Br and I in animal tissues by nuclear
activation®.
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TaBLE 3. Decay modes of the halogen nuclear products®

75

Nuclide  Half  Particles® Transitions* Photons* Reference to
lifetime : applications®
N 735s B- A few y’s 62, 66, 91
10 29s B- A few s 66, 68,92
7R 66 s B+ AR 69
BF 1097 min B+ EC AR 55, 60, 66, 69
2®F 11'4s B- 65, 66
1¥Ne 17 s B+ AR
2INa 23s B+ AR 69
2Na  2-58 year B+ EC AR, a few y's ’
3zp 14-3day B~ '
up 12-4s B~ A few y’s 66
353 88 day
378 506 min B~ A few y's
uCl 1-56s B+ AR
amCl  32-0min B+ IT AR, several y’s 55, 66
38Cl1 37-3min B~ A few y’s 51,93,94
sl 1-0s A y-ray 76
37ATr 35 day EC An X-ray
6As  26°5h B- Many o’s
77As  388h B- A few y's
BAs 91 min B- Many y's
8By 64 min B+ EC AR, a few y’s 55, 68,79
78mBr 95
mBr 4-8s 68, 79
©Br 17-6min B+, 8- EC  AR,afewy’s 80, 96, 97
somBr 4-4 h IT A few X-rays 80
82Br 35:5h B- A few y’s 51, 96-99
#®Kr 349h B+ EC AR, afewy’s and an
X-ray
123miGh 93 s B- IT A few y’s
124m.Sh 21 min IT An X-ray
127Te 9-4h - A few y’s and an X-ray
125} 60 day EC An X-ray
126 13day B+ 8- EC AR, a few y’s 55
1283 25-1min B 8- EC AR, a few y’s 85, 86, 100
127%e 36-4 day EC A fewvy’s and an X-ray

¢ Most data were taken from reference 10.

® The B+ particle is accompanied by the annihilation radiation (AR), which is a
y-ray of 0-511 MeV energy. The B~ particles may have energies up to about 4-5 MeV.
For the actual values see reference 10.

¢ EC = orbital electron capture; IT = isomeric transition to a lower energy state.
Both processes are accompanied by photon emission (for actual energy values see
reference 10).

4 The photons may range from y-rays of about 4 MeV down to X-rays (for actual
energies see reference 10). AR = annihilation radiation.

° Mainly of applications involving organic halogen. A wide bibliographic compila-
tion of examples and methods is given in reference 101.
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D. Emission Spectra
I. Organic molecules

The spectrophotometry of flames is potentialiy a method of ‘fingerprint’
identification and determination of organic compounds. In an oxygen—
hydrogen burner the organic sample undergoes fragmentation and elec-
tronic transitions take place in the fragments that are accompanied by
emission in the u.v.-visible region. Unfortunately, most assignments
pertain to C, C—H and C—N fragments0%1%, The method has been
coupled to gas chromatographic separation and C—Cl bands were
assigned at 277 and 279 nm198,

Another type of emission spectrometry which can be coupled with gas
chromatography is that of a helium plasma, where several emission lines
may be useful in quantitative analysis of S, P and the halogens down to a
few nanograms of the elements'® 1% By direct current discharge genera-
tion of the He plasma, detection limits of 10—12 g/s have been obtained,
measuring the atomic spectra of the elements as follows: F at 6902-5 A,
Cl at 7256 A, Br at 7348-6 A and I at 6082-5 and 5464-6 A. The lines for
F, CI and Br give good discrimination when more than one halogen is
present in the plasma, while those of I have poor selectivityl®. Similar
studies were also reported for argon plasmas!%.

2. Metal-sensitized spectra

Both organic matter and the salts resulting from mineralization pro-
cedures described in section II. F can produce spectra belonging to the
excitations of metallic ions in flames or plasmas. Potassium iodide can be
determined in the presence of large amounts of potassium chloride in a
hollow-cathode light source'®”1%, The possibilities of iodine compound
analysis by emission in a copper hollow cathode have been exploredi®®.

Fluorides can be determined by following the depression in the atomic
absorption of Mg in an air—coal gas flame. The ions NGOy, Cl-, Br—, I,
NH; and K* caused no interference but PO}~ and SOZ%- did so
markedlyl®, Airborne organic fluorine has been determined by the SrF
excitation in a flame with detection limits of about 50 pg/111.

The time-consecrated Beilstein test!!? has been adapted for detection in
gas chromatography by burning the compounds over a copper gauze in an
oxygen-hydrogen flame and measuring the emitted intensities at 394 or
526 nm (interference filters). Cl, Br and I compounds behave differently
from F or non-halogen compounds and the sensitivity is in the nanogram
rangell3.

Sensitizing with indium seems to give better results: organochloro!!4,
organobromo!%11¢ and organoiodo!!? compounds can be determined by
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passing organic vapours over an indium surface before burning in an
oxygen-hydrogen flame, and measuring the intensity of the lines at
3599 nm for InCIM$, 372:7 nm for InBr and 4099 nm for Inl!l? either
spectrophotometrically or by using the appropriate interference filter.
This method has also been coupled with gas chromatographic separation,
measuring at 360 nm, where distinctinve response was obtained for Cl,
Br and ], but not for F. Interference is observed for S but not for P and
the detection limits are about 0-1 p.p.m. of halogen in organic matter®,
An important development of gas chromatography regarding its appli-
cation to pesticide trace analysis was the introduction of halogen-sensitive
flame ionization detectors (see section IIL. A. 2.c). Based on a similar
design, alkali salt-sensitized flame photometers have been devised which
can also be used as flame ioniration detectors. In a detector fitted with a
sodium sulphate pellet the Na emission at 589 nm (interference filter) was
measured. The response for light organic halides was Cl<Br<I and the
discrimination from non-halogen matter was excellent, as is dramatically
illustrated in Figure 2, where both photometric and ionization responses

Photocurrent fonization
current
a -8 : L
£ 50x10 CHI 10 x10
< 1 3
H
g CH3I
CH3 CHZOH \J CH3CH20H 0
S
] _ \ = 308 |-
Elution time

FIGURE 2. Comparison of photometric and ionization current response in a
detector fitted with a sodium sulphate pellet. Sample: 5 ul of 0-00109; methyl
iodide in ethanol!?®, Reproduced by permission of the American Chemical
Society from A. V. Novak and H. W. Malmstadt, Anal. Chem. 40, 1108 (1968).

were measured for the same sample!?0. The effects of various working
parameters were tested for flames sensitized with Li,SO,, Na,SO, and
K,SO,, measuring at 671, 589 and 769 nm respectively and the sodium
salt was found to be best. The response was log-log linear for CI, Br and 1
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conipounds but not for F compounds. It was always the poorest for F
compounds, while for ClI and Br it varied according to the type of com-
pound and the basis of computation (e.g. response/ng or response/nmole).
Nitriles and nitro compounds have only a weak response, and, in general,
the method is 1000-5000 times more sensitive for Br and Cl compounds
than for non-halogen compounds!?!,

E. Mass Spectra

This method allows us, in general, to obtain the elementary analysis of
all the fragments produced by electron impact on volatile organic mole-
cules, including the molecular ion, and in the case of non-volatile materials
it allows detection of the presence of many elements down to a certain
concentration limit. Organic halides are especially suited for these methods.
Applications concerning structural elucidation will be given in section
V. C.

1. High resolution mass spectrometry
The total and the fractional part of the m/e value of the molecular peak
(M) can be used to determine the elementary formula of the molecule by
finding the n; values that best satisfy equations (1) and (2) simultancously,
M= X nym; )
1

Fractional part of M = Fractional part of {1 + Zni(;;1i—i)} @

where n; is the number of atoms with mass number / and atomic mass »z;
(see Table 6), and 7 is an arbitrarily large integer.

2. Chlorine and bromine multiplets

The natural abundances of isotopes stand approximately in the ratio of
3:1 for chlorine and 1:1 for bromine (Table 6). The record in a mass
spectrum corresponding to an ion containing ¢ atoms of chlorine and b
atoms of bromine will consist of b+c+1 lines spaced at 2 mass unit
intervals. The relative abundances of the multiplet components can be
calculated as follows: develop the expression on the left-hand side of
equation (3), formally as though the indices b and ¢ were exponents (but
write them as subscripts). For each term of the summation compute the
z; values according to equation (4), list the z;s in order of increasing
magnitude and finally compute the statistical weights w; of the peaks by
adding all coefficients a; that correspond to the same value of z;, as in
equation (5). For example, the computation for an ion containing Cl,Br,
is shown in Table 7.
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TABLE 6. Properties of the naturally occurring isotopes of the organic

elements®
Isotope Atomic Natural Nuclear Quadrupole
mass® abundance (%) spin (I)* moment (Q)*
1H 1-007825 99-985 i/2 —
2H 2:01410 0-015 1 277 %1073
12C 12-00000 98-89 -— —_
BC 13-00335 1-11 1/2 —
14N 14-00307 99-63 1 7-1x10-2
15N 15-00011 0-37 1/2 —
160 15-99491 99-759 — —
170 16-99914 0-037 5/2 —4x10-3
180 17-99916 0-204 — —
1R 18-99840 100 1/2 —
s1p 30-97376 100 1/2 —_
328 31-97207 95-0 — —
33§ 32-97146 076 3/2 —64x10-2
318 33-96786 4-22 — —
388 35-96709 0-C14 — —_
3ClL 34-96885 75-53 3/2 —-7-97 x 102
37CH 3696590 24-97 3/2 —621 x 102
7°Br 78-9183 50-54 3/2 0-33
s1Br 809163 49:46 2/2 0-28
137§ 126-9044 100 5/2 —-0-69

¢ From reference 10.

b Based on the arbitrarily assigned mass 12-00000 for 12C, in the physical scale.

¢1In units Af2m7.
4 In units of 10~2% cm?,

TaBLE 7. The statistical weights (w;) of the quintet corresponding to an ion

containing Cl,Br,

24 Terms with equal z; mje

w;

Approximate Precise?®

(3 3Cl+37Cl), (Br + ¥Br), =
(9 5Cl,+ 6 38CR7Cl +°7Cl,)
(**Br, + 2 ™Br¥Br + 1Br,) =
4 9%CL7Br,+ M
6 18 35Cl,"Br®Br + 6 CP'CI"Br, + M+2
8 9 9CL,*Br,+12 ¥CI'CI"”Br*Br+ M+4

37C1,7*Br, +
10 6 %C1,3"CI*1Br, + 2 ¥Cl1,”Br®Br+ M+6
12 37Cl,%Br M+38

9
24
22

-t OO

9-82
25-61
22:95

817
1-00

¢ Com:puted by developing
75-53 50-54
(24'47
instead of equation (3).

4946

I
35Cl+3’Cl) (—-——7°Br+8113r) = 3 a,%CL,7Clp, "Bry, "Brs,
c o i=
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I
(BSCI+9Cl,(*Br+9Br), = £ a;%Cl, ¥Cl; ®Br, ®Br, (@)
I=0iDte+
z; = a;+3B;+y,+33; 4
w; = > a; (j=12,..,b+c+]1;2z,<2,<...<2p) 5)

gg=constant

The statistical weights calculated from the actual isotope abundances do
not differ much from those found by the approximate method. Not ali the
peaks of a multiplet are always easily recognized, as they may be lost in
the background noise; e.g. the heaviest peak of the Cl, quintet has less
than 19 of the intensity of the most abundant peak as the intensities are
in the ratio of 8 : 108 : 54:12 : 1. The Cl, Br content of a molecule can
be found by fitting the multiplet shape to one of the entries of a table
computed as described above for various values of b and ¢ (see, for
example, reference 122).

3. Carbon isotope peaks

With fluorine and iodine no halogen multiplet analysis is possible.
However, the isctopic peaks of other elements, especially carbon, may be
of help in detecting the presence of and even determining such halogens, as
the M +1 peak has an intensity much lower than the one that could be
expected from a halogen-free compound of molecular weight M. Thus, for
example, for iodobenzene, M = 204, the ratio of the M+ 1 to the M peak
is 6:19 and that of the M +2 to the M peak is 0-29. On the other hand,
for C—H—O compounds the same ratios can be?’ 11-17% and 1-3-1-5%
respectively, depending on the oxygen content.

4. Spark source mass spectrometer

Ordinary mass spectrographs require the introduction of the sample into
the ionization chamber in a volatilized form; however, the mass spectra
of non-volatile compounds can also be obtained. The compound is mixed
with a conducting substance thus forming an electrode, which on sparking
emits ionized particles in the source section of the mass spectrograph.
The sensitivity of this method is comparable to that of neutron activation,
or better, especially with fluorine compounds?8, 123,124,

F. Organic Halogen Mineralization

The simplest detection and determination methods based on chemical
reactions entail the conversion of organically bound halogen atoms into
elementary halogen or halide anions. Once this step has been accomplished
the analytical finishing is an inorganic analysis problem. However, many



3. Analysis of organic halogen compounds 81

of the finishing methods have been designed to solve specific problems
posed by mineralized organic systems and therefore deserve special
attention (section II. G).

The choice of the proper decomposition method depends on various
considerations:

(i) Properties of the sample: Most mineralization methods give good
results with ‘easy’ samples say, for example, a sterocidal halide. On the
other hand, with highly halcgenated samples, volatile liquids or gases the
choice has to be made ad hoc.

(ii) Kind of halogen: Not all mineralization procedures are suited for
determination of all the four halogens.

(iii) Sample size: The sample may belong either by fate or by design to
one of the classes ranging from macro down to submicro.

(iv) Administrative requirements: The necessity of establishing efficient
routines may arise to cope with long runs of samples of the same type.
Automation of at least part of the analytical process may become neces-
sary and critical in the choice.

(v) Equipment: The existence in a laboratory of obsolete equipment in
good working condition may often dictate the analytical procedure,
especially if an alternative choice is expensive.

(vi) Skill and personal taste of operators: Analysts tend to develop
special attachments to certain methods and become very proficient in
them, while other methods of comparable quality become rejected for
reasons belonging to the realm of psychology rather than chemical science.

The mineralization step of an organic elementary analysis and the
finishing sieps have been reviewed!1—7%20-23,125

1. Combustion tube

a. Oxygen combustion. A series of variations of the classical semimicro
combustion method of Pregl?*® have been proposed for determining all
four halogens. The sample is burnt in an oxygen stream at high tempera-
tures (900-1000°) and the products are carried by the stream and passed
through an aqueous solution of hydrogen peroxide, with or without an
alkali. The organic halogen is converted to the elementary form, possibly
with a smaill amount of the hydrogen halide, and converted to the latter
form in a collecting solution, as shown in reaction (6), or to the corres-

X, 4+ H,0,——— 2HX 4 O, (6)

ponding salt in the presence of alkali. Fluorine is reactive enough to yield
HF directly with water (equation 7).

2F, +2H,0—— 4HF + O, Q)
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Reduction of the combustion gases by sodium bisulphite has also
been applied’?6. Whenever HX production is to be ensured prior to dis-
solving the combustion gases, wet oxygen can be used to provide the
hydrogen needed*?*128, Wet oxygen combustion has also been used for F
determination in biological samples!?d.

Among the variations proposed are empty tube combustions!3®, platinum
catalysed combustions!®!, alumina plates!3?, sintered quartz plates33,
etc. Determinations at the submicro level has been carried out!34,

The importance of the oxygen combustion tube stems from the possi-
bility of adapting it to automatic systems (see section II. G. 9), and to
simultaneous halogen-C-H analysisi3% 212,

b. Hydrogen combustion. FPyrolysis in hydrogen atmosphere converts
halogen to hydrogen halide, sulphur to hydrogen sulphide and phos-
phorus to phosphine!®. The latter two products interfere with halide
titration but they may be eliminated if combustion is carried out in the
presence of nickel catalysts. Hydrogen combustion is used in commercial
instruments for automatic halogen analysis (section II. G. 9).

2. Oxygen flask combustion

The first determinations of this type were performed in the last cen-
tury¥¥, but, except for some sporadic applications, the method remained
unchanged until the fifties, when Schoniger adapted it for determinations
of sulphur and the halogens in the micro scale’38-240_ He showed that the
method can be as accurate as other more lengthy microanalytical methods

Sample Ignition
' . point
Sample in
poper
container
Platinum somple
holder
Absorption liquid
Sample wrapped
in poper containe Stopper with
ground joint
FioUrRe 3. Oxygen combustion flask. Reproduced by courtesy of A. H.
Thomas Co.

now used. In the authors’ laboratory this method has been applied for
several years with good results even with samples containing more than
60% halogen by weight.

The Schéniger procedure is as follows: the sample is weighed into a
small filter paper container which is folded and clamped in a platinum
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gauze holder; the paper is ignited and rapidly introduced into an ‘iodine
flask’ filled with oxygen and containing the absorbing solution. The flask
is tilted so that the solution forms a seal (Figure 3). The combustion is
complete in 5-10s, and then the flask is shaken for a few minutes to
complete the absorption of the combustion gases and the solution is
ready for the end determination.

A large number of modifications of the method and the main points to
which attention should be paid have been reviewed!4l. Some variations

are summarized in Table 8.

TasLE 8. Modifications of the oxygen flask combustion method

Type of variation Remarks Reference
1. Sample size
(a) Macro 51 flask, infrared ignition 142
Flowing oxygen combustion 143
Oxygen Parr bomb 144, 181
(b) Semimicro Ordinary Schoéniger method 141
(c) Micro Ordinary Schoniger method 141
Air-filled flask with steel sample 145
holder for field detection
problems
(d) Submicro Special design flask (‘hot flask 23,148
combustion”’)
2. Accuracy and applicability
(a) Micro Using potentiometric finish 22
(b) Submicro Using chemical and potentiometric 21,23
finish
3. Special handling of samples
(a) Liquids Sample in capillaries, in a special 147
platinum holder
Hot flask 148
Sample in capsules of cellulose, 149, 154
polyethylene or gelatine
(b) Thermally unstable Electric ignition 150
compounds
(c) Combustion without Combustion in furnace at 850° 148
containers
(d) Explosive compounds  Heating coil, screen protection® 152
4. Modifications due to the halogen content
(a) Fluorine compounds Additives for aiding complete
combustion®:
sucrose 154
sodium peroxide 155
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TABLE 8 (cont.)

Type of variation Remarks Reference
potassium chlorate 156
paraffin wax 157
dodecyl alcohol 151, 158
Combustion in quartz flasks 146, 154,
266
Distillation after combustion 127

(b) Chlorine compounds

(c) Bromine compounds

(d) Iodine compounds

Combustion in polypropylene flasks
Combustion in polycarbonate flasks
Semimicro to micro samples
Submicro samples

Determination in chromatographic
spots

Absorption in dilute alkaline
hydrogen peroxide®

Absorption in pure water

Absorption in dilute alkaline
hydrogen peroxide?

Absorbing reagent for highly
brominated compounds:
hydrazine sulphate
sodium borohydride

Absorption in buffered sodium
hypochlorite for highly chlorin-
ated bromine compounds®

Absorption in dilute alkaline
hydrogen peroxide

Absorption in sodium carbonate
solutions (ng range)

Various reductive absorption
reagents:
hydrazine
hydroxylamine
sodium borohydride

Poly(methyl methacrylate) sample
holder

160
158
161
156
162

138

163
138

163, 167
159,164
138

138

165

166
166
159
166

@ The jacket described in reference 153 has been used in our laboratories for several

years.

¥ Trifluoroacetic acid derivatives have been satisfactorily analysed in our laboratories
without additives (see also reference 168). Open-chain fluorides such as poly-
(tetrafluoroethylene) have been found to decompose quite readily, whereas highly
fluorinated ring compounds are difficult to decompose and more energetic combustion

methods are recommended4?,

¢ Although peroxide is not strictly necessary!®3 it is useful in converting nitrogen and
sulphur combustion products into nitrate and sulphate respectively4l,
4 This reagent is adequate for many organic bromine compounds of low or moder-

ate halogen content.

¢ Bry+5 ClO~+H,0 -2 BrOy +5 Cl-+H*. See section II. G. 4.
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3. Oxygen-hydrogen flame

This technique is suitable for the combustion of large samples in which
trace elements have to be determined. Several designs were proposed to
fit the requirements of sample volatility and size'®*-171, Thus, determina-
tion of chlorine traces in petroleum!?2, various halogens in viscous poly-
butylene fraction'’® and general organic halogen microanalysis!’* have
been proposed.

The method is potentially very suitable for automated semi-continuous
analysis, especially of fluids, and developments should be expected in this
direction.

4. Fusion methods

Samples which are difficult to mineralize thoroughly by the oxygen
combustion methods are conveniently decomposed by fusion with metals,
oxides or strong oxidants. The main disadvantages of such methods are
that they usually require a subsequent work-up of the sample before the
end analysis and they yield solutions with large amounts of salts other
than those stemming from the organic sample. On the other hand, fusion
methods have long been applied to heteroatom detection in organic com-
pounds due to their easy adaptability to fast manipulations in devices as
simple as test tubes. The subject has been reviewed?s.

a. Sodium peroxide in the Parr bomb'’®. Determination of all halogens
can be made by fusion of the organic sample with sodium peroxide. The
method is best suited for the macro to semimicro range, and a large
excess of sodium salts is produced during the work-up of the fusion
materials*. Several modifications have been proposed in order to improve
the results80,182,185 ¢ o adding ethylene glycol to the fusion mixture.

b. Fusion with metals, oxides and carbonates. This is the most widely
recommended method for detection of organic halogen in semimicro-sized
samples!’~15, Some applications have been also made in quantitative
analysis. The methods are summarized in Table 9. The fused mass is
usually dissolved in water and interfering anions such as sulphide, cyanide
and thocyanate are expelled from the solution, leaving the halides.
Instead of expelling those ions the halides may be oxidized to the free
halogen form and detected as described in section II. D. 5. This may be

* Although its accuracy for bromine determinations has been doubted!?¢, it
is the authors’ experience that bromine can be adequately determined in
organic samples, e.g. in routine determination of brominated wood!?7-179,
where Schéniger’s method failed because of the low combustibility of the
samples!?. Activation analysis®® alsoc gave good results.
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done conveniently with manganese dioxide, potassium permanganate or
sulphochromic mixture!'?192 affording very sensitive detection tests (see
section II. G. 5).

TasLE 9. Fusion agents for organic halide analysis

Fusion agent Type of analysis Reference

Sodium Detection 11-15, 183
Determination 184
Sodium with ethylene glycol Determination 182
Potassium Detection 186
Determination 234
Magnesium with potassium carbonate Detection 188
Zinc with potassium carbonate Detection 189
Sodium carbonate Detection 12
Sodium carbonate with dextrose Detection 190
Calcium oxide Determination 191

5. Oxidative digestions

These consist of treating the organic or biological sample with strongly
oxidizing solutions that are capable of totally disrupting the structure,
leaving the halogens in their halide or free halogen forms.

The classical Carius method%%1%94, consists of digesting in nitric acid
in a sealed tube at high temperatures, and has been for many years the
most popular procedure. The chromic acid digestion is carried out in a
distillation apparatus; it consists of a treatment with concentrated
mineral acid ia the presence of potassium dichromate and silver dichromate,
where the halogen produced is carried by a stream of oxygen into a
sodium hydroxide solution containing hydrogen peroxidel?>., After the
proper dilutions and reductions the halide solutions are ready for the end
determinations. Many sensitive spot tests for the halogens follow sulpho-
chromic acid digestion?2,

6. Reductive digestions

These procedures are milder than the oxidative digestions, leading to
the conversion of organic halogen and other heteroatom functions to the
corresponding hydride or salt, while the organic skeleton undergoes only
relatively slight changes. Catalytic hydrogenations with Raney nickel in
alkaline medium!®, treatment with the sodium diphenyl reagent'®® or
sodium borohydride and palladium!?.1% have been proposed for halogen
determinations.
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The reduced organic skeleton can be used in identification and struc-
ture assignment problems, as discussed in sections III. A. 2. b and IV. D.

7. Solvolytic digestions

Treatment with strongly basic solutions brings about elimination or
displacement of organic halide by the base anion. Determination pro-
cedures have been proposed based on displacement by sodium dissolved
in ethanol (the Stepanow method)?®, liquid ammonia2®, amines (see end
of section IV. A) or potassium hydroxide?°2. Detection by the use of alco-
holic silver nitrate'*—15 is also based on electrophilically catalysed solvolysis.
These methods of mineralization fail to be quantitative in many types of
organic halides, and strongly depend on the molecular structure as shown
in section I'V. A.

8. Photolysis

Irradiation with u.v, light causes the breaking of C-halogen bonds
liberating atomic halogen that may react in situ with many test reagents.
This property has been applied to sensitive visualization tests in paper
and thin-layer chromatography, as shown in section III. A. 1.

A mineralization method for organic halogen determination has been
proposed, based on decomposition of a small sample (~ 1 mg) sealed in a
quartz ampoule and strongly irradiated by a xenon lamp for a few
seconds up to a few minutes (iodo compounds decompose the fastest and
fluoro compounds the slowest). The organic halogen is converted to a
mixture of free halogen and hydrogen halide which can be subsequently
absorbed in an appropriate medium prior to titration2%,

G. Finishing Procedures for Mineralized Samples

The result of the mineralization step considered in section IL F is a
solution containing the halogens in the halide or elementary form,
accompanied by other compounds resulting from the sample destruction
and mineralizing agents. The finishing step consists of the analysis (quan-
titative or qualitative) of the mineralized halogen and choice of the
adequate method depends much on the nature of the mineralized solution.
The subject has been reviewed!1-1520-23,125

I. Aikalimetric and acidimetric titrations

If the receiving solution of a combustion set-up has a known amount of
alkali, the excess can be titrated with acids in the presence of methyl red
indicator, as was done with the nitric acid—dichromate digestion®®.
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For chloride or bromide determinations of compounds containing
sulphur or nitrogen, mercuric oxycyanide is added and the alkali hydroxide

produced according to reaction (8) can be titrated with standardized
acid138 205,

2 Hg(OH)CN + 2 NaX ———— Hg(CN), + HgX, + 2 NaOH (8)
(X = CI, Br)

After oxygen combustion and absorption in water, hydrogen fluoride
can be determined by acidimetry?*® when no other acid-producing ele-
ments are present. Of course all these methods yield ‘total’ halide results.
When more than one halogen is present in the sample the separation
procedures described in sections II. G. 6-8 have to be applied.

2. Precipitation methods

a. Fluoride. Micro and semimicro determinations of this halide can be
performed by precipitating as lead chlorofluoride?®-20?, The composition
of the precipitate is variable and therefore a strict routine of analysis is
advised, and either expulsion of interfering ions!®! or volatilization of the
fluorine might be advisable*®. These procedures are, however, cumber-
some and titrations with lanthanum(in) nitrate are recommended. Quan-
titative precipitations of fluoride with lanthanum(ir) are also possible®2.
The precipitation methods for fluoride ions have been reviewed?2%,

b. Chloride, bromide and iodide. Silver halide precipitations were used
after all classical mineralization procedures both for detection!—1% and
determination problems?°—23, The method is free from interference but it
is tedious and its precision relatively poor?19, Best quantitative results are
obtained with chloride and bromide, while iodide falls behind owing to its
low conversion factor.

Direct absorption by silver of the halogen formed in the combustion
tube was already introduced in the last century?!! and has been further
modified and improved for use in the micro scale??%213, The halogen is
absorbed on a silver sponge which can be weighed at the end of combus-
tion. Absorption on lead dioxide has also been proposed?4. These methods
are of advantage only when simultaneous elementary analyses including
the halides have to be performed in the same combustion train.

3. Detection and determination of halides with the aid of colour
indicators .

a. Fluoride. After fusion the presence of fluoride can be detected by its
decolorizing effect on the complex formed between zirconium(iv) and
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o} o)
OO0 OO
; SO,H
o) o)
2 (3)

alizarin (2) 2. The most widely investigated titrant for fluorides is
thorium(iv) nitrate using as indicator sodium alizarinsulphonate (3),
which is adequate for all mineralization procedures yielding
fluoridel®?- 208,215,217 Some restrictions of this method are:

(i) The stoicheiometric relation of reaction (9) is not followed strictly.
This requires the use of calibration curves.

Th(NG,), + 6 F~ ——— ThFi~ 4 4 NO,;~ (9

(i) Sodium alizarinsulphonate is also an acid-base indicator changing
its colour from yellow in acidic solution to violet in alkaline solution.
Therefore the appropriate buffer should be used to allow a good end-point
in fluoride titration (change from yellow to red).

(iii) Nitrogen and other halogens do not interfere with the titration but
sulphate, phosphate, arsenate and most metals do.

Other titrants forming stable complexes with fluoride ions are cerium(iin)
nitrate?!®, zirconium(iv) chioride®® and aluminium chloride??°. The visual
methods for detection and titration of fluoride have been reviewed?®,

Table 10 sumimarizes reagents that have been proposed for photo-
metric fluoride determinations. These methods are based on the sequester-
ing ability of fluoride on metal ions thus forming complexes which are
more stable than those between the metal ion and the organic dye.
Fluorine complex formation is accompanied by a corresponding reduction
of the absorption intensity of the organo-metal complex but may be
accompanied by adsorption of the dye on the metal fluoride precipitate
forming thus a lake of characteristic colour2,

Fluoride ion in the pg/! range inhibits the rate of reaction (10), catalysed
by Zr'V ion, thus affording a sensitive kinetic method of fluoride deter-
mination28,

Zrlv
BO; +2I- —2 5 BO}~ + L (10)

b. Chloride, bromide and iodide. The direct colorimetric determination
of halides has been paid scarce attention. Nile blue sulphate or chloride
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TasLE 10. Reagents for spectrocolorimetry of fluoride ion

Reagent
Metal Organic Remarks Reference
ion ligand

Fe!' Salicylate (4) 154

Zr'V' SPADNS (5) Absorption at 540-590 nm 221

Cet  Alizarin (2) Absorptions at 538 and 567- 221
568 nm. At pH 4-3 alizarin-
fluorine blue is formed and
measured at 610 nm

La Alizarin (2) A method for ultramicro 221,222
determinations

La'! Chloranilate (6) 223

Th!Y Chloranilate (6) 893

A" FEriochrome cyanine R Adequate for up to 20 ug 224

(7a)
Zr'V FEriochrome cyanine R Adequate for tracesup to 2-5 ug 155, 221, 222
(7a) 225

Zr'Y  Calcein blue (8) Down to 10-"m 226

Th!'Y Xylenol orange (7b) 0-7-10 ug 221

Zr"V Xylenol orange (7b) 5-50 pg/l 227

OH OH

Q" OO0, ﬁc

(7a,X=CO;;Y—-C )
X C X (7b, X = CH,N(CH,C ) = CH,)
(e, X=8Br; Y =Cl)
O OH
Y Y

O OH

@\CHZN(CHQCOQH)Q

®
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OO ™

4
9
(9) forms salts with bromide or iodide which can be extracted into organic
solvents and determined spectrophotometrically?®®. The spectrophoto-
metric measurement of hexachloroferrate ions?*® may be developed into a
general colorimetric method for chlorides. Iodide catalyses the formation
of Prussian blue, affording a very sensitive method for determination of
this ion (see section II. G.6). Copper(u1) oxidizes N,N-dimethyl-p-
phenylenediamine (reaction 11) yielding Wuster’s red (10+11). The

+
N(CH;), N(CH3),
oxidant
O == ()
NH, NH

1)) 1

reaction is inhibited, however, by the copper(1) produced, unless halides
or pseudohalides are present, as these anions combine strongly with
copper(1). This reaction system has been developed into a semiquantitative
indicator method®?3!,

Argentometry by Mohr’s method?3?, although still in use after more
than a century, is not suitable for micro scale analysis. Addition of organic
adsorption indicators is made in order to facilitate the end-point observa-
tion: fluorescein (12a) is long in use?33, variamine blue B (13) was used in
micro-titrations?®* and dithizone (14) in aqueous acetone titrations235,
The subject has been reviewed?33,

X / Q X (13)
o) o OH C5H5N=N~—(lf—NHNHC6H5
X X S

(12a, X = H) (149)
(12b, X = Br)
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Mercuric halides, formed according to reaction (12), do not precipitate
from solution but are dissociated to a very limited extent. This allows
easy end-point visualization in titrations with mercury(1) nitrate by means
of the intensely coloured complexes of Hg' with diphenylcarbazide (15)

Hg?** 4+ 2 X~ ————> HgX, (12)

or diphenylcarbazone (16) 286. The reaction is pH-dependent and good
results are obtained only within rather narrow limits, e.g. in water at
pH 1:5-22%7,
C¢H.NHNHCONHNHCH, C,H;N=NCONHNHCH,
(15) (16)

The method is suitable for finish after most mineralization procedures.
A convenient modification is to carry out the titration in 80% ethanol?,
Many adaptions have been proposed in the micro scale!?6 239240 The
subject has been reviewed?233 241-243

4. Amplification reactions

Bromide and iodide may be oxidized to the corresponding halates, thus
enlarging sixfold their conversion factor. Bromide is oxidized with
sodium hypochlorite at pH 5-7 (equation 13), the excess reagent is des-
troyed with sodium formate, iodide and acid added (equation 14) and the
iodine titrated. This is the classical van der Meulen method, which has
been modified for semimicro work?#. Iodide interferes in the method.

Br- +3CIO~ —— BrO; + 3Ci- (13)
BrOy 4+ 61" 4+ 6H* —— > 3L, + Br~ + 3H,0 (14)

Iodide and iodine are converted into iodate by bromine according to
reactions (15) and (16) respectively. The excess bromine is then removed
by formic acid, sulphosalicylic acid (17) or oxine (26)%2, and the iodine
liberated according to reaction (17) is detected or determined as required.

I-4+3Br, +3HO ——>10; +6Br- 4+ 6H* (15)
L+5Br,+6H,0 ———> 2107 4+ 10Br~ + 12H* (16)
CO,H
OH
HO;S

amn
107 + 51~ 4+ 6H* ——— 31, + 3H,0 an
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None of the other halogens interferes. No direct amplification reaction
for chloride has been proposed, and the indirect methods?** 245 are of no
advantage.

5. Free chlorine, bromine and iodine

Mineralization procedures leading to the free halogen afford very
sensitive detection methods by means of colour reactions, which are
summarized in Table 11. Many such reactions are sensitive to about
2 pg or less of halogen in the sample.

TaABLE 11. Colour reactions for free halogen detection

Reagent Recommended for Colour reaction  Reference
Iodide-starch Cl,, Br,, I, Colourless to blue 246
Thio-Michler’s ketone Cl,, Br,, I, Brown-yellow to blue 12

(18)
N,N-Dimethyl-p-phenyl-  Cl,, Br,, 1, Colourless to red 12
ene-diamine (10)
Diphenylamine Cl,, Br,, I, Colourless to blue® 12
Congo red (19)-H,0, Cl, Red to blue 192
o-Tolidine (19) Cl,+Br, Colourless to yellow 248
mixtures
Fluorescein (123) Br, Yellow to red? 152
Fuchsin (20)-bisulphite Br, Colourless to blue 249
(leuco-form)
a-Naphthoflavone (21) Br,, I, Colourless to orange- 256
red (:3ry) or to blue-
violet (I,)
Tetrabase (22) 1. Colourless to blue® 192
Sodium nitrite¢ I, Yellow to brown, 199

measured at 455 nm

% Under certain conditions the method becomes specific for chlorine.
> The reaction entails conversicn to eosin (12b). Iodine interferes by yielding the
tetraiodo analogue (erythrosine). See section II. D. 8. b.

¢ The other halogens interfere. However, freshly prepared chloramine-T (23)

solutions transform iodide to iodine®*! without oxidizing 22. This is a very sensitive
method.

4 This reagent converts iodide into iodine which is measured photometrically.
¢ This is a quantitative photometric method.

S

(18)
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NH,
CH3
SO,;Na 19 SogNa CHs
NH,
(19’)
O
(O] O, |
H,N 0O CsHs
(20)
21
(CH3)2 @ @N(CHa)z CP‘J‘@\502NC|N3

(23)

6. Chromatography of the nhalide anions

Halide ion separation has been effected on thin layers made of ion
exchange resins®*2, keratin?®® and silica gel, the latter being the most
widely studied?* 255, Development has been done in the form of alkali or
ammonium halides with aqueous solvents?’® or with amine-containing
alcoholic solvents?4. The R, vaiues found in the latter case follow the
order

I= > SCN- > Br~ > CI~ > Ny > Fe(CN)}~ ~ Fe(CN)¢~ > CN~ > F~

Spot visualization can be done by any of the following reagents®:

(i) An acid-base indicator with transition point at sufficiently high pH,
which has been just over-neutralized with alkali, e.g. bromocresol purple
(7¢), with transition from pH 5-2 yellow to pH 6-8 purple will show pale
spots on a purplish background due to the acidic reaction of all ammonium
halides?3S.

(i) Ammoniacal silver nitrate-fluorescein spray will show the halide
spots after u.v. irradiation®4,

(iii) Zirconium-alizarin complex decolorates in the presence of fluoride
showing a pale spot®7.
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(iv) A ferricyanate-arsenite spray will reveal iodide as a blue spot, as
iodide catalyses reaction (18) leading to the formation of Prussian blue?®2,
In fact this principle has been developed into a very sensitive colorimetric
method for iodide determination (0-01-0-10 ug/ml range)>8.

{odo
I compounds
_—

Felll 4+ AslI Fell + AsV (18)

(v) ‘Dichlorophenolindophenol’ (24)-silver nitrate shows pink spots on
a pale blue background. The spots turn to brown on exposure to sun-

light2s®,

\
Ci
(24)

Many of the visualizing agents shown in Table 15 are also suitable for
the halides.

7. Electrometric halide determinations

a. General comments. A great variety of instrumental methods have
been applied to halide determinations which include the photometric
methods of section II. G. 3. However, of more extended application are
the various electrometric methods due to their accuracy, specificity,
simplicity and adaptability to the requirements of routine analysis?l. These
instruments are capable of effecting analysis of each halide present in a
mixture without requiring chemical separation, especially when they are
present in similar proportions (see also section II. G. 8). The recent
development of specific halide electrodes as discussed below is noteworthy.
Some electrometric methods for the halides are summarized in Table 12.
The electrometric methods for fluorine have been reviewed?%®,

b. Halide responsive electrodes. The supporting theory and analytical
applications of ion-selective electrodes have been the subject of intense
research activity in the past few years and will probably continue in the
future with added momentum?2-2?, In addition, instrumentation manu-
facturers have introduced commercial versions of these tools. The new
electrodes markedly influenced the techniques of end-determination of
halides, especially when several halogens had to be determined in the
same sample. Between the hitherto developed ion-selective electrodes
there are several types designed to measure activity of individual halides
in solution or one halide in the presence of a high excess of the others.
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TasLE 12. Electrometric methods for halide analysis

Method Remarks Range Ref.
1. Fluoride®
Potentiometry  Titrations with Ce!”. The Ce!v—~ >5mM 260,
(null-point) Ce'! redox potential is lowered 261
by fluoride complex formation
Potentiometry  Titrations with AgNO,-+ Th(NO;),, Semimicro 317

Pt and calomel electrodes,
optimum results at pH 7-2, All
four halides can be determined

High frequency Titrations with La'"® or Sr* Semimicro 216
titration
Polarography Displacement by F~ of o-nitro- 2-10 ug 264

benzene-arsonic acid (25) from
its complex with Th!'V; the re-
duction of 25 is measured
Amperometry  Titrations with Th(NO;),, rotating 265
Al electrode

2. Chloride, bromide and iodide®
Potentiometry  See second entry of fluorides above

Potentiometry  Ag-AgCl electrodes ~15 p.p.m. 132
(null-point)
Potentiometry  Three separate titrations: Semimicro 262

(i) total halide, (ii) chloride

after oxidation of Br—, I,

(iii) iodide after oxidation

of I- to iodate (section II. G. 8. b)

Potentiometry  See above (fluorides) 185,266
Polarization AgNOQg titration 1-200 pug I- 267
techniques 1-100 pg Br— 268
Potentiometry  Cl— and Br—; Pt electrode 10-%-10-3m 263
Amperometry Mercury pool and calomel-sodium <100 uM 131
nitrate electrodes
Coulometry With biamperometric end-point ~ 100 pmole 269
Coulometry Different conditions required for ~1 wmole 270
every halide. Automatic system
Coulometry In acetic acid with potentiometric 15-75 nmole 271

end-point. Automatic system

¢ Titrations and potentiometric determinations with specific electrodes are discussed
in section I[. G. 7. b.

AsO(OH),
NO,

(25)
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The halide-responsive electrodes can be used essentially in two ways
(resembling the use of the glass electrode in pH measurements): they can
be calibrated to read directly the concentrations and their potential vs.
log [Hal—] response has been found to be linear over a wide range of
concentrations (see Figures 4 and 5). They can also be used for potentio-
metric titrations. These procedures require only a pH-meter with an

-300t

T

-250

-200F

-150

£, mV

50 ) 3 ] 1 1
0]

-log[x]
FIGURE 4. Potentiometric selectivity of a Pungor-type I~ membrane electrode
to I- in I-—CJ- and I-—Br~ binary mixtures. Reference electrode Ag—AgCl
{0-1) electrode with KNO; salt bridge: A, calibration graph for I- electrode;
B, 10-5M K1 in Br~ solution; C, 10~*m K1 in Br— solution; D, 10-5M KIin CI-
solution; E, 10-%m KI in CI- solution; when X is Cl- or Br- 274, Reproduced
by permission of the Society for Analytical Chemistry from E. Pungor and
K. Toth, Analyst, 95, 1132 (1970).

expanded millivolt scale and a reference electrode. Measurement with ion-
specific electrodes is rapid, non-destructive, and the sample does not need
pretreatment and therefore automated analytical methods are extremely
simple to design®?. Haiide electrodes which were developed during the
last few years are insensitive to cations and various anions and are more
resistant to surface poisoning than the traditional silver-silver halide
electrodes. They do not need preconditioning or anodizing treatment and,
most importantly, they can be used in the presence of oxidizing agents??8.
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Since some of the theoretical approaches®™ and some phenomena are
not yet fully understood?®??, the classification of the types of ion-specific
electrodes is still contradictory. However, according to their construction
they can be divided into three main classes?™:

(1) Homogeneous membranes, containing the material that is responsible
for their electrochemical behaviour. This material can be a polymer, a
pastille pressed from smaller particles or a slice cut from a single crystal.

-150

T

-100

-50

£,mV
)
J

50

100

T

150

-log [CI-]

FIGURE 5. Potentiometric selectivity of a Pungor-type Br— membrane electrode

to Br~ in Br——Cl~ binary mixtures. Reference electrode Ag—AgCl (0-1) with

KNO; salt bridge: A, calibration graph for Br— electrode; B, 10-*M Br- in

Cl- solution; C, 10—5M Br— in Cl- solution; D, 10-8M Br~ in Cl- solution?".

Reproduced by permission of the Society for Analytical Chemistry from
E. Pungor and K. Toth, Analyst, 85, 1132 (1970).

(ii) Heterogeneous membranes, consisting of an electrochemically active
material, such as silver halide salts, and an inert binding material, which
gives the membrane the required mechanical properties. Pungor and
coworkers®*¢ have found a satisfactory way of immobilizing fine particles
of precipitate in a coherent, silicone rubber matrix.
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(iti) Jon-exchange membrane electrodes represent another class of ion-
selective electrodes suitable for halide measurements. The major subgroups
of this class are the liquid ion-exchange membranes and the solid-state
electrodes. The sensitivity of liquid ion-exchange membranes for measure-
ments of iodide and chloride®® and chloride alone was studied?s?,

The response of solid-state electrodes was found to be superior to that
of the liquid ion-exchange electrodes. The sensitivity and selectivity of
Pungor-type specific halide electrodes are shown in Figures 4 and 5. The
break points of the extrapolated lines give the activities of the interfering
ions, while the rzatio of activities of the pertinent ion to the other ion
should give the selectivity constant.

Each Pungor-type electrode is best suited for measurement of the halide
common with the precipitate of the membrane®’2, Thus, the silver iodide
membrane electrode gives the Nerstian response to iodide over a wide
concentration range, but to a lesser extent to chloride ion.

Pungor-type electrodes made of lanthanum(), thorium(iv) and other
rare earth precipitates were examined®®2. The response was found to be in
the 1072-10% ™ fluoride range.

The solid-state homogeneous electrodes or crystalline membrane elec-
trodes for chloride, bromide and iodide ions using solid cast pellets of silver
halides as the active membrane have no advantage of sensitivity or selec-
tivity over the heterogeneous Pungor-type electrodes, but may have better
durability and faster response, which is important for analytical purposes®’2.
Among them, the iodide-selective electrode was studied in detail?®®. The
single crystal rare earth fluoride electrodes®* have received a great deal of
attention because of the difficulties present in fluoride determinations and
the outstanding selectivity of these membranes?8528, Hydroxide seems to
be the only major interfering ion in measurements with these electrodes.
The activity calibration curve shows that the electrode follows a Nerstian
behaviour with fluoride concentrations as low as 1075M and a useful
non-Nerstian response at least at 10-%M, at the proper pH??2. The useful
pH range for measurements is limited by formation of hydrogen fluoride
in the acidic region and the electrode response to the hydrcxide in the
alkaline region. The electrode was later modified®®” for measurements of
10 ul samples.

Of the several types of solid-state membrane electrodes for chloride,
bromide and iodide the silver sulphide membrane clectrode seems to be
ihe most advantageous for analytical work. There are two versions of this
type of electrode: the heterogeneous Pungor-type*™%?® consisting of
silver sulphide dispersed in siiicone rubber, and the homogeneous type?
similar to a conventional glass electrode, with its membrane made of a
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disc-shaped section of crystalline silver sulphide. Studies on these electrodes
for measurement of chloride in strongly oxidative media showed excellent
results?8?, Successive titration of chloride, bromide and iodide with silver
nitrate using Pungor®”® and homogeneous? electrodes were performed.

Some applications of icn-selective electrodes to end determinations of
halogens in organic compounds are listed in Table 13.

8. Halide mixture analysis

a. Some chemical separation schemes. The frequently used procedure of
determining toral halide followed by successive subtractions of single
halide determinations accumulates the experimental errors of all the
preceding determinations in the remainder. It is therefore important to
develop reliable specific methods for each halide. Although such procedures
exist, their applicability is not general for all possible concentration
ratios and when the latter are very disproportionate strong interferences
occur3%,

For fluoride the methods described in sections IL. G.2.a and 3.a
should suffice for detection and determination in all mixtures. Nor does
fluoride interfere with the other halides in the various separation methods.
For these reasons fluoride is not considered in the mixtures mentioned
below.

Chloride can be detected by the special diphenylamine test®? (Table 11).
Permolybdic acid oxidizes bromide and iodide to the free elements*
which are captured by sulphosalicylic acid (17) in solution. This leaves
only chloride for detection by precipitations!*. Chloride determination can
be effected after oxidation of bromide and iodide according to reaction
(19), carried out in the presence of oxine (26) which removes free halogen
until all bromide and iodide ions are consumed?262.

2X"+H202+2H+—x—_BTI>X,+2H20 (19)

@

N
OH

(26)

Bromide can be detected after oxidation with sulphochromic mixture
by the fuchsin-bisulphite method?!® (Table 11) with no interference from
chlorine or iodine, or after oxidation by permolybdic acid (chloride is

* Jodine is further oxidized, partially or totally, to iodate, depending on the
procedure.
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unaffected and iodide is totally converted to iodate) by the fluorescein
test31? (Table 11). Bromine determinations in the presence of chlorides
are based on conversion to bromates (reaction 13). In the presence of
iodides the iodate value is deducted from the total halate value obtained
after hypochlorite treatment, or from total halide minus chloride minus
iodide?44,

Iodide is converted to iodine by fresh chloramine T (23) and detected
by reaction with tetrabase®!® (Table 11) or by the catalysis of reaction (18).
Determination is done after oxidation to iodate by bromine according to
reaction (15)%44, -

b. Application of electrometric methods. These are convenient because
iodide, bromide and chloride can be titrated in the same aliquot, but they
may give erratic results especially in argentometric potentiometry309. At a
very early stage®!? it was observed that the results are dependent on the
ratios of solubility products of the various silver halides.

The end-point errors in this method when determining mixtures of
chlorides and bromides were later discussed®®. It was shown that
silver halides form mixed crystals or undergo flocculation and an appre-
ciable amount of chloride is precipitated together with bromide before
the first end-point is reached. Positive errors from 1 to 20%, depending
upon the conditions, have been observed for the bromide end-point®5,

The errors increase in determinations of very dilute halide mixtures.
The coprecipitation, however, does not affect the total halide value of
two or even three halides in admixture. ‘

In spite of these difficulties, the potentiometric titration of mixtures of
halides with silver nitrate, using a silver wire as the indicating electrode
and a calomel electrode as the reference electrode, connected to one
another with a potassium nitrate-agar bridge, is a very favoured technique,
and a correction was proposed to account for the coprecipitation of
bromide and chloride ions3t€,

Satisfactory results were obtained in our laboratories on mixed halogen-
containing samples with the titrant being added at a constant rate.

If all four halogens are present in the same sample the fluoride can be
determined by any specific method and the other three halides by subse-
quent potentiometric titration with silver nitrate®®® or by potentiometry
with a mixed titrant containing thorium and silver nitrate at a platinum
electrode®?.

Amperometric titrations with silver nitrate with rotating platinum
electrodel®? or at a quiet mercury pool at +0-15 V were tried'®. In order
to determine I~ in presence of Cl— and Br— it was found necessary to
titrate I~ in ammoniacal solution and then complete the determination of



3. Analysis of organic halogen compounds 103

two other halides by titrating in acid solution. However, during the
titration in ammoniacal solution a small excess of silver nitrate is always
present and therefore very small amounts of Br— in the presence of large
amounts of I~ cannot be determined.

Coulometry was used®® to determine mixtures of iodide and bromide or
iodide and chloride with better accuracy than the argentometric titrations.
Bromide—chloride mixtures cannot be analysed very accurately because of
the great codeposition of silver halides. The introduction of halogen-
specific electrodes did not improve the potentiometric titrations of
mixtures of halides with silver nitrate (see bottom entries of Table 13).

9. Some remarks on automated organic halogen analysis

Most continuous automated analysis devices®® are developed ad hoc for
quality control in processes, making use of one or more physical properties
of the system. In the case of the organic halides such properties could be,
for example, density, refractive index, X-ray and u.v. absorbance. Except
in the latter case, these are usually higher for the organohalogens than for
most organic compounds. These properties apply both to the neat com-
pounds and to their solutions.

On the other hand, automated elementary analysis of organic halogen
has not been widespread in spite of the large number of instruments that
perform automated C, H, N analysis.

One set-up for automated organic halogen titration!?8320.321 which has
been developed commercially is depicted schematically in Figure 6. The
sample is vaporized in the inlet and carried into the combustion tube
either by an inert gas or the combustion gas or both. The pyrolysis is
performed at 800-1100° and the halogen converted into a mixture of
hydrogen halide and the free element in case of oxygen combustion. Some
of these combustion tubes are capable of pyrolysing up to 0-5 mg/s of
hydrocarbons. The combustion gases are bubbled through the electrolyte
(70% acetic acid) contained in the titration cell. A certain level of silver
ions is maintained in the solution at the expense of the silver anode
(reaction 20). If the silver-cation level in the solution is lowered by halide
introduction (reaction 21) the sensor-reference electrode system will
trigger off reaction (20), until the silver-ion level is restored and the current
taken to implement reaction (20) is recorded. The microcoulometer is
capable of determining halogen at the nanogram level’®. An extensive
bibliography of applications of this instrumentation is available322,

Ag® (anode) ————> Ag* (solution) + e~ (20)

Ag* (solution) + Hal~ (solution) ————> AgHal (precipitate) @n
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FIGURE 6. Automatic microcoulometric titration system for organic halides322,
Reproduced by courtesy of Dohrmann Instruments Co.

Another variation of automated analysis coupled with gas chromato-
graphic separation is also commercially available3?3, It consists essentially
of a device where the chromatography effluent is mixed with hydrogen, a
furnace where the reductive pyrolysis yields hydrogen halide, a bubbler
where the combustion gases are absorbed in a stream of de-ionized water
and an electrolytic conductivity detector® where the solution is measured.
The system, which is capable of measuring halogen in the <1077 g
range3?5, is shown schematically in Figure 7.
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[ 1 ] -
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GLC : Recorder
Conductivity
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FiGure 7. Electrolytic conductivity detector for automatic analysis of organic
halides®?%, By courtesy of Tracor Inc.
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lHl. MOLECULAR ANALYSIS
A. Distribution Properties

I. Thin-layer chromatography

This separation technique®®® provides an excellent means of preliminary
or final detection of specific compounds, detection of halogenated com-
ponents of a mixture and a preliminary step for their determinations.

The most widespread solid phase is silica gel32%; however, basic ion
exchange resins such as Dowex I, Permutit ES, Amberlite IRA-400 and
BioRad AG 1-X8 have been proposed for organic halogen separation3?? 328,
Some examples of the application of the thin-layer chromatography
method are listed in Table 14 and the visualization reagents for organic
halides are summarized in Table 15.

A useful technigue for the separation of olefinic compounds consists of
brominating them during the chromatography development®3, Thus,
AS-3B-hydroxysterols (33) are converted to the corresponding dibromides
which migrate faster, while sterols with the double bond at another
position remain near the start3?, e.g. small amounts of 5a-cholestan-38-ol
(34) could be detected in the presence of a largs excess of cholesterol

TABLE 14. Some applications of thin-layer chromatography to the separation
and detection of organic halides

Type of compound Visualization Reference
reagents®
Monohalogenated anilines? 329
Halogenated pyridines 330
Halogenated bactericides 1 331
Bromoureides® and their metabolites 7,9 332-335
Chlorothiazide (27) and hydrochlorothiazide 334,336, 337
(28) derivatives®
Iodinated amino acids (29a,b; 30a, b, ¢c) and 3,4 338-341
derived hormones
Bromosulphalein (31) and its metabolites 338,342-344
Chlorinated pesticides 2,5,7,8,10-13 345-351
Olefins after bromination 10, 14 348, 352-357

% Numbers refer to entry of Table 15,

® The R, values follow the sequence ortho> meta> para, frequently found for
non-polar substituents in primary aromatic amines.

¢ Used as hypnotics.

2 Used as diuretics.
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I
(30a; X = Y = H)
(30b: X =1, Y = H)
@Boc; X =Y =1I)
o ST
(32)

(35)%%, In situ bromination may be helpful in separating saturated from
unsaturated lipids353 354,356 and sorbic acid (36) from benzoic acid used in
foodstuffs348,

Cumulative bibliography on the subject has been compiled383-385,

HO
(33)

(34) 39)

CH,CH=CHCH=CHCO_H
(36)

2. Gas chromatography

a. The column. 1t is possible to identify an unknown by various
methods®6% 367, Studies were made of the principles that may guide the
selection of stationary liquid phases, but the theory is not very accurate
and is only 2 guiding rule3®. For instance®®, fluoro compounds shouid
pass faster through the column than hydrocarbons of similar volatility,
because F, being larger than H, will hinder the approach between the
solute and the stationary liquid phase, thus lowering the interactions.



3. Analysis of organic halogen compounds

TABLE 15. Visualizaticn reagents for organic halides®
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No.

Reagent

Remarks

Ref.

10

i1

12
13
14
15

U.v. irradiation

o-Tolidine (19’) followed by
u.v. irradiation (254 nm)

Starch mixed in the layer, and
u.v. irradiation (254 nm)
FeCly+ K [Fe(CN)g1+ As,O,

Br,, AgNO,, fluorescein (12a),
followed by u.v. irradiation

Ce(504). +H,SO,
N,N-Dimethyl-p-phenylene-
diamine (10) followed by
u.v. irradiation
Diphenylamine + ZnCl,
followed by heating
Fluorescein (12a)-H,0,

Methyl yellow (32) followed
by u.v. irradiation

AgNO,, formaldehyde,
followed by u.v. (sunlight)
irradiation

AgNO,, 2-phenoxyethanol,
followed by u.v. irradiation

AgNO,, H,O, followed by
u.v. irradiation

Antimony(in) chloride

Nuclear activation

A general procedure that reveals
many organic compounds by
fluorescence, fluorescence-
quenching or photochemical
formation of coloured com-
pounds

Green spots after 1 min with
chlorinated pesticides. Detection
limit 0-5-1 pg

After a few minutes iodo com-
pounds yield blue spots

In the presence of iodo compounds
reaction (18) is catalysed yielding
blue spots. Reveals 2 ng of
thyroxine (30c)

By treating with one solution after
the other in the prescribed order
red spots of eosin (12b) reveal
the presence of chlorinated (or
brominated) hydrocarbons®

Iode compounds

Organic halides yield red spots as
they liberate free halogen (see
Table 11)

Chlorinated insecticides yield
coloured spots

Bromo compounds yield red spots
of eosin (12b)

Chlorinated hydrocarbons yield red
spots due to chlorine liberation
After several steps, dark grey spots
appear on a light grey back-

ground

Dark spots

Dark grey spots on light grey
background
a,B-Dibromo compounds give
colour spots
Visualization by radio-autography

349

358

339
192
359

346

346
351
360
361
362

347

350
347
352

53

@ A compilation of visualization techniques is given in reference 349.
b Exposure to iodine vapours is more sensitive than this visualization procedure®®.
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Following the same ideas, hydrocarbon-type liquid phases would be useful
for separating fluorocarbons of close boiling points while fluorinated
stationary phases are less effective for this purpose3?9-371,

The interaction of chlorobenzene with various stationary phases was
investigated®’2. Both nematic and smectic liquid crystals were found to
have some discriminating capacity for the isomers of disubstituted ben-
zenes including some halogenated compounds?7% 373,

Aluminas modified by various inorganic compounds have proved to be
useful in hydrocarbon separations®¢. Aromatic halogen compounds are
also separated satisfactorily; however, alkyl halides decompose to various
extents. Clathrate-forming transition metal complexes were also studied as
stationary phases for aromatic compounds3?5,

Table 16 lists some stationary phases which were recommended especi-
ally for halogenated compounds.

TaABLE 16. Stationary phases useful for halogen compounds®

Maximum
Stationary phase operational Recommended use
temperature
O
Dibenzy! ether 80 Chlorine compounds
Dialkyl phthalates (semipclar) 175 Chlorine compounds
Silicone oils (non-polar) 200 General use
Igepol 880° 200 Aromatic chlorine compounds
Fluorosilicone oils (polar) 250 General use
Perfluorocartons (freons) Retain fluorine compounds and
let through alkanes
Carbowaxes® (polar) 250 General use
Apiezons? (non-polar) 300 High-boiling compounds
Tricresyl phosphate’ Alkyl iodides
% From reference 375. ¢ High molecular weight hydrocarbons.

® Nonylphenoxypolyethyleneoxyethanol. ¢ From reference 64.

¢ Polyethyleneglycols.

b. Pre-column treatment. In order to simplify mixture resolution,
identification and structure elucidation various reactions have been carried
out, in special devices, just before injection into the resolving column3%% 376,
For example®?, in a series of three columns, the first impregnated with
neutral silver nitrate, the second with concentrated sulphuric acid and the
third with disedium hydrogen phosphate, reaction (22) takes place with
sec-alkyl bromides (above 30° also with z-alkyl bromidcs) in the first
column, the olefin and nitric acid being removed in the second and third

RCHCH,R' + AgNO; ———— RCH=CHR' + AgBr + HNO, (22)

!
Br
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columns respectively. This leaves primary and tertiary alkyl bromides for
the chromatography.

An interesting general technique also applicable to organic halides is
the so-called carbon skeleton chromatography38-380, The sample is treated
with catalysts that leave only the skeleton or a degraded skeleton. Chroma-
tography of the resulting mixture shows the structures to which the
functional groups were attached. Some of the reactions shown in section
IV. D are suitable for skeleton chromatography.

¢. Detectors. Eiectron-capture detectors are responsive to organic halogen
compounds and only a few other organic structures produce a response,
e.g. nitro, cyano, polycyclic aromatic compounds3¢?. These detectors have
long been used in pesticide trace analysis®l. The response of fluoro
compounds is the lowest among the organic halides; however, it varies
over several orders of magnitude depending on the presence of saturation
or other halogens as shown in Figure 8382, The response of iodo compounds
is about three times that of the analogous chloro compounds. Low mole-
cular weight halo compounds, especially fluoro compounds, are best
detected by use of dual techniques, e.g. electron capture combined with
flame ionization detectors. An important application of the electron-
capture detector is the analysis of compounds lacking response by forming
responsive derivatives33, Table 17 lists some examples of such derivatives.

TasrLE 17. Electron-capture responsive derivatives for gas chromatography

Original compounds Derivative Reference

Transition metal ions Trifluoroacetylacetone complex 383, 384
Hexafluoroacetylacetone complex 383, 384
Perfluoroacylpyvalylmethanes 385

@37

Sterols, amines, alcohols, N- or O-chloroacetyl 386, 387

phenols

Alcohols, phenols, amino acid N- or O-pentafluoropropionyl 387-389

n-butyl esters

Amines, alcohols, phenols N- or O-chlorodifluoroacetyl 387

Amino acid n-butyl esters N-trifluoroacetyl 386, 388, 389
Amphetamine and ephedrines N-pentafinorobenzoyl 390
Phenethylamine, N-perfluoroacyl and N-perfluoro- 391, 392

catecholamines alkylidene
Carbamate pesticides N-Trifluoroacetyi 353
) )
RrCCH,CC(CH,),

(37)
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Flame ionization detectors can be modified so that they become
especially sensitive to organic halogens (not fluorine), phosphorus,
nitrogen, arsenic and sulphur compounds®43% with sensitivity in the
nanogram region®®, This is accomplished by introducing an alkali salt in
the detector. Several factors are important in determining the response
of the alkali flame ionization detectors3??3%: the type of alkali salt, the
gas flow and the geometry of the detector. Thus, for example, using the
rubidium sulphate pellet modification shown in Figure 9 one can obtain

."'-,.AdjustOble electrode

/%

>3

SONNSNNINANNY

Detector jet tip

FiGure 9. Alkali flame detector modification for attaining selective response

with various hetero-elements®®?, Reproduced by permission of Elsevier

Publishing Co. from S. Lakota and W. A. Aue, J. of Chromatogr., 44, 472
(1969).

negative currents for chloro and bromo compounds, and positive cur-
rents for iodo, nitrogen and phosphorus compounds when the gap between
the electrode and the pellet is narrow. Figure 10 shows how the response
for the various elements changes on widening this gap, with that of bromine
changing sign. In this fashion various pesticide types can be distinguished.
A typical chromatogram for a mixture of three phenyl halides is shown in
Figure 11.

Metal-sensitized flame photometric detectors were discussed in section
II. D. 2, and the electrolytic conductivity detector in section II G.9.
Reviews on gas chromatographic detectors appeared in references 399 and
400.
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d. Coupling to other instrumental methods. The choice among several
couples depends on the demands of speed, resolution and the economic
possibilities’®l. For coupling to slow-scanning instruments the interrupted
elution gas chromatography technique has been developed*l. The most

10F
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Ficure 10. Effect of electrode height (in Figure 9) on the response of the
alkali flame detector®?, Reproduced by permission of Elsevier Publishing Co.
from S. Lakota and W. A. Aue, J. of Chromatogr., 44, 472 (1969).

important couple is a mass spectrometer (for example, reference 402) but
other less expensive instruments have been applied, e.g. improvedi.r. spectro-
photometers equipped with long path cells?®, u.v. spectrophotometers (for
example, the alkyl iodides with less than six carbon atoms have been
distinguished®”®) and nuclear magnetic resonance spectroscopy with
multiple scanning?%t,
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Solvent lodobenzene
W Bromobenzene

-—mr.JLMJ

Chlorabenzene

Ficure 11. A typical chromatographic trace for a mixture of organic halides

using the alkali flame detector of Figure 9. The sign of the bromobenzene peak

can be inverted by narrowing the electrode gap (Figure 10)3®?, Reproduced by

permission of Elsevier Publishing Co. from S. Lakota and W. A. Aue, J. of
Chromatogr., 44, 472 (1969).

3. Phase solubility titrations

This technique®®s is of practical importance for determining the com-
position of liquids containing specific organic halogen compounds, as
these are usually much less soluble in hydroxylic solvents and water. For
example?®®, mixtures of alcohols with bromobenzene, 1,2-dibromoethane,
chloroform®8, dichloromethane and ailyl bromide®? have been titrated
with water until the appearance of turbidity. The end-point is evaluated
according to calibration curves with an average absolute error of less than

1%.

4. Quasiracemic mixtures

Some physical properties of the mixtures of two compounds of similar
structure can be used to correlate their configuration. This method has
been occasionally applied for configuration assignments of organic halides
Thus (+)-chlorosuccinic acid and (—)-bromosuccinic acid* have long been

*(4) and (—) denote the sign of the optical rotations under certain
experimental conditions.
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known to form a molecular compound?%®, and this can be interpreted as
proof for their opposite configurations. Solid solutions are formed by
(—)-2-chloro-2-phenylacetamide (38) with (+)-2-phenylpropionamide
(40), while 39 forms a molecular compound with 40, and therefore 38 and
40 have the same configuration. In this particular case the melting points
of the mixtures showed their different nature,

?ONHZ c':ONH2 ?ONHZ

c1---?~H H---?---Cl CHs---?---H
CsHs CeHs CeHs
(38) (39) (40)

Quite generally, if a mixture of two similar compounds shows an i.r.
spectrum?1%:411 or an X-ray diffraction patterni'*-43 which is the sum of the
two simple spectra or patterns, while on changing one of the components
by its enantiomorph new lines are obtained, then it can be concluded that
a molecular compound has been formed in the latter case, and that the
compounds of the second mixture have opposite configuration.

B. Shkectral Properties

Several types of spectra are dependent on the structure of the molecule
as a whole. Inasmuch as these spectra reveal details of the halogen and its
near proximity they will be treated in other sections. Outstanding among
the spectral techniques are the following:

(i) X-Ray crystallography is one of the ultimate tools for structural
analysis. In fact the presence of halogen atoms is very helpful in solving
such problems, but their usefulness decreases with increasing halogena-
tion. This method is becoming more accessible to the average organic
chemist: nevertheless, it is not applied as a first choice due to its inherent
difficulties. Further details for the application of X-ray crystallography in
organic compounds are found elsewhere*14.

(ii) Mass spectrometry gives a fingerprint of the organic molecule. This
can be applied in pesticide residue analysis?®?41%, The application to ele-
mentary analysis is treated in section II. E, and to structural analysis in
section V. C.

(iii) The interpretation of microwave spectra presents no immediate
analytical value. On the other hand, this method may be introduced as a
highly discriminating way of detecting known compounds in the gaseous
state16, The readily accessible region is in the 10,000-50,000 MHz range
of frequencies with a line width of 0-1 MHz. This allows about 4 x 10°
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different spectral lines to be distinguished. If the main lines and their
approximate intensities for every compound of interest are known it is
almost certainly possible to detect every such compound, in spite of
partial line overlaps. Spectral tabulations can be found in reference 417.

(iv) The emission spectra of flames and plasmas mentioned in section
II. D. 1 can be used as detection and determination means for many
classes of compounds.

(v) The so-called fingerprint region of the i.r. spectrum affords a
convenient means of idenijification of specific organic compounds. Large
collections of spectra are available and they are coupled with indices of the
absorption bands841%. Applications of i.r. spectroscopy to structure
elucidation are found in section V. E.

IV. FUNCTICNAL ANALYSIS BY CHEMICAL METHODS

The halide functions have two main peculiarities in their chemical reac-
tions: (i) the great majority of reactions involve substitution or elimination
of the halogen, and only a few yield adducts preserving both the organic
radical and the halogen (e.g. Grignard-type reactions), and (ii) most
organic halides react slowly with yields lower than quantitative. IHence,
information on stereochemistry or the site of attachment may be lost after
a reaction and quantitative analysis via derivative formation is usually
precluded. Derivative formation implies in fact the conversion of an
analytical problem irio a new one. This is done to provide additional
information leading to the solution of the original problem.

The classical methods always aimed at the formation of solid derivatives
which were identified by their melting points. At present this is not
necessary, as the derivative may be characterized or identified spectro-
scopically, and sometimes without even bothering to obtain a clean
sample (which is required for melting point determination). Furthermore,
the application of chromatographic separations and spectral methods
allows the use of derivatizing reactions affording yields that are far from
quantitative.

Many derivatives have been proposed by analysts and some have justly
acquired widespread acceptance. On the other hand, the methods of
organic synthesis continuously introduce new reagents and procedures for
performing delicate and discriminating reactions®2. Attention is called
to such innovations as possible sources of inspiration for the search of
new useful analytical tools.

Table 18 presents a concordance of reagents according to their chemical
type and should be helpful in discerning whether a certain chosen method

5



116 Jacob Zabicky and Sarah Ehrlich-Rogozinski

TaBLE 18. Reagents for derivatizing carbon-halogen compounds®

A. Elementary reagents

Chilorine: ox (205), (206)

Copper: red (175)

Devarda’s alloy (Cu—AlI—Zn):
red (174)

Hydrogen: nhr (76), (86); red (154),
(157), (158), (177)

Lithium: red® (144), (169), (173);
d2x (184)

Lithium-sodium alloy: met (88)

Magnesium: d2x (184), (197);
met (87), {89), (91)~(95), (97), (99),
(139), (184); red> 4 (139), (167);
dhx (167)

Nickel: red?; nhr (76)
Palladium: red (154), (177)
Platinum: nhr (86)
Sodium: red® (161), (170)
Sulphur: nhre
Zinc: d2x (178)-(183); red (154), (159)
Zinc—-copper couples: d2x (195);
red (146), 147)

B. Acids, oxides, hydroxides and alkoxides

Anion exchange resins (OH~ form):
c—¢ (65); dbx (106)

Chlorosulphonic acid: nhr (207)

Chromium trioxide: ox (198)

Nitric acid: nhr’ (208)

Potassium bicarbonate: dhx (122)
Potassium f-butoxide: dhx (100),
(101), (105), (127); red (172);

ox (201)
Potassium carbonate: c—¢?
Potassium ethoxide: dhx? (100)
Potassium 3-ethyl-3-pentoxide:
dhx (100)

Potassium hydroxide: c-s (37);
dhx (99), (122), (123), (126);
ns” (26), (32)

Silver oxide: ¢—¢ (119); dhx (114);
ns (32)

Sodium 2-n-butyicyclohexanolate:
dhx (103)

Sodium ethoxide: dhx (104)

Sodium hydroxide: c—c (26); c-o (33);
c-s (35), (38); dhx? (99), (102);
ns (25)

C. Metal amides, carbonyls and hydrides

Dicobalt octacarbonyl: ¢—c (96)

Lithium aluminium hydride: red (145)

Lithium dicyclohexylamide : dhx
(105), (197)

Lithium diethylamide: dhx (120)

Nickel tetracarbonyl: red (141), (160)

Potassium amide: dhx (115); c—¢ (131)

Sodamide: dhx (116)-(118), (128)-
(130)

Sodium hydride: nhr (46)

Sodium borohydride: red (143)

D. Salts

Ammonium thiocyanate: ns (85)
Benzyltrimethylammonium
mesitoate: dhx (134)
Calcium carbonate: dhx?*
Chromium(i) salts: d2x (186), (187);
red (148)—(150), (156), (187);
c—c (187)

Formaldehyde sodium sulphoxylate:
red (157)-(158)

Lead tetraacetate: c—o (43)

Lithium bromide: dhx®

Lithium carbonate: dhx (133)

Magnesium iodide: ns’

Mercury(i) halides: met (95)
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TABLE 18 (cont.)

D. Salts (cont.)

Potassium carbonate: dhx®

Potassium iodide: ns*

Potassium permanganate: nhr (37)

Potassium persulphate: ox (202)

Silver acetate: c~o0 (44)

Silver chromate: ox (198)

Silver 3,5-dinitrobenzoate: c-0 (40)

Silver nitrate: dhx‘; ns (29)-(31)

Silver nitrite: ns (79)

Silver tetrafluoroborate: c—¢ (57);
¢~0 (124); ns (124); ox (200)

Silver p-toluenesulphonate: ¢-0 (41);
dhx?

Silver trifluoroacetate: ns (28)

Sodium acetate: c-s (36); dhx (113)
Sodium azide: ns (34), (86)
Sodium bicarbonate: ¢~n (53);
dhx*; ox (42)
Sodium cyanide ns (83)
Sodium iodide: d2x (185); ns (74),
(82), (83)
Sodium nitrite: ns (79), (81)
Sodium thiocarbonate: ns (39)
Sodium thiosulphate: ns (77)
Tallium(l) bromide: met (94); red (93)
Tetraethylammonium chloride: dhx*
Zinc chloride: ns (24)

E. Organometallic compounds

Allylsodium: ¢—¢ (76)

Butyllithium: dhx (165); red (165)

Dimethylcopperlithium: e~c (69)-(71)

Disodium naphthalene: d2x (189)

Disodium phenanthrene: d2x (189)

3-Lithio-1-(trimethylsilyl)propyne:
c—¢ (68)

Lithium acetylide: c— (72)

Lithium diphenylamide: dhx (105)

Methyllithium: c—c (168); dhx (166),
(167); red (166)—(168)

Methylmagnesium bromide: red (142)

Phenylthiomethyllithium: ¢—c¢ (73)

Sodium methylsulphinyl methide:
d2x (188); red (162)—(164)

Tri-n-butyltin hydride: red (140),
(155), (171); dhx?

F. Amines, amides, hetarenes and hydrazine derivatives

Amines: ¢-n (54)

2-Aminofluorenone: ¢-n (53)

Ammonia: c-n(47), (49); ahr (203);
ns (207)

Aniline: ¢—n™

Benzenesulphonamides (variously
substituted): c-n* (52)

Benzenesulphonhydrazide: ¢-n (52);
red (52)

t-Butylamine: dhx (108)

s-Collidine : dhx°

1,2-Diaminoethane: c¢—c (72)

1,5-Diazabicyclo[4.3.0Inon-5-ene:
dhxa

Dicyclohexylethylamine: dhx (109)

N,N-Diethylaniline: dhx (107)

Diisopropylethylamine: dhx (109)

N,N-Dimethylaniline: red (151)

2,4-Dinitrophenylhydrazine:
dhx (135)
Ethyl carbamate: ¢—n (57)
Ethyl carbazate: dhx®
Hydrazine: nhr (27); red¢
N-Phenylmorpholine: dhx (107)
Phthalimides (variously substituted):
c—n" (55)
Pyridine: dhx* ° (112)
Quinoline: dhx° (112)
Saccharin: e-n"
Semicarbazide: dhx®
Sulphonamides (variously
substituted): ¢-n" (56)
Tri-n-butylamine: dhx (137)
Triethylamine: dhx (121), (125), (137)
Tetraethylammonium chloride :
dhx?
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TABLE 18 (cont.)

G. Organophosphorus compounds

Hexamethylphosphoric triamide: Triisopropyl phosphite: d2x (192)
c—c (72); dhx (111), (130), (138) Trimethyl phosphite: dhx (110)

Hexamethylphosphorous triamide: Triphenylphosphine: c—p? (52), (58),
c-p® (62) (153); d2x (191); red (52), (152),

Triethyl phosphate: ¢-n (53); dhx (53) (176)
Triethyl phosphite: ¢—p? (60);

d2x (192)
H. VIth group element compounds

4,5-Dihydro-2-mercaptoimidazole: Ethylmercaptan: red (150)

c-s* Formaldehyde sodium sulphoxylate:
Dimethylsulphonium methylide: red (157), (158)

¢ (75) 6-Nitro-2-mercaptobenzothiazole :
Dimethyl sulphoxide: ox (42), c-s (38)

(199)-(201) Sodium methylsulphinylmethide:
2,4-Dinitrothiophenol: ¢-s (37) d2x (188); red (162)-(164)
Diphenyl selenide: d2x (190) Thiourea: c¢-s (34)-(36)

Dipheny! telluride: d2x (190)

1. Miscellaneous organic conmpounds

Aryl isocyanates: c~c (89) Phenol (variously substituted):
Benzene: as (203) as (26); c-0 (33)

Benzoic acid: red (175) Picric acid: nhr* 7 (34)

#-Butanol: red (172) 2-Pyridinecarboxaldehyde: nhr (48)
Diethyl malonate: c-—¢? (66) Sodium 1,2-naphthoquinone-4-
Ethanol: d2x (193) sulphonate: nhr (80), (85)
Isopropenyl acetate: nhr (45) Trimethyl borate: as (91)

Methyl borate: c-b? (91)
Methyl fluorene-9-carboxylate:
c—c (64)

% Numbers refer to numbered reactions in this chapter. The following abbreviations
are used:

as: aromatic substitution; d2x: formation of an unsaturation or a
¢-b: reaction leading to a C—B bond cycle at the expense of two halogen
formation; atoms;
c—c: reaction leading to a C—C bond dhx: dehydrohalogenation;
formation; met: metallation;
¢-n: reaction leading to C—N bond nhr: non-halogen reaction;
formation; ns: nucleophilic substitution;
¢—o: reaction leading to a C—O bond ox: oxidation;
formation; red: reduction, formation of a C—H
c—p: reaction leading to a C—DP bond bond at the expense of a C-halogen
formation; bond.

c—s reaction leading to a C—S bond
formation;
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should show interference by the various components expected to be
present in a problem sample. It is regretted that space shortage does not
allow us to give more details on the analytical scope of the reactions
shown below.

A. Direct Displacement of the Haiides

The overail reaction (23), where Y is usually a proton, a metal cation
or a void group, is the basis of many usual procedures for obtaining
derivatives.

R—X 4+ Y—-Z—R ——> R—Z—R' 4+ X~ 4+ Y+ (23)

Aliphatic halogens « to an unsaturated group are easily removed by
solvolysis or nucleophilic reagents yielding alcohols, ethers, esters and
other derivatives. This allows determination of activated halides in the
presence of simple alkyl or aryl halides which are more stable to mild
treatment. For example, 2-bromo-2-methylhexanoic acid is rapidly
hydrolysed in water at 25°, thus allowing the determination of the halide
ion liberated. Allyl, benzyl, benzhydryl and trityl halides are also quickly
hydrolysed; but more slowly in the presence of electronegative groups
(see, for example, reference 420). Aryl halides become susceptible to facile
nucleophilic substitution on introducing electronegative groups in the
ring??!, to the extent that they become useful as derivating reagents for
the amines*?2.

The kinetics and steric behaviour of displacement reactions® have been
extensively discussed for many types of halides and their application to
analytical problems has been reviewedi®*%4, The reactions shown in
section IV. C. 2, namely cyclizations involving elimination of hydrogen
halide, can be considered as halide displacement reactions where the
displacing moiety happens to be part of the same molecule.

1. Hydrolytic displacement

This type of derivative formation occasionally yields analytically useful
results. Compounds of general formula X—CH,CH,—Y release acet-
aldehyde on fusion with zinc chloride according to reaction (24). The

b Mentioned in sections IV. B and IV. 7 Mentioned in section IV. D. 2. a.
D.1.c. * Mentioned in section IV. A. 3.

¢ Mentioned in section IV. D. 1. ! Mentioned in section IV. A. 4.

4 Mentioned in section IV. D. 1. e, m Mentioned in section IV. A. 5.

¢ Mentioned in section IV. F. 2. 7 See Table 19.

7 Mentioned in section IV. F. 1. ° Mentioned in section IV. C. 1.

¢ Mentioned in section IV. C. 2. ? Usually followed by other reactions.

® Mentioned in section IV, A. 1 ¢ Mentioned in section 1V. A. 2.

! Mentioned in section IV. C. 5..
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acetaldehyde can be detected by the Rimini test (formation cf blue-to-
violet-coloured complexes with sodium nitroprusside (41) in the presence
of amines affording a very sensitive detection test for such structures!.

X—CH,CH,—~Y —22h . cH,cH=0 @4)
(X, Y = halogen, OR, NR,, SR)
Na,[Fe(CN),NO])
41)

Some highly halogenated compounds undergo the haloform reaction
(25), which can be followed by salicylaldehyde (43) formation if carried
out in the presence of phenol (reaction 26). Reaction (27) yields duorescent
salicylaldazine (44) when salicylaldehyde is treated with hydrazine?. For
example, chloral (42, X = Cl) and bromal (42, X = Br) undergo these
reactions. Optically active 1-bromo-1-chloro-1-fluoro-acetone yields opti-
cally active 1-bromo-1-chloro-1-fluoromethane®?,

CXsCH=0 4 NaOH ————> CHX, + HCO,Na (25)
42
OH OH
CH=0
+ CHCl; + 3NaOH ——> + 3NaCl + 2H,0  (26)
43)
OH OH OH
CH=0 CH=NN=CH
2 + NH,NH, —> @n
a4)
(@3) (

gem-Dibromides are hydrolysed to the ketones in the presence of silver
trifiluoroacetate (reaction 28)% or a base such as potassium hydroxide???.

Br (@]
[Br CF,C0O,Ag/H,0, MeCN
Br (@8)
(@]

Br

Silver ions catalyse the hydrolysis of the endo halogen in gem-dihalo-
cyclopropanes bringing about a rearrangement (reaction 29)%8,
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" Cl Ag* Br
avIrNe
i OH

Allyl halides, solvolysed through a carbonium ion intermediate,
undergo anionotropic rearrangements leading to mixtures of alcohols.
The cis or trans configuration of the allyl halide can be, nevertheless,
partially preserved (reactions 30, 31)#%%, The stereochemistry of hydrolytic

CH H CH H CH H
3: — i AgNO,/H,0 3:(:_-:\: N 3: — < (30)
H CH,CI H ¥ CH, H . CH,O0H
CH,
O)C—CH=CH2
CH CH,CI CH +.:CH CH CH,OH
3~ —” 2 _A_gNO,_/H,O_ 3:C: : 2 N 3: =Ci 2 31
H” ~H H H H H
+
CH,
C—CH=CH
HO” z

displacements depends on the reagents used. A classic example430: 431 jg
shown in reaction (32).

HO,CCH,CHCO,H HO,CCH,CHCO,H

Cl OH

(45) (46)
KOH

L-(45) T——— D-(46)

Ag.0 IAg,O (32)

PCl,
L-(46) — o3)

2. Ether formation

Phenols with alkyl halides in basic solution yield aryl alkyl ethers
(reaction 33). The proper choice of the aryl group allows the formation of
crystalline derivatives, or the further complexation of the aromatic ether
with picric acid. Thus trilodophenol*®2, p-hydroxybenzoic acid*?, p-hydro-
xydiphenylamine? and B-naphthol’>14:1° have been proposed for this

purpose.

NaOH

R—X + HOAr > ROAr (33)
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3. Thioethers and similar derivatives

Alkyl halides combine with thioureall-14.1%435 to give S-alkylthio-
uronium salts (47) which on addition of picric acid yield the corresponding
picrates (48) (reaction 34). «-Haloketones yield with thiourea substituted

+

NH NH

R—X + s=¢ =& -EOMabs, |p_s ¢l 7| x-
NH, NH,

47

QH
O,N \L);/:NO2
NO,

(39

[RSC(NH,),1T[(Q,N),CH, 01~
(48)

2-aminothiazoles (49) as shown in reaction (35)%¢, Similarly, a-halo esters
yield pseudohydantoins (50), with loss of the alcoholic moiety of the ester
(reaction 36)%7,

NH ]
CH3?=O . cl: 2 12 ngé)u; in water CH3 l N
—_—
CH,C! s7Z NH, SJ\NH (35)
2
(49)
0=C—OEt M '
== AcONa/EtOH 0] NH
| + __Cl —_— (36)
CH,Ci S NH, S *NH
(50)

Thioethers derived from alkyl bromides and iodides can be formed with
2,4-dinitrothiophenol. Alkyl chlorides react if potassium iodide is added
to the mixture. The thioether S1 can be oxidized to the corresponding
sulphone 52 (reaction 37)14.19,438,439

SH SR 0,SR
NO, NO, NO,

RX + KOH KMnO, (31

NO, NO, NO,
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Alkyl halides can be derivatized with 6-nitro-2-mercaptobenzothiazole
(53) as shown in reaction (38). This reagent is recommended for di-
halides!4:19:410,441 The picric acid complex of the thioether formed from

O,N O,N
RX + S NaOH S
N)—SH > AR (38)
(53)
E— NH
N/ SH

(54)
an alkyl halide and 4,5-dihydro-2-mercaptoimidazole (54) has been also

proposed for derivatization?2.
Alkyl halides heated with sodium thiocarbonate yield the corresponding

]

i
R—Cl + Na,CS;——> RS—C—S-Na* — = 5 RSH (39)

thiols (reaction 39)#3, Dithioethers are formed from primary alky! halides
with thiosulphate (see reactions 77-78).

4, Ester formation

3,5-Dinitrobenzoates are formed from alkyl iodides as shown in reaction
(40), but results are unsatisfactory with alkyi chlorides and bromides% 444,

COzAg COZCH2CH2CH3

O + ICH,CH,CH, ——> (40)
ON NO, O,N NO,

Primary alkyl halides yield with silver p-toluenesulphonate the corres-
ponding tosylate (reaction 41) which can be further oxidized to an aldehyde
on heating with dimethyl sulphoxide (reaction 42, similar to reaction
200)45, Secondary and tertiary alkyl halides yield olefins under the same
conditions of esterification®€, unless the reaction is carried out at very low
temperatures®?,

n-C,H,s~I1 + Ag0O,SC(H.CH;-p ———— n-C,H,,0,SC,H,CH,-p é1)

“BRES
n-CH,;0,SC.H.CHp — n-C,H,,CHO (42)
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Lead tetraacetate displaces bromine preferentially, forming acetates
(reaction 43), and is better than silver acetate for this purpose*s.

Ci cl
Pb(OAC), (43)
Br OAc

Silver acetate causes a substitution-rearrangement process on gem-
dihalocyclopropanes yielding allyl esters (reaction 44)%9,

{5 CegH CH,0A
CeHs \ Br AcOAg/AcOH 6 5>C=C< 2 [ (44)
5 CGHS Br

It is possible to convert an a-haloketone to the corresponding enol ester
without touching the halogen by treating either with isopropenyl acetate
(reaction 45)! or with sodium hydride (reaction 46)4%,

g
AcOC= CH,
RICICHBrR’ RCIT-CB R (45)
(@] OAc
CGH,ﬁ:CHBrC,st[C.H,C|3=CBrC.H,] Al . CH,C=CBrCH, (46)
|
0 ONa OAc

5. N-Substitution of amines

a-Halo acids are converted by ammonia to the corresponding amino
acid (reaction 47) which can be detected as the cobalt(nn) complex of the
Schiff base with 2-pyridinecarboxaldehyde (reaction 48)192 247,

R(i".HCOiH — R?HCOQH

47
X NH, “n

CH=NCHRCO,H

N—> Cor-O
RCHCO,H -+
l O=CH =N

NH,

(48)
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A sensitive detection method for the haloforms consists of heating with
ammonia, thus forming hydrogen cyanide (reaction 49) which can be
revealed by pushing the equilibrium (51) towards benzidine blue (55)
formation, due to removal of copper(1) ions according to reaction (50)*2.

R NH,/A
CHX, gztobs; HCN + 3 NH,CI (49)
Cui* 4+ 2CN~ ————> Cu,(CN), (50}
NH, [ NH NH, |
2 + 2Cu?t 2 I . ’ HX +Cu3t 6D
r{le | NH NH, |
(55)

Benzenesulphonhydrazide with certain heterocyclic halogen compounds
yields the corresponding N-aryl derivative which, on heating with alkali,
releases the reduced heterocyclic system {reaction 52)451, Alternatively the
same reduction can be carried out with triphenylphosphine (reaction 52).

SCH,
H\KNHNHSOZQHS
C H,SO.NHNH, O
_CuH.SO:NHNH, i
SCH, N\]/N SCH3
K\(Cl NH, ')\
O - Neol"
e s N
+
NH, oG, H\/P(CGHE,)3 NH,
NQN c-

Alkyl and aryl bromides or iodides alkylate weakly basic amines in the
presence of triethyl phosphate, as shown in reaction (53)434,

Aromatic halides substituted with electronegative groups combine with
primary and secondary amines®%422 (reaction 54).
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oae

\aH‘co,/o =P(OEt), O (53)
o)
"

NR,
NO, NO,
+ NHR, ——— (54)
NO,

A determination method for alkyl halides consists of refluxing the sample
in aniline for 3-30 min, depending on reactivity, and the anilinium salts
being titrated with sodium methoxide. Compounds 56-61 yielded quanti-
tative results with the proposed procedure. On the other hand, amyl
bromide (62) showed a deviation slightly larger than 19/ and cetyl bromide
(63) failed to yield quantitative results, even after 1 h reflux#52, A modifica-
tion for the higher alkyl iodides has also been proposed453,

CH,CI
C.HCH,Ci BrCH,CH,Br CH,(CH,),I Yo
(56) 7) (58) (59)2

CSH,ﬁCH,Br (CH,),CHCH,CH,I CH,(CH,) .Br CH,(CH,),,Br
o (61) (62) (63)
(60)

6. N-Substitution of amides

Alkyl halides combine with the alkali salts of variously substituted
phthalimides (reaction 55) and sulphonamides (reaction 56). Table 19
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0 o
NK + XR —> N—R + KX (55)
Y o) Y o)
R? R?
1 ! 1 I 56)
R'SO,NNa + X—R —> R'SO,N—R (

TABLE 19. Imides and sulphonamides recommended
for derivatizing alkyl halides

Reagent Reference
3-Nitrophthalimide 14, 19, 454
4-Nitrophthalimide 14, 19,455
Tetrachlorophthalimide 14, 19, 456
Saccharin (64) 14, 457

p-Bromobenzenesulphon-p-anisidide 14,458
(65, R* = Br; R? = p-OCHj3)

p-Toluenesulphotoluidides 14, 459
(65, R = CHj;; R? = 0-, m-, p-CHj;)

SO
i ¢ R SO,NH
NH R2

5 (65)
(64)

lists some of these reagents which have been proposed for use in analytical
problems.

Benzhydryl halides can react with ethyl carbamate in the presence of
silver tetrafluoroborate (reaction 57)469,

CH,

l
CHNHCOEt

CH; /, )

7. Derivatization via P-alkylation (Wittig-type reactions)

Alkyl halides react with phosphines and phosphites to yield ylides (e.g.
66) which may react further in many ways. Of special interest are the
derivatives with carbonyl compounds?- 46! described for triphenylphosphine
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in reactions (58-59) and the reductive dehalogenations discussed in
section IV. D. 2. a. The usual reactivity for the halides is I > Br> Cl.

+
R'R'CH—X + P(CcH,); ———> R'R’CH—P(C.H,),

__bwe | RIR?C—P(CeH,), (58)
(66)
RIR?C—P(C,Hy); + O=CRIR* —— > R'R?C=CR’R* + OP(C,H.);  (59)

(66)

Modifications of the Wittig reaction have been proposed involving the
use of triethyl phosphite (reactions 60-61)*¢% 463 or hexamethylphosphorous

o)

I
CH,CH,CI + P(OEt), — > CoH,CH,P(OEY),Cl- —2 > C,H,—CH,P(OEt),

(60)
o)

MeO~/DMF
—_—>

I
CH,CH,P(OEY), + C,H,CH=CHCH=0 CeH;CH=CHCH=CHC,H; (61)

triamide (reactions 62-63)%%. The latter reagent yields hexamethylphos-
phoric triamide (67) which is water-soluble.

: +
C.H,CH,Br 4+ P(NMe,} ———> C(H,CH,P(NMe,).Br-

- - + (62)
MeO” . ¢ H,CHP(NMe,),

C.H,CHP(NMey), + CoH,CH=0 — > C¢H,CH=CHCH; + O=P(NMe,), (63)
67)

8. C-Alkylation of carbanions

Methyl fluorene-9-carboxylate undergoes alkylation at the 9-position
with alkyl halides (reaction 64)% 465,

QO = OO w

H co,Me R 'CO,Me

N-Substituted w-haloacylamides cyclize to lactams in the presence of
strong base ion exchange resins (reaction 65)!6. Ethyl malonate reacts

R2
R'NCHR?R® Resin OH~ R'N R?

(65)
O=CCH,CH,Br o
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with alkyl halides (reaction 66)¥?. This reaction may be followed for
example by derivatizing with urca to a barbituric acid (reaction 67)%.

NaOEt/EtOH abs.
Cl+ CHy(COEY) — > CH(CG,En, 9

NH
CO,Et NH NaOEt/EtOH abs.
RCH: 2 + 2>C=O aOEt/EtOH abs l:l >:O 67
CO,Et NH, —~NH
(o]

Primary halides yield terminal acetylenes by reaction (68) with 3-lithio-
1-(trimethylsilyl) propyne%s,

R—I + LiCH,C=CSi(CH,), ———> RCH,C=CSi(CH,), 22/2% pCcH,c=CH
(68)
Dimethylcopperlithium is capable of introducing a methyl group in
place of a halogen in aryl, vinyl and alkyl halides, as illustrated in reactions
(69-71) respectively3?,

Me,Culi

CeH, L > C¢H,CH, (69)
Br Me,Culi Me (70)
Br Me
CeH H CeHs H
6 5>C=C< Me,Culi \ >C=Ci 1)
H Br H CHs

Lithium acetylide is capable of introducing the acetylene moiety in
alkyl halides having the neopentyl structure, which are usually difficult to
substitute. The terminal aceiylenes (68) can be isomerized to the non-
terminal form (69) (reaction 72)%71,

BrCH2 .CH3 HCECCHz "CH3 CH3C—=—C ,CHZI
N _CH, \_CH; < _CH,
LIC=CH/NH,CH,CH,NH, (72)
DMSO or OP(NMe,),;
(68) (69)

Primary alkyl bromides and iodides can be converted into the homo-
logous phenyl thioethers (reaction 73) or further into the homologous
alkyl iodides (reaction 74) by treatment with phenylthiomethyllithium. If
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the halide happens to be allylic the reaction becomes easier, but suitable
acceptors of HI and I, have to be added to the reaction mixture in order
to avoid double-bond migrations??2.

n-CyoHal + CoH SCHyLi* — > n-C,,H,,SCHs (73)
CH.IMI'II“&I/
N-CyHypySCoHy —F 5 p-C,y H,,l (74)

Dimethyloxosulphonium methylide (70) yields acylcyclopropanes with
a-halo carbenyl compounds (reaction 75)473.

R—C=0 9 R—C=0
R’—(':H—x + 3(CH,),S=CH, ——-——>R‘—'v (75)
(10}

Alkyl alkali metals produce the halogen displacement usually accom-
panied by Walden inversion, a fact which may be helpful in assigning
absolute configurations (see, however, reference 474). For example, the
configuration of 2-phenylpentane was correlated with that of «-phenethol
via a halogenated intermediate of known configuration, as shown in
reaction (76)*°. See also reactions (119-121, 131).

CHsCHCH, ~PCHGRN HEL, CgHsCHCH CH,=CHCHNa |
OH ¢
(8] (o) 76)
CoHsCHCH; > CgHsCHCH
(I.THZCHr—-'CH2 (':H2CH2CH3
W ()

9. Miscellaneous nucleophilic substitutions

Primary alkyl halides yield Bunte salts (71) on treatment with thio-
sulphate (reaction 77). These derivatives undergo further decomposition,
releasing sulphur dioxide (reaction 78) that may be detected by its smell
or reductive propertiesi? 192476,

O o

I i
C(H,CCH,Br + Na,S;0, ———> Na[C,H,CCH,S,0,] + NaBr an
)

o 0 o
I I f
2 Na[C(H,CCH,S,0,] —— C,H,CCH,SSCH.CC.H, + Na,SO, + SO, (78)
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Alkyl iodides treated with sodium nitrite yield the corresponding
nitroalkanes (reaction 79). Metihyl iodide can thus be detected if its pro-
duct is further treated with sodium 1,2-naphthoquinone-4-sulphonate (72)
in alkaline medium, yielding a coloured compound (reaction 80)192. The
same method may be applied for the detection of monohaloacetic acids,
as these yield nitromethane on heating with sodium nitrite (reaction
81)¥7. Silver nitrite is also effective in reaction (79) with primary halides*?,

R~I + NaNO, ———> R—NO, + Nal (79)
SO,Na C=NO,Na
NaOH
CH;NO, + > | + Na,S0,  (80)
(o) “ONa
o) o)
(712)

XCH,CO,H 4+ NaNO, ——— O,NCH,CO,H ———— CH,NO, + CO, (81)

Alkyl and aryl halides that are susceptible to nucleophilic substitution
can be converted to the corresponding iodides by treatment with sodium
iodide in various solvents, as shown in reaction (82)%7%481 Sodium iodide

R—Hal 4+ Nal ———— R~—I + NaHal (82)

is a helpful catalyst in the conversion of benzyl chlorides to their corres-
pondirg cyanides (reaction 83)482,
p-MeOCH,CH,CI + NaCN X228, MeOC,H,CH,CN (83)
The azide ion is similar to iodide, but usually more effective, in dis-
placing organic halogen (including iodine)*2. An additional advantage is
that the organic azido group may undergo thermal rearrangements and
cyclizations involving other properly situated groups in the molecule83 484,
yielding derivatives with analytically useful properties, as in reaction
(84)12, -Haloacetic acids yield rhodanine (73) on treatment with am-
NaN, /N\l
CICH,CH,CH,C=N — > [N,CH,CH,CH,C=N] —> (84)
(H*) N- N//
monium thiocyanate. The product reacts with 72 to give a blue-violet
coloration (reaction 85)!2.

HN o +(72)
CICH,CO.H + 2NH,CNS + H,0 ——> )\ ——> adye (85)
s >s

(3)
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Displacement by strong nucleophilic electrolytes usually invoives a
Walden inversion®. This fact may be helpful in correlating the absolute
configuration of an alkyl halide with that of a known compound. For
example, a-phenethyl chloride was correlated with «-phenethylamine?®s
as shown in reaction (86).

cl N, NH,
| . | |

CH,CHCH, —X*X: , ¢ H,CHCH, —2%* . ¢ H,CHCH, 85)
(D) (L) (L)

B. Displacement via Organometallic Intermediates

The formation of Grignard reagents is the first step for multiple pos-
sibilities of derivatization. Although reaction (87) constitutes the most
widely used method for organometal intermediate formation, treatment of
aikyl or aryl halides with lithium, lithium-sodium alloys or butyllithium
yields the corresponding lithio compound, e.g. as shown in reaction
(88)%-2.

R—X + Mg ————» R—MgX 87)
R—-X -+ Li/Na———> R—Li 4 NaX (e8)

Among the derivatives recommended for organic halides't14,1® are
conversions into anilides® 487 toluides and a-naphthalides?®s. These are
prepared by reacting the organometalilic intermediate with the correspond-
ing aryl isocyanate, as shown in reaction (89). The anilides resulting from
allyl halides can be converted into crotonic anilides by treatment with acid
(reaction 90)487,

0
I
R—MgX + ArN=C=0 ———> RCNHAr (89)
o 0
] - I
CH,=CHCH,CNHAr ———> CH,CH=CHCNHAr (90)

Aromatic Grignard reagents may be converted into phenols by means
of methyl borate (reaction 91)%8,

H*+/H:0

C,H.MgBr + B(OMe), —E:9 ¢ H,B(OH), -+ (C;H,),BOH —=% ,

> C.H,OH
(1)
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Reformatsky-type reactions can be carried out with Mg instead of Zn
if the r-butyl ester of the «-halo acid is used, e.g. reaction (92)%°.

CH, CH,
1. Mg/Et;0
BrCH,CO,Bu-f + C,H,C=0 —22C 4 ¢ ,H,CCH,CO,Bu-t (92)
] . .
OH

Aryl Grignard reagents with no ortho substituents undergo high yield
biaryl formation on treatment with thallium() bromide (reaction 93).
Secondary alkyl Grignard reagents give a similar reaction in about 509,
yield and primary alkyl or ort/io substituted aryl Grignard reagents give
dialkylthallium(iir) bromides (reaction 94)1%, or the analogous diaryl-
thallium(i) compounds.

2 p-CH,CH MgBr — 2> p-CH,C4H,—C4H.CH,-p (93)
2 RCHMgBr — =B 5 (RCH,),TIBr (94)

‘Gther organometallic derivatives obtained via Grignard reagents are
halomercury compounds (reaction 95), which have been recommended
for identification purposes®»14:1% The organomercury halides can be
further reacted in the presence of dicobalt octacarbonyl to yield a ketone
(reaction 96)%91,

R—MgX 4+ HgX, ———> R—HgX + MgX, (95)

C0y(CO),!
2 RHgX — =X, R,C=0 + Hg[Co(CO).], + CoX, + CO  (96)
The stereochemistry of various classes of halides is preserved when
converted into organometallic derivatives and further reacted, thus
allowing the establishment of useful correlations®®%%2. Vinyl halides
preserve their cis or trans configuration on passing through an anionic
form (e.g. Grignard reagents, reaction 97)*%3, Allyl halides, on the other

8 " MaBr HO/CHCHa
r =
C=C/ Mg \C=C< ¢} CH,CH=0 :Czc\

CH, CH, CH,

(o7)

H CH; Mg H _C/CHs CH,CH=0> H\Czc/CHJ
MgBr 3 HOCHCH,
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hand, may undergo cationotropic rearrangements which have to be con-
sidered when derivatizing via organometallic intermediates (e.g. reaction
98)4%4, Cyclopropyl halides alsc preserve their configuration on metallation
with magnesium?92,

CH,
H CH H |

CHas o Me, > e=cC —> CH,C—CH=CH, (98)

CH,” CH,Br CH, CH,MgBr MgBr

C. Elimination of Mydrogen Halide

Such eliminations can be selective for certain types of halides and the
spectral properties of the products may be helpful in structural elucidation
of the parent halide.

I. Alkyl halides

Alkali hydroxides and alkoxides bring about dehydrohalogenation
under various conditions depending on the substrate. When two elimina-
tion products are possible, hydroxides tend to obey Saytzeff’s rule (reaction
99); however, the yield of the anti-Saytzeff products varies with the nature
of the base, as shown in reaction (100)4954%,

(CH,),CBrCH,CH, —2%%_ (CH,),C=CHCH, (99)
CHafBrCHZCH, LN CH,=(l:CHzCH, (100)
CH, CH,
EtOK,  30%

t-BuOK, 72:5%
Et,COK, 885%

Dehydrohalogenations with potassium ¢-butoxide proceed smoothly in
dimethyl sulphoxide solvent, e.g. reaction (101)4%.

Br {-BuOK/DMSO

Good yields are obtained in the same solvent in dehydrochlorinations
with sodium hydroxide or ethoxide (reaction 102)3%%.

NaOH/
(CeH4) . CCH,CH,Cl —2259 5 (C,H,),CCH=CH, (102)

(90%)
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Sochum 2-n-butylcyclohexanolate (74) is effective in dehydrohalo-
gen‘atmg compounds even in cases where potassium f-butoxide and
lithium diethylamide (see below) fail, e.g. reaction (103)%0L,

C[ONa
Bu-
Ct--- ---Cl (14) !
—_— (103)

In cyclic compounds trans-diaxial eliminations are favoured, especially
if they conform to the Saytzeff rule and a ¢-hydrogen is eliminated; on the
other hand, axial-equatorial or diequatorial eliminations are very sluggish.
Reaction (104) illustrates the production of 3-menthene (76) from neo-

H

Eto—
-Pr st CH,
i-Py

(5) (76)

i-Pr Mcm = Hu
(104)
(1)
Etoﬁow

(18)

menthyl chloride (75) according to Saytzeff’s rule, while the anti-Saytzeff
product 2-menthene (78) is produced from the anomeric menthyl chloride
(77)%%2. Similarly, the all-equatorial isomer of hexachlorocyclohexane
(79), is by far the most resistant to alkaline solvolysis®%.

Ci

Cl
Cl

Cl
(79)
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The stereochemistry of the resulting olefins depends on the dehydro-
halogation reagent®% 4% 004, 55 shown, for example, in reaction (105).

t-BuOK/DMSO

Cl

(105)

LiN(C4H.:),/CeHya

-
S

trans

Organic halides containing the quaternary ammonium moiety can be
dehydrohalogenated by treatment with strongly basic resins (reaction 106).
Treatment with bases in solution brings about elimination reactions
involving the quaternary ammonium function%,

of}
; resin—OH~
N N

N\ /\
H,C CH, HC CH;

+

Amines and nitrogen-containing aromatic heterocycles can be used for
effecting dehydrohalogenations. These are mild bases which need either
harsh conditions or the presence of easily removable proton or halogen
in the substrate. These properties allow selective removal of halogen
atoms in polyhalogenated compounds. Heating in the presence of hetero-
cyclic compounds such as pyridine (80), s-collidine (81) and quinoline (82)
has long been used for this purpose?.

CH,
0 Q. OO
N H;C™ N~ "CHy N
(80) (81) (82)
/_—\ /CZHS v
CeHs—N o) CeHs—N (\ | |
N/ \ N7

CzHs
(83) (84) (85)
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N-Phenylmorpholine (83) acts like N,N-diethylaniline (84) but is purified
more easily. They can both be used for aliylic halides (reaction 107)%%, A

very effective dehydrohalogenating reagent is 1,5-diazabicyclo[4.3.0]non-
5-ene (85)307,

Me Me Me
Br s e W N CO,Me

Me

Me
\ (107)

Me Me Me

N N SN X CO,Me
Me
Me

Other useful amine bases for alkyl halide dehydrohalogenation are
t-butylamine (e.g. reaction 108 5%8), dicyclohexylethylamine, diisopropyl-
ethylamine (e.g. reaction 1095%°) and triethylamine!. «-Haloketones, on

the other hand, are reduced in the presence of dialkylanilines (see section
IV.D. 1. b).

¢-BuNH,

CCI,CH,CHB(OC H,), 51, ¢CI,CH=CHB(OC H,), (108)
|
Br
(Ccl_iu):NIEt
CH,CH,OCHCH, Z* 88 oW CH,0CH=CH, (109)

|
Cl

Trimethyl phosphite catalyses dehydrohalogenation on refluxing in

xylene (reaction 110)510,
:l
P(OMe), 0
—_—

AcO AcO

Primary alkyl bromides undergo dehydrobromination on heating with
hexamethylphosphoric triamide, yielding terminal alkenes (reaction
111)51t, gem-Dihalocyclopropanes undergo elimination-rearrangement

RCH,CH,—Br Z=F8Me): RCH=CH, (111)
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via vinyl halide intermediates on heating with bases such as pyridine (80)
or quinoline (82)51%513 e g reaction (112)%12,

o=y
o o

Refluxing vic-dibromides in the presence of ethanolic sodium acetate
yields vinyl bromides (reaction 113)54,

o o}
I moad I

CGH,?H—CHCCHS—%‘%—» C.HSCH=ClZCCH3 (113)
Br Br Br

Silver oxide converts allylic halides slowly into conjugated dienes
(reaction 114)515, Alkali amides cause dehydrohalcgenations, but no

Me Me Me Me
CH,CAc CH,0AC
Ag,0/C.H, (1 14)
Me Me
Br
excess should be used in order to avoid rearrangements (reaction 115)°16,
C¢H,CH—CH,Br —*21 5 c H4,C=CH, (115)
i |
C.H, C.H;

vic-Dibromides are converted to the corresponding acetylenes (reaction
116)%Y7. Similarly, B-haloethers also yield acetylenes (reactions 1175!® and
118519),

RCH—CH, —2NH: | pCc=CH (116)

| |

Br Br

NaNH,
CICH,CH(OEt), — X, He=COEt (117)
NaNH,
{ ] — > HOCH,CH,CH,C=CH (118)
o~ —CHLCI

2. Cyclization of alkyl halides
Unsaturated alkyl halides and halogenated compounds containing
suitable functional groups dehydrohalogenate forming cyclic compounds
on treatment with various reagents. Homoallylic halides yield cyclo-
propanes with silver oxide or potassium carbonate (reaction 119)52.
Br

I Ag.,0 CH;;
[>—CH=CHCH,CHCH; —*—> I>'—CIZH—<r (119)
OH
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Lithium. diethylamide has been used to cyclize acetylenic halides as shown
in reaction (120)52!. Tri-n-butyltin hydride gives similar results522,

C.HsC=CCH,CH,CH,CH,CH,Br e/ 120, CGHSCEC—Q (120)
Triethylamine also is capable of causing cycloalkyl formation, if both

the halogen and the departing proton are sufficiently activated, as in
reaction (121)°2 (see also section IV. A. 8).

E?r H;C CH;,4
(CH3),C—C(CH;3)s  we, H,;C CHj (121)
] —_—2
HC(CN), NC CN

Halohydrins or their formates in the rrans-diaxial conformation yield
epoxides with bases (reaction 122)%2¢526, The stereoselectivity of this
reaction is high??®. Trans-diequatorial halohydrins may also undergo this

cyclization®®,

HCO,
(122)

Halohydrins with the cis configuration yield carbonyl compounds
(reaction 123)%%.527,

HO.,

} KOH or KHCO,
—_——

Br” Br”

OoH ®)

= -

Silver tetrafluoroborate with alkyl halides can effect O-alkylations of
ethers, ketones, esters and alkyl carbonates to yield tertiary oxonium
salts. If the substrate is a bromo ester a heterocyclic compound is formed
(reaction 124)5%8,

H,C—CH U
2] ‘ 2 AgBF‘ (124)
Br —CHZ //C”‘OC2H5 (o) .":i_‘\'OCZHS
BF;

Triethylamine may cause the lactonization of y-bromo acids (reaction

125)5%.
Br ‘.COZMe Br
\O'\ Et,N/MeOCH,CH,OMe
Bs CO,Me

F

_.CO,Me

(125)
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3. Vinyl halides

Displacement and elimination reactions are more difficult to carry out
with these compounds than with alkyl halides and more drastic treatment
is therefore required. Treatment with hydroxide or alkoxide yields allenes
(reactions 126%3° and 1275%%1,832), Reaction (127) is not, however, without

SEeGH DA
<C.H,)20=?:—CH,—<‘:=C<C,H,)= ———725 (C.H,),C=C=C=C=C{(C,H,),

Br Br

complications® 53, Trapping of allenes can be done in situ by conjugated
diene reagents such as 1,3-diphenylisobenzofurane (86)%31: %32, as shown in
reaction (127).

CeHs
Br
Q/ £-BuOK/DMSO @ (86) ‘a@ 27
CeHs
HsCs  CeHs
= OO
Q — H5C5 c6H5
(86) 67 o
(88)
Sodamide converts vinyl halides into acetylenes’!? (reaction 128).
CH,,CH,C=CH, —28H1 ¢ H,,CH,C=CH {128)
|
Br

On the other hand, compounds with a 2-halo-3-amine-propene partial
structure form aziridines with sodamide (reaction 129)5%,

NaNH,
CH2=c‘:-—CH2NHEt > H,Cq (129)

Br N

I
Et

4. Aryl halides

These compounds require specially drastic conditions to eliminate
hydrogen halide and produce an aryne, e.g. reaction (130)%6.57 The

Qs [T oo
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dehydrohalogenation product is, however, a very reactive intermediate
capable of further reaction, either intramolecularly with a suitable
situated substituent (reaction 131)8 or with other reagents such as

KNH,

fil (131)
Ci _Cx
H,C o

|
g

mercaptaxs, acetonitrile®® 5%, or dienic systems, e.g. anthracene (87)%%9,

tetraphenylcyclopentadienone (88)%%°, with itself forming triphenylene
(89)%41, as shown in reactions (132a-¢).

C,H,SH SC.Hs
_CHiSH @/ (132a)
CH,CN
CH,CN @ (132b)
H
D e OO0 -
H
CeHs
CeHs
@ co+ Q (132d)
c6H5
CeHs
Trimerization O
b 0O o

(89)
5. a-Halocarbonyl compounds

These compounds dehydrohalogenate with relative ease as compared to
saturated alkyl halides. Among reagents that have been used for this
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purpose are ethanolic silver nitrate®2, weak bases like sodium bicar-
bonated%: 54, |ithium carbonate (reaction 133%45, see also reaction 201), or

O OH

O
Br
Li;,COJDME O‘ N G
CH,O CH,O CH,0

(133)

calcium carbonate®® and salts such as lithium bromide5??, tetracthyl-
ammonium chloride®® or benzyltrimethylammonium mesitoate (90)
(reaction 134%%%). Reagent 90 effected the elimination from a cis con-
formation under mild conditions, while the former weak bases usually

coy CeHsCH,N(CH3), NHNH, H,NCNHNH,
H,C CH; NO, g
Q (92)
CH, NO, H,NNHCO,Et
(59) ) (93)

require a frans-diaxial conformation. Other similar reagents are hydrazine
derivatives such as 2,4-dinitrophenylhydrazine (91), semicarbazide (92)
and ethyl carbazate (93)%%0-553 (reaction 135).

NS NS
o (134)
0 o

H
Br
(€] H,0
O ArNHN 0

X~

Br
(135)

The eliminations performed in aprotic solvents may take a 1,4-pathway
if no neighbouring trans-axial hydrogen is present. This may be confusing
when the halogen substitution site is to be assigned (reaction 136)554,
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(136)

H,CO.C CH,

Amines are also capable of dehydrohalogenating «-haloketones and
«-haloesters, ¢.g. tri-n-butylamine®?’ and triethylamine (reaction 137)3%.

Br
oL
137
oS0 oo (137)

Hexamethylphosphoric triamide dehydrohalogenates on heating both
a-haloketones and o-halo esters as shown in reaction (138)5%7,

‘\.\

P
OP(NMe,),, A (138)

D. Reduction

Two main types of derivatives can be obtained from reductive treat-
ment, namely compounds where a hydrogen atom takes the place of the
halogen and compounds where an unsaturation is formed in place of two
monovalent oxidizing leaving groups, of which at least one is halogen.
Polarographic reductions are described in section V. B.

i. Substitution of halogen by hydrogen

a. Alkyl halides. These can be reduced by magnesium in the presence of
isopropanol®%. Very stable halides can be reduced by this method, how-
ever, fluoro compounds are less reactive. This is in fact a particular
case of the general reduction of Grignard reagents with active hydrogen
compounds (reaction 139).

R—MgX + H—Y ————> RH -+ MgXY (139)
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Tri-n-butyltin hydride (reaction 140%%, see also reactions 155 and 171)
and nickel tetracarbonyl (reaction 14159, see also reaction 159) reduce
halides without touching the skeleton structure.

F n-Bu,SnH R F
(C@><x n=384;X=BrCl (C@><H (140)
Br Ni(CO),
Br ? (141)

Methylmagnesium bromide is capable of effecting non-stereospecific
monodehalogenations in gem-dihalocyclopropanes (reaction 142561),

H H H
‘. _Br MeMgBr/THF ; Br ~N_-H
CD:Br (}/H + ©><Br (142
i H ¥

Sodium borohydride in dimethyl sulphoxide reduces alkyl halides.
Optically active z-alkyl halides produce a racemic compound, probably as
shown in reaction (143)%2. Lithium in z-butyl alcohol reduces alkyl
halides leaving the skeleton intact (reaction 144)563,

Cl
NaBH,/DMSO
gj’ —————> [Alkene] —> q (143)

I~
a8t (]
Cl

Alkyl halides can be reduced without touching less reactive halogens by
means of lithium aluminium hydride (reaction 145)!. With the same
reagents a-bromohydrins yield the alcohol584.

cl
1/
@—Cl AR @»Ci (145)
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Propargyl halides undergo a reduction with zinc-copper couple which
is accompanied by rearrangement to allenes (reaction 146)%%5. Bromoform
yields acetylene on heating with zinc—copper couple (reaction 147)12.
Carbon tetrachloride and tetrabromide give the same reactions but are
less sensitivel?,

CH,CHC=CCH,CH,0A¢c —2=%;5 CH,CH=C=CHCH,CH,0Ac  (146)
|
cl

2 CHBr, —2=%, C,H, + 3ZnBr, (147)

Chromium(1) salts are capable of reducing alkyl halides in high yields5¢¢,
e.g. reaction (148). The course of the reaction may lead to dimerization
(reaction 149). Bromohydrins usually undergo other types of reduction,
as will be shown in section IV. D. 2. a; however, in the presence of a
hydrogen donor such as a mercaptan, the hydroxyl group is left intact
(reaction 150)%2% 567,

CH,CH,CH,Br £¢104) s NHCH,CH,NH,/ad. DMF. N2 oy CH,CH, (148)

(CH,),CHBr T800/20 DME. Ny 41 3, CHCH(C,H3), (149)

HO, HO.
} Cr(OAC),(5 equiv.), EtSH ‘ } {150)

b. a-Halo ketones and «-halo acids. These undergo many reactions
which are impossible with ordinary alkyl halides. o-Bromo and «,a-
dibromo ketones are reduced by dimethylaniline (reaction 151)°68,

o) o
i I
p-BrC,H,CCHCH, S 1 BrC.H,CCH,CH, (151)
]

Br

Triphenylphosphine reduces secondary and tertiary o-haloketones
(reaction 152)%°, On the other hand, phenacyl halides yield quaternary

0 O

Br
6/ PACHu):(MeOH, Gt © + OP(CeHs)s (152)
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phosphonium salts (reaction 153)37°,

+
ArCCH,Br —2Celehs, A rCCH,P(C,H.),Br~ (153)
li

I
0

Catalytic hydrogenation of «-haloketones has to be carried out in the
presence of a base such as triethylamine, in order to avoid catalyst
poisoning®?, Catalytic reduction of a-chloro-a-phenylpropionic acid in the
presence of palladium is carried out with inversion of configuration while
reduction wiih nascent hydrogen preserves the configuration (reaction

COH COH CO,H
; z : . H

HiC—C—Cl M. Hc—C—H JulPI-C Cl—C—CH, (154)
CoHs CeHs CeHs

154)572, Tri-n-butyltin hydride effects dehalogenations without touching
the skeleton structure (reaction 155)5%3,

H o oo
@icx Bl CET (155)
g c H

Chromium(11) salts can be used for stepwise reduction of «-bromoketones
(reaction 156)5%4,

Cr(OAc), (156)

Nascent hydrogen produced by zinc in acid solution or fomaldehyde
sodium sulphoxylate (reaction 157) can lead to «-halocarbonyl reduc-
tion'% 57, This has been used for specific detection of chloral and bromal!2,

HOCH,SO;Na + H,0 ——— HOCH,SO;Na 4+ 2 H® (157)
—_— Hn —_—

in which reduction (158) is followed by the Rimini test for aldehydes.
y-Bromo-o,B-unsaturated carbonyl compounds (ketones and esters) are
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reduced and rearranged simultaneously to the corresponding S,y-unsatur-
ated compound, with zinc in protonic solvents (reaction 159)%76.577,

(CHJ),?C»H=CHCO,Et ZolAcOR, (CH,),C=CHCH,CO,Et (159)
Br
Nickel tetracarbonyl effects reductive dimerization of a-bromoketones

(reaction 160)%78.57 to yield B-epoxyketones.

0
I - ) I
2 (CH,CCCH B ~S25  (EH),CCCH,~( (160) (160)
C(CH3);

c. gem-Dihalocyclopropanes. Various effective ways of performing
reduction of such halogen atoms are known: lithium in ¢-butyl alcohol,
socium in liquid ammonia and sodium in methanol are the most commonly
used. The latter reagent is known to cause double-bond migration to a
certain extent (reaction 161)*°,

CH, CH, CH,
(O e O (0 o
3r Br

Sodium methylsulphinylmethide (94) is obtained in situ on dissolving
sodium hydride in dimethyl sulphoxide (reaction 162). This reagent can
reduce gem-dihalocyclopropanes stepwise (reactions 163 and 164). If

o o- 0
] I l
CH,SCH, + NaH ——> [CH,—S=CH, <> CH,S—CH;INa* + H,

(98) (162)
H H
l:>[><'3r Bhiomso, ©><B“ (163)
: Br ; H
H H

Br (34)/DMSO H  @n/omso \ (164)
Br ‘Br /

steric conditions allow, excess reagent brings about allene formation
(reaction 164)%9,
6
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Alkyllithium reagents convert gem-dihalocyclopropaues directly into
allenes (reactions 165 and 166). In the case of bicyclo[n.1.0] compounds
good results are obtained for n>6 (reaction 167)¥%. Tetraalkyl-gem-
dibromocyclopropanes yield with methyllithium bicyclo[1.1.0]butanes
(reaction 168)53°.

a-CgHis
BuLi
—=—  n-CH.CH=C=CH, (169
Ci Ci
Br Br
CH; MeLi/—78°
HC CH;, — (CH,),C=C=C=C=C(CH,), (166)
CH, '
Br Br
Br  Melior Mg (167)
Br
CHLCH, CH; CHaGH,
H CH i CH,
CiH,;CH, 3 MelLi H.C +
>< - s CH,
Br Br
CH, CH3CH,

CH,CH
: 2><i> + Hsc---<i><CHJ (168)
CH,CH, CH,

d. Vinyl halides. Both lithium®?! and sodium®? in #-butyl alcohol are
capable of reducing vinyl halides without disrupting the skeleton; how-
ever, some overhydrogenation and double-bond migration (reaction 169)%83

CH3O OCH3 CHso OCH3 CH30 OCH3

Li/t-BuOH, THF (169)
—_—_—

H,C CH; H,C CH;
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may occur. The cis or trans configuration of vinyl halides is preserved on

reducing with sodium in liquid ammonia (reaction 170)58,
R AR NajNH, R !

R
-~
L -C=C< c=C

(170)
Cl H” ~H

Tributyltin hydride also leaves the skeleton untouched (reaction
17 1 )559, 585.

Cl Cl Cl Ci

K Bu,SnH A A A7)

Ci Cl

e. Aryl halides. Monodebromination or monodeiodination of wvic-
dihalides is performed by potassium z-butoxide (reaction 172)586,

Br Br
Br
-BuOK/t-BuOH, DMSO N (172)
Br Br

Lithium in #-buty} alcohol is capable of dehalogenating polyhaloaro-
matic compounds (reaction 173)%%7,

Cl
Cl
Lijt-BuOH, THF @@ (173)
peOET
Cli

Halogenated anilines are reduced by Devarda’s alloy in alkali solution
(reaction 174)%88.

NH, NH,
Br, Br
Cu-~-Al-Zn/H,0 ,0H~ (174)
Br

Aromatic nitro compounds are dehalogenated by copper powder in the
presence of molten benzoic acid (reaction 175)%° and by hydrazine in the
presence of Raney nickel®®. Magnesium in isopropanol is very effective in
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No, X
QPO
O,N NO, NO,
o)

dehalogenations®® {see also section IV. D. 1. a), but fluorobenzene is
inert towards this reagent.

Triphenylphosphine reduces halides ortho or para to phenol groups, the
former being preferred (reaction 176)%°L.

OH OH
Br 1. P(GH,),
2. H,0
©/ _— @ + O=P(CgH;); + HBr (176)
Br Br

Reaction (52) affords a reduction method for certain heterocyclic
halides. Catalytic hydrogenation in the presence of a base can also be
applied for these compounds (reaction 177)%%2,

CH,

@@ H,/Pd-C, NaDAc, HOAc
N Cl

2. Reductive eliminations

am

a. vic-Dihalides and halohydrins. (i) Various metals effect reduction
leading to multiple-bond formation: zinc powder in a protonic solvent
under acidic conditions attacks vic-dihalides and halohydrins of rrans-
diaxial configuration (reactions 178-180)%%3-5%; however, some instances
of cis-halohydrin reduction are known®%, These reductions have been
widely applied in the steroid field®’. Also B-bromo ethers can be similarly
reduced (reaction 181)38. Vinyl halides do not react under these conditions
(e.g. reaction 182)%2, but they may be reduced with zinc under conditions
conducent to free radical formation (reaction 183)5%,

> >

Zn/E{OH, H*
_—

(178)

Br Br

Zné!:l{&OH.
CcCl,—CCIF, ———» CCI,=CF, (179)
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Cl
CeH CegH H
}6-| 5 H InfAcOH 6 5:C=Ci (180)
CeHs H CeHs
CH
erythro
OC,H,
Zn/?-BI'JOH.
CH,=CHCH,CHCH,Br — & o CH,=CHCH,CH=CH, (181)
cl Zn/EtOH L—I (182)
Cl

Ci

<

Ci
Br Br /

Magnesium can cause dehalogenation in many types of vic-dihalides via
Grignard intermediates. When the substrate is aromatic (reaction 184)%39

O == Q"] — [T =

the resulting benzyne can be further trapped as shown in reactions
(132a-¢). Lithium reacts similarly to magnesium with aromatic dihalides!.

(ii) Reducing salts such as magnesium iodide®® and sodium iodide
(reaction 185)%1802 a]50 yield olefinic products. Only the frans-diaxial
form of a steroid, (95), reacts®3,

N i

Nal/Me,CO
_—

(185)

HO HO

Br

(95)

Chromium(u) salts are also useful reducing agents, both for vic-dihalides
and bromohydrins (reaction 186)%%, Reaction (187) shows that besides the

2Crfl
NC—/
/C C\

XY

>C=C< + 2[CFI”, X—: Y—] (186)
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normal route leading to 96, bromine replacement® yielding 97 {(cf.
reaction 150) and rearrangement to 98805-50¢ also take place.

COCH,
- ngj
0
(96)
COCH, COCH,

T POR
‘e CrOAc),/OMSO | 0 (187)
0 07 N\F

-, £ )
o
Sodium methylsulphinylmethide (94) is capable of dehalogenating vic-
dibromides without touching other isolated alkyl halides (reaction 188%97,

see also reactions 162-164).
~ Y
(84)/DMSO (188)
Ci

(iii) Disodium phenanthrene and disodium naphthalene are useful in
debrominating vic-dihalobenzocyclobutanes (reaction 189)608,609,

H al H
@:[ C,.H,Na, or C, H,,Na, t] a 89)
Ci

H H

(98)

™

Ci

Br Br

(iv) Diphenyl selenide and diphenyl telluride can be used to dehalo-
genate vic-dibromides (reaction 190)%°. The dibromo reagent obtained
can be regenerated with bisulphite.
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(CeH;)aSe

C.H;CH—CHCO.H C(H;CH=CHCO,H + (C.H,),SeBr, (190}
b

Br Br

(v) Triphenylphosphine acts in a way similar to reaction (190) to yield
olefins with many classes of vic-dihalides®1!-613 (e g, reaction 191).

o] o

2 (CeB ,).1;

l I
CCl,CCLCCCL,CCH, CCl,=CCICCCI=CCI, + 2 (CH/),PCI, (191)

Triethyl phosphite®!® and triisopropyl phosphite®® also dehalogenate
alkylene vic-dihalides (reaction 192). The condition for this reaction is the
presence of electronegative substituents attached to the Hal—C—C—Hal
central structures4,

BrCH,CHBrCN —= 2%, CH,~CHCN (192)
(vi) vic-Dihalides are debrominated on heating in ethanol solvent
(reaction 193)%16_ A faster reduction is attained in the presence of bases®’.

(0]
By 0O 0 (e}
EtOH, A N
QU IO = QLI I
B
o' 0 0 o}

The stereoselectivity of various reducing agents mentioned above has
been studied in the debromination of stilbene dibromides (reaction
194)518,

CeHs _H CeH CH
c=C <—— CH.CH—CHCH, ——> ° Nc=cZ ¥°
H” \CsHs 6 °3 g 615 H” ~H (194)

Br Br

b. telo-Dihalides. These compounds lead to the formation of cycles or,
if suitable unsaturated chains are interposed between the halogen-bearing
carbon atoms, to the shifting and increasing of unsaturation. These
reactions are conveniently carried out with metals. Thus zinc—copper
couples cause cyclization of 1,3-dibromopropanes to the corresponding
cyclopropane (reaction 195)¢1°, Dehalogenation of 1,4-dichloro-2-alkynes

C.HsCHCH,CH, —2*=, C,H, -—<] (195)
| |
8r Br
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leads to cumaulenes (reaction 196)%2°, and of 1,4-dichloro-2-alkenes to
1,3-butadienes (reaction 197)%21,

R'‘R?C—C=C~CH, — 22> R'R*C=C=C=CH, (196)
& &
ct  Ci ¢ i
ca T\ a s 7N (197)
cr” N o7 el CI” o7 Cl

E. Oxidztion

Only a few oxidative processes seem to have potential analytical value in
organic halide analysis. Silver chromate oxidizes B-bromoethers to «-
alkoxyketones (reaction 198)622, Dimethyl sulphoxide oxidizes sec-alkyl
bromides to ketones (reaction 199)%%3, and primary alkyl halides to

CO;Me _CO,Me

Ag,Cr0,, CrO,/25-28°

(198)
@\ DMSO/AgBF, @ (199)
—_—1
Br O
B
n-C.H,;CH,—1 ————AL->' n-CegH,;CH=0 (200)

aidehydes (reaction 200)824. Silver salts catalyse these oxidations. Dimethyl
sulphoxide oxidizes cyclic a-bromoketones as shown in reaction (201)427,

O

0]
Br. CH, HO CH
{-BuOX/DMSO 3

Iodo compounds are capable of easy binding to organic radicals yielding
stable iodonium compounds (99’, 99”). Thus o-iodo aromatic carboxylic
acids can be converted into benzynes via oxidation with potassium persul-
phate by the reaction sequence (202-204)%%, Steps (202-204) are applicable
to all aromatic compounds containing no reducing functional groups
other than iodo.
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@ K,S,0,/H,S0. @[ (202)
1 IT"—0S0,K-KSO;

(99)
CO,H NHLOH o{os
o+ O — 00X 2o, OV
1t—C¢Hg KSOY 1T —CgHs
(99) (897

@9 ——> [@l] + C¢Hs! + CO, (204)

Conversion to iodoso compounds (101) by reactions {205-206) has been
proposed for identification of aromatic iodo compounds®28, The process

involves the intermediate formation of aryl iodochlorides (iodoarene
dichlorides, 100).

Ar—I1+ Cl,— Ar—ICl, (205)
Ar—ICl, + 2 NaOH ———» Ar—IO + 2 NaCl + H,0 (206)
(100) (101)

F. Miscellaneous Reactions
. Aryi halides

Reaction with chlorosulphonic acid affords sulphonyl chlorides which
are converted to the corresponding sulphonamides on treatment with
ammonia (reaction 207)11:141%.627 When X =1 in reaction (207) ring
chlorination also takes place. Fluorobenzene, iodobenzene, o-dichloro-
benzene and o-bromochlorobenzene all yield sulphones with chlorosul-
phounic acid at 50°.

XCH, —Z5%E 5 XCH.S0,Cl — 222 5 p.XC,H,SO,NH, (207)

Nitration affords useful derivatives for identification purposes (reaction
208)11. 14,19

Cl Cl Ct Cl NO, Ci CI NO

00—
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2. Polyhalogenated compounds

Strong heating of polyhalogeaated organic compounds (e.g. CCly) on
finely powdered solids such as SiO,, SnO,, ThO,, etc. brings about
liberation of free halogen!® that can be detected by the methods of
Table 11. The presence of hydrogen in polyhalogenated compounds can
be ascertained if hydrogen sulphide is liberated on fusion with sulphurs?s,
Polychlorinated compounds containing a few bromine atoms and no
hydrogen are brominating agents under photolytic conditions®?®. Benzylic
or allylic hydrogens are diiplaced in chain reactions by the bromine
liberated, and therefore compounds containing such hydrogens can be
placed in the irradiated sample for bromine scavenging (reaction 209)%0.

Br

O + BrCl,CCCLBr —2 > + Cl,C=CCl, + HBr (209)

Polyhalogenated aromatic compounds yield a colour reaction on treat-
ment with pyridine and aqueous alkali (the Fujiwara reaction®?). Various
modifications have been proposed both for submicro scale detection!? and
determination263 of such compounds. The presence of two or three
geminal halogen atoms seems to be a mecessary, though not sufficient,
condition for the reaction to take place.

V. FUNCTIONAL ANALYSIS BY PHYSICAL METHODS
A. Acid-Base Properties of Halogenated Carboxylic Acids and Amines

Experimentally it is easy to obtain good pK, values of most organic
acids or amines, and the difference defined according to equation (210)

ApK, = pKy—PKy ret (210)

(where pK, .. is the value for a reference compound, usually the cor-
responding non-halogenated compound) is helpful in determining the
substitution site in halo-derivatives.

In saturated carboxylic acids the absolute value of ApK, increases with
the degree of substitution in the order H<I<Br~Cl<F, and diminishes
on increasing the distance between the carboxylic group and the substitu-
tion site (Table 20). When the chain between the carboxyl group and the
halogen consists of conjugated double bonds, the effect of the halogen is
transmitted better and the acidity increase is higher than with a corre-
sponaing saturated chain, (cf. entries 7 and 9 in Table 20).
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TaBLE 20. Effects of w-halogenation on the acidity of straight-chain carboxylic

acids®
Number ApK,?
No. Reference pKorer Of w
compound halogen F Cl Br I
atoms
1 CH;CO,H 4-76 1 -219 —-1-89 —1-87 —-1-59
2 : 2 —3-52 —347
3 3 —-4-63 —4-11
4 CH,CH,CO,H 4-88 1 —0-85 —088 —-0-79
5 3 —1-86
6 CH;CH,CH,CO.H 4-82 1 —-030 --023 —-0-18
7 3 —0-66
8 CH;CH;CH,CH,CO.H 4-86 1 —-0-16 —-014 —-0-09
CH, H

AN /
9 C=C 4-69 3 —1-51

/ AN

H CO.,H

% From references 634 and 635.
® From equation (210).

TasLe 21. Effects of halogenatior: on the acidity of
aromatic compounds®34

ApK,*®
Substituent
ortho meta para
A. Substitution in benzoic acid (pK, 4:20)
F —0-93 —0-33 — 006
Cl —-1-26 —037 —-0-21
Br —1-35 -0-39 -0-20
I —1-34 —0-34
CF, —041
B. Substitution in phenol (pK, 9-95)
F —~1-14 - 067 0-0
Cl —1-47 —093 —0-57
Br —1-53 —-0-84 —0-61
I —0-78
C. Substitution in anilinium salts (pK, 4-58)
F —-1-62 —1-20 - 006
Cl —1-96 —1-26 -077
Br —1-98 -1-07 — 067
CF, i -1-09 —-2:01

2 See equation (210).
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The effects of substituents in aromatic compounds were found to be
additive in the pK, scale. Halo substituents cause increase in acidity
which are largest for ortho positions (Table 21). These values can be used
for structural assignments, e.g. after bromination and hydrolysis of
6-acetylaminotetralin two monobrominated compounds of pK, 3-05 were
isolated; of the three possible isomers (102-104), the mera-brominated
aniline (104) was discarded, as the pK, value calculated for the analogous
3,4-dimethylaniline (5-15) becomes on bromination 3-18 for the two ortho
and 4-09 for the mera product?3s. 637,

Br
Br

Br
103
(102) (103) (104)

B. Polarography
1. General considerations

The polarography of organic halides is an extension of the subject
reduction treated in section IV. D, but now the reagent consists of the
electrons present at the cathode. Indeed, polarographic processes find a
rough parallel with formal mechanisms proposed for reactions in solution.

Three limiting mechanisms have been proposed resembling Sy2, Syl
and free-radical chain reactions®® ¢ (reactions 211, 212 and 213, respec-
tively). The nature of the cathode is also important in determining the
mechanism, thus, for example, simple alkyl bromides and iodides undergo
one-electron reduction at a stationary lead electrode®?, while at mercury
electrodes the reductions are usually two-electron processes (see below).

R—X +26- ——> X~ 4+ R~ (211)
R—X X~ +R*—2 L R- (212)
R—X+ e~ -——» X~ + R* ————— further reactions (213)

The most satisfactory mechanism seems to be a free radical one that
incorporates some Sy-like features. Reactions (214-216) show the reduc-
tion of benzyl halides to toluene with concurrent formation of dibenzyl-
mercury®!. Benzyl chloride also yields bibenzyl from coupling of free

Hg + C¢H,CH,X ———> X~ 4 C,H,CH,Hg’
— " CH,CH,Hg* + e~ + X~ (214)
C(HsCH,Hg" + e~ — > C,H,CH; + Hg (215)
2 CgH,CH,Hg' ——— (C,H,CH,),Hg + Hg (216)
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radicals (reaction 217)%%2. At very negative potentials benzyl bromide in
DMF in the presence of carbon dioxide produces small yields of phenyl-
acetic acid from the benzyl anion (reaction 217)%43, The fact that Lenzyl

CH,CHX + e~ ———> X~ + C¢H,CH; —=—> C,H,CH,
l C.H.CH; lCO,/DMF (217)
CeH;CH,CH.C.H, CsH,CH.CO7
chloride, reduced in aqueous lithium chloride solution at potentials more
negative than E; (kalf-wave potential), shows only one electron transfer,
is.explained by the formation of intermediate 105 which is repelled by the

cathode and proceeds to decompose far from it (reaction 218). Once
bibenzyl is produced by dimerization it becomes adsorbed on the cathode,

[CH,CH,CIT
(105)

> ClI— 4+ C¢H,CH; ———> further reactions (218)

gradually reducing the repulsion of 105 and thus allowing the benzy!
cation to be reduced on the cathode to toluene in a two-electron overall
process. Similarly, in the presence of surface-active tetramethylammonium
salts the normal two-eiectron process is observed at all potentials$2,

Allyl and propargyl halides (but not benzhydryl bromide®) behave
like benzyl halides® 5, The polarography of organic halides has been
reviewed®3® 847850 and a compilation of literature from 1922 to 1955 has
appeared®sl.

2. Alkyl halides

The ease of reduction of alkyl halides parallels the relative leaving-group
ability of the anion in Sy2 reactions, namely I > Br > Cl. Also parallel to the
Syn2 mechanism is the ease of displacement of simple alkyl bromides:
ethyl > n-propyl > i-propyl. In n-alkyl bromides the ease of reduction
decreases with chain length up to n-pentyl bromide, beyond which all
bromides are reduced at nearly the same E, %2 The reduction of z-butyl
bromide is easy (Syl-like mechanism, see reaction 212)%%3, 1-Methyl-1-
halocyclopropanes have been reduced with various extents of configura-
tion retention®4,

Cyclopentyl bromide is easily reduced but not cyclohexyl bromide.
Even more difficult to reduce are cyclopropyl, cyclobutyl and neopentyl
(106) bromides®3. Reduction of polyhalides where the halogen atoms are
sited apart from each other seems to be stepwise, as was shown for
1,4-dibromoalkanes (reactions 219, 220)8%5,
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BrCH,CH,CH,CH,Br ——>—> BrCH,CH,CH,CH,:~ + Br~  (219)
BrCH,CH,CH,CH,:~ + H* ———> BrCH,CH,CH,CH, (220)

The steric behaviour of polarographic reduction parallels in many cases
the one observed for Syl and Sy2 reactions, in spite of their near equi-
valence in polarography%®. Thus exo-norbornyl bromide (167) is reduced
more readily than endo-norborny! bromide (108).

¢
CHs(I:CHzBr Br H
H Br

CH,
(106) (1)) (108)
In z-butylcyclohexyl halides the z-butyl group holds the conformation

fixed, and therefore 109 is reduced as readily as cyclohexyl bromide,
while 110, with the equatorial halogen, is reduced only with difficultys8,

Br H
t-BuNH t-BuNBr
H H

(109) (110)

Bridge-head halides such as 111-113 will undergo reduction with in-
creasing difficulty in that order, as the carbonium ions obtainable by an
Sy1-like mechanism become more and more strained. Compound 114, on

Bir Br Br Br
111) (112) (113) (114)

the other hand, is easily reduced, probably due to the inductive effect of
the phenyl groups on the #-alkyl site®5?. It was concluded, however, from
Hammett plots for benzyl bromides in dimethylformamide and aceto-
nitrile, that their polarographic reduction is not an Syl-like reaction%®,
Hammett plots in protic media were also studied®3®,

The E; of alkyl halides is generally pH-independent, unless other
functional groups are present too, as will be shown in section V. B. 7. In
the presence of vitamin B,, the controlled potential reductioa of alkyl
halides is a two-clectron process above E; and a one-electron process
below E,;50.
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3. gem-Polyhalides

161

The presence of more than one halogen in the same carbon atom
facilitates the reduction. Thus a gem-polyhalide gives a series of two-
electron waves corresponding to stepwise, increasingly difficult replace-
ment of halogen by hydrogen (Table 22).

TABLE 22, Polarographic reduction of some gem-polyhalides

Compound Remarks Reference
Carbon tetrachloride Two two-electron waves. The E; 661
of the second one is that of
chloroform
Carbon tetrabromide Analogous to carbon tetrachloride 661
Benzotrifluoride Several electrons consumed. Nature 662
of products not established
Trichloroacetic acid One two-electron wave 663
Tribromoacetic acid Three two-electron waves corres- 664
ponding to a stepwise reduction
to acetic acid
2,2,2-Trichloroethanol One two-electron wave reduction 665
to 2,2-dichloroethanol
Ring-alkylated trichloro-~ One one-electron reduction to a 666
acetanilides dichloroacetanilide followed by
two two-electron reductions to an
acetanilide
Ring-alkylated dichloro- Two two-electron reductions tc an 666
acetanilides acetanilide
Pesticides derived from Several products may be obtained 667
hexachlorocyclopentadicne
Perfluorocyclohexenones Four-electron reduction to the 668
phenol (reaction 221)
7,7-Dihalo[4.1.01bicyclo- Non-stereospecific two-electron re- 669
heptanes duction
1,1,1,2-Tetrachloro-2,2-bis (p- Two-electron reduction to DDD 675

chlorophenyl) ethane (115)

(p-CIC4H,).CICCI,
115)

(116)
(p-CIC(H ),C=CCl,
(116)

The trifluoromethyl group does not ordinarily undergo reduction unless
it is attached to a benzene ring, preferably substituted with electronegative
groups®®2, Geminal difluoromethyl groups undergo reduction as shown in
reaction (221) for polyfluorocyclohexenones®%8,

is et et kel

(221)
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4. vic- and telo-Dihalides

These compounds undergo a two-electron reduction which may be
followed by elimination of halide forming an olefin, which may be further
reduced as shown in reaction (222)87°,

CH,—CH,——» CH,=CH, + CH,CH, (222)

I |
Br Br

An axial halogen is more easily reduced in cyclohexane systems®.
Among the isomers of hexachlorocyclohexane the most difficult one to
reduce is the so-called B-isomer of benzene hexachloride, because of its
all-equatorial conformation (79)572, while an isomer containing a pair of
geminal chlorine atoms is more readily reduced®.

Some examples of polarographic reductions of vic-dihalides are shown
in Table 23. The reductions are not stereospecific as shown in reaction
(223), but meso isomers are more readily reduced than dl isomers.

TABLE 23. Polarcgraphic reduction of some vic-dihalides

Compound Remarks Reference
Various hexachloro- Six-electron reduction to benzene 671-673
cyclohexanes
Limonene tetrabromide (117) Four-electron reduction tc limonene 674
(118)
Diethyl meso-2,3-dibromo- Two-electron reduction to diethyl 676
succinate (119) fumarate (120)
Diethyl dl-2,3-dibromosuc-  Two-electron reduction to diethyl 676
cinate (121) fumarate (120)
2,3-Dibromobutane-1,4-diol Two-electron reduction to 2-butene- 677
1,4-diol
Pesticides derived from Several products are obtained 667
hexachlorocyclopentadiene
Perchloro-1,5-hexadiene Two-electron reduction to per- 678

chloro-1,3,5-hexatriene

H,C CH,
B
I'Br
HB CH
SR8 /N
H,C CH,Br H,C CH,

a1 (118)
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iy H. o -COEt Br
E:ozc\Z;COaEt —_— (u: «——— H Cg%zf‘ (223)

Br Et0,C” H e

(119) (120) (121)

The polarographic reduction of relo-dihalides has been explored.
Under favourable steric conditions cyclic ccmpounds are formed but

reductions and rearrangements may also take place (reactions 224—
226)°%79,

Br CH2
© —_ (224)
Br CH,
225
Br > (225)
Br «
Br
1 — & e
Br

5. Aromatic halides

These compounds are more difficult to reduce than alkyl halides. The
process is a two-electron reduction in which halide is expelled and a
hydrogen atom takes its place. Polyhalogenated aromatic compounds
undergo stepwise reduction®®. Studies of several halonitrobenzenes in
non-aqueous solvents show that the initial step is a one-electron wave
yielding the anion radical which rapidly dissociates to halide and nitro-
phenyl radical®® 682, Some reduction processes are summarized in Table 24.
Various Hammett plots for halobenzenes were studied®ss. 683,
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TaBLE 24. Polarographic reduction of some aromatic halides

Compound Remarks Reference
Bromopyridines Two-electron reduction 684
Chloropyridines Two-electron reduction 684
Halopyrimidines Complicated mechanisms conducent to 685

dehalogenation and further reduction
Iodonitrobenzenes Two one-electron waves in DMF 681, 682
m-Chloronitrobenzene  No halide loss 681
p-Fluoronitrobenzene No halide loss 681
m-Dibromobenzene Two two-electron waves corresponding 686

to a stepwise reduction to benzene
o-Dibromobenzene One four-electron reduction 686
Todobenzenes One-electron reduction, rate-determining 687, 688
o-Bromochlorobenzene Benzyne formation 686
Iodobenzoic acids pH-dependent reduction 689
Todoanilines pH-dependent reduction 689
p-Cl-, m-Br- and p- Three one-electron reduction steps to 690

Bromobenzophenone benzophenone in DMF

6. Vinyl halides

Similarly to aryl halides these compounds are more difficult to reduce
than alkyl halides. rrans-1,2-Dihaloethylenes may undergo acetylene-
forming elimination, (reaction 227) while the cis isomer undergoes a

C - H -
~ -~ 2e ~ &
ct” ¢ Ccl” TCN
l—Cl‘
. 2e-,2H*
HC=CCN '—W CH,=CHCN (227)
Cl Clge-  CI -
H/c,:_-\,\ = CI™ 4+ /C——-C\CN
C'\ /H 2e-,H* -
/C=C\C -————> CHy=CHCN + CI
(228)

two-step halide reduction (reaction 228)%!, Some examples are sum-
marized in Table 25.
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TABLE 25. Polarographic reduction of some viny! halides
Compound Remarks Reference

Diethyl bromofumarate (122) Two-electron reduction to diethyl 692
fumarate (123)

Bromomaleic acid (124)¢ 692

Dihalo ethylenes Two-electron reduction to an 693, 694
ethylene

3-Chloro-2-phenylacrylo- Two two-electron steps reduction 695

nitrile (125) to 2-phenylpropionitrile

Dibromoolefins Two-electronreduction toacetylenes 691
(cf. reaction 227)

1,1,4,4-Tetraphenyl-2,3- Two-electron reduction to a 696, 697

dihalobutadienes (126) cumulene (127)

Triphenylbromoethylene Two-electron reduction in dimethyl 698
formamide. The resulting tri-
phenylethylene may be reduced
further to triphenylethane

1-Chloro- and 1-bromo-3- Various mechanisms, depending on 644, 699

methyl-1,2-butadiene (128) the presence or abserce of pro-
tonic donors

Pesticides derived from hexa- Several products are obtained 667

chlorocyclopentadiene

% Bromomaleic acid and its esters lose configuration partially and undergo

dimerization:

Br—C—CO,H H—C—CO,H H—~C—CO,H
I > | + [
H—~C—CO,H H—C—CO,H HO,C—C—H
(124) HO,C (I:ozH
|
+HO,CCH=C———C=CHCO,H
Br—C—CO,Et H—C—CO,Et CICH=?CN
I Il
Et0,C—~C—H EtO,C—C—H C.H.
(122) 123) (125)

(C5H5)2C=?—‘(|:=C(CGH5)2

X X
(126)

(CH,),C=C=C=C(C:H)). (CH,),C:C:?H

(127) X
{128)
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7. a-Halo acids

The ease of reduction of three a-bromo acids was found te be as shown
in relation (229)700,701,

CH, CH, H
| | |
CH,—C—CO,H > H—C—CO,H > H—C—CO,H (229)
| | |
Br Br Br

The E; value for organic halides is generally pH independent2 703, How-
ever, compounds containing groups affected by pH near the halogen, such
as a-bromoalkanoic acids™, iodoacetic acid, iodobenzoic acids’ and
iodoanilines®®®, show complications. At low pH values the protonated form
is reduced in a pH-independent process, and the same occurs, at another
E; value, for the deprotonated form at high pH values. At intermediate
pH values, not much larger than the pK, of the acid, the mechanism is
such that the transition state seems to be that of the protonated form of
the substrate, as shown in reaction (230).

RCHXCO;y 25 x- 4+ REHCOH — % 5 RCH,COr (230)

The reduction of optically active 2-phenyl-2-chloropropionic acid
yielded an optically active product of inverted configuration?s,

8. Activated halides

Halogen atoms o to carbonyl, nitro or nitroso groups are very easily
reduced in two-electron steps. The reduction of «-halo ketones is pH
independent and resembles Sy2 displacements®®, Some examples of
reductions of these compounds are summarized in Table 26.

H Cl H H
Br ~
CoHsCGCH,Br d;ﬂ t-Bu% l-Bum
o o) H ©O c 0

(129) (130) (131) (132)
Cl

O fast 2e",H* -
= A NN

Cl H O (@)

H
(231)
Y
2e. H* - — 232
CH;,(,:CH;, s=oe” X +CH3€IHCH3 p— CHSﬁCH3 (232)

N= N=0 NOH
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2e~, low pH

Br
CeHsCCH
él) NG,

.|

+

CBHs(':=CHN02
o~
+ Br—

Br 2e=- H+
o~ 2e=, H* (high pH)
CeHsC=c_ 2

o- NOz

C‘st,('3=CHNO2
o-
+ Br-

Il
o

167

CoHsC=CHNO,
OH

|

CeHsCCH,NO,

(233)

TaBLE 26. Polarographic reduction of some activated organic halides

to reaction (233)

Compound Remarks Reference
Phenacyl bromide (129) Two two-electron reduction steps, 709
the second one corresponding to
acetophenone reduction
a-Haloacetones Some contradictory results were 707
found on reducing di- and mono-
haloacetones
a-Bromocamphor (130) Two-electron reduction to camphor 674
2-Chlorocyclohexanone Two-electron reduction (reaction 708
23D '
Pentabromoacetone Three two-electron waves, appar- 710
ently due to reduction of dibro-
moacetic acid and bromoform
(see Table 22) into which penta-
bromoacetone is hydrolysed
trans-4-t-Butyl-2-chlorocyclo- Two-electron reduction to the 711
hexanone (131) ketone. Reduction easier than
that of 132 with E; equal to
that of 2-chlorocyclokexanone
(reaction 231)
cis-4-t-Butyl-2-chlorocyclo- Two-electron reduction to the 711
hexanone (132) ketone; more difficult than re-
duction of 131
o«-Halo aldehydex Two reduction waves to the alcohol 712
2-Halo-2-nitropropanes Two-electron reduction to 2-nitro- 713
propane
2-Halo-2-nitrosopropanes Two-electron reduction according 713
to reaction (232)
" a-Bromo-o-nitroacetophenone Two-electron reduction according 714
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C. Mass Spectrometry

In section II. E the application of mass spectrometry to elementary
analysis of halogen compounds was considered. In the following section
some features of the degradation patterns of organic molecules will be
correlated with their structure. The molecular peak is the most abundant
peak corresponding to the radical ion obtained from a molecule M,
according to reaction (234) and its m/e value is designated as M. The
most abundant peak in a mass spectrum is called the base peak, and is
given an arbitrary intensity of 100%.

-+
M+ e” > M® 4+ 2e- (234)

1. Alkyl! halides

For terminal halides R—X the abundance of the molecular peak
decreases in the order: R—H>R—I>R—RBr> R~—Cl>R—F, in accord-
ance with the ionization potentials that decrease in the reverse order:
R—I<...<R—F"5 The abundance of the X* ion decreasing in the
order I*>Br*>Cl+>Ft, is in accord with the electron affinity of these

elements”8, When R increases the molecular ion [R—X}Jt tends to
disappear?,

The molecular ion of alkyl halides can undergo «-cleavage of two types
(reactions 235a, b) and halogen radical loss (reaction 235c). «-Cleavages
are most favoured with fluorides and their importance decreases in the
order F> Cl>Br>1. On the other hand, halogen radical loss is usually
preferred over o-cleavage and its importance increases with the atomic
number of the halogen?1?-71°,

—H* +
: > R—CH=X* «—» R—CH—X (235a)
H (mfe M—1)
I + —~R* +
H—-Cll—-X~ —1—> CH,=X* «— CH,—X (235b)
R (mle14 + X)
—X*
(mfe M) ———> RCH; (235¢)

(mfe M2

In n-alkyl chlorides and bromides (but not iodides) where the alkyl is
sufficiently large (n-hexyl and upwards) one of the most prominent peaks
(sometimes the base peak) corresponds to ion 133 arising as shown in -
reaction (236)"*719. Branching at the «-site drastically reduces the inten-
sity of this peak and increases that of the M —HX peak8,
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el +
R——/r._‘,-?qz “CH, —R’ X
\ 2T —> ¢ 7] (236)
CH,CH,
(133, mje 56 + X)

Among the lower secondary aikyl chiorides the tendency to lose CI° is
nearly equal to that of losing HCI, while in similar tertiary alkyl chlorides
the tendency to lose CI® is prevalent. The general tendency in alkyl
fluorides and chlorides is to lose hydrogen halide. This need not be,
however, a 1,2-elimination’®. The ions obtained from such eliminations
show the homologous series of fractionations, similar to that of the
corresponding alkanes?9,

The decomposition pattern of an alkyl halide depends on the rest of the
molecule. For example, the molecular ions of both the exo (134) and endo
(135) isomers of S5-chloronorbornene undergo a retro-Diels-Alder reaction
(237)72L. The exo (136) and endo (137) isomers of norbornyl bromide, on

the other hand, undergo typical alkyl halide fragmentations (reaction
238)722,

+ { t
~CH,=CHCI_ m <= CH.=CHCI
237
Cl H (237)

H ‘ (mfe 66) cl
(134) (135)
T T
H Br
(136) (137
[ CHzX 4: CHZ-*—
=X (239)
(m/e 91)
" CH,CH,Br]% CH,*
—CH.Br, (240)
3 X 2 X
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The benzy! cation (or an isomer) is produced from benzyl halides by
halogen elimination (reaction 239)?2%724. The analogous cation is also
produced from side-chain halogenated alkyl benzenes as shown in reaction
(240)892,

The loss of bromine in 2-bromoethyl benzoates involves neighbouring
group participation of the carboxylic carbonyl as was shown by scrambling
of the labelied oxygen (reaction 241)725,

CHBr]T  _ar /0
CeHs—C. ;. CHe o)

2. Aromatic halides

In aryl haiides the molecular peak is more abundant than in alkyl
halides. The loss of a halogen atom is an important process’?. The C—F
bond in aromatic fluorides is also more stable than in other types of
fluorides?23, 726,

Degradation patterns are usually complicated by rearrangements
occurring in the aromatic ring prior to degradation. For example, halo-
genated phenylacetylenes undergo total randomization of the acetylenic
and aromatic hydrogens prior to C,H, elimination’?’, and variously
substituted chlorobenzenes undergo carbon scrambling before C1° loss?8,

3. Polyhalogenated compounds

Polyhalogenated, and in particular perhalogenated, compounds tend to
undergo the so-called ‘random rearrangements’ during the degradation
of the molecular ion, and this makes it difficult to correlate spectra with
structure™?, e.g. in fluorine compounds CFJ (m/e 69) is a very intense
ion; however, the trifluoromethyl moiety need not be present in the original
molecule; the ion C;Br,F} (m/e 232, 234, 236) appears in the spectrum of
BrF,CCF=CFCF,Br; some fragmentations may cause confusion as to
the structure of the parent molecule, as shown in reaction (242)373¢ for

a,,x-trifluorotoluene, while fluorinated benzenes lose éFa or C.JHF2 731,

CF, 7% T F Y

@ — ¢k @ (242)

The most abundant peak of perfluoroparaffins is CF} (m/e 69) which is
also strong in other compounds containing the CF3 group. The CF* ion
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(mfe 31) is also prominent, especially in the case of unsaturated fluoro-
carbons. The molecular peak of fluorocarbons and other perhalogenated
compounds is usually small; however, the M —F ion is prominent in small
fluorocarbon molecules™2. The M —CF, peak is also important in com-
pounds containing the CF; group?2. The presence of unsaturations such
as double or triple bonds in a fluorocarbon molecule tends to stabilize the
molecular ion and to give stronger molecular peaks. The mass spectra of
fluorocarbons, perfluoro fatty acids and fluorinated ketones have been
reviewed?33,

As with paraffins, in the case of fluorocarbons the series of ions of
formula C_ F,, ., is such that each of these ions is the most abundant
among those containing n carbon atoms. The only exception is the
M —CF; peak, of formula C,F,, ;. A common impurity accompanying
perfluorocompounds is SiF, arising from traces of HF or F, that reacted
with glass and this gives rise to the ion SiFF (m/e 85)™4. Fluorocarbon
compounds can be used for calibration of the mass scale of mass spectro-
meters’3,

The mass spectra of polychlorinated ferrocenes have been discussed22,

D. Dipole Moments

The negative bond moments of the C-halogen bonds (C—F 1-51,
C—Cl 1-56, C—Br 1-48, C—I 1-29) and other groups can be used in
estimating the dipole moment of a structure?3. Such estimates may be
helpful for verifying structural assignments after the dipole moment has
been determined experimentally® 475 and a few examples of such applica-
tions follow.

The dipole moment of 1,2-dibromoethane (~ 1D)?3 is indicative that
this compound does not exist exclusively in the anti conformation (138) or
in a state of free rotation. This, together with additional spectroscopic
evidence, was proof of the existence of the gauche (139) conformation3.

GH 5 GH 5
138) (1 39) (140) (141)

The most stable comformations of the two diasteroisomers of stilbene
dichloride, namely those where the phenyl groups are anti to each other,
should have dipole moments nil for the meso form (140) and a large one for
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the dl form (141). The actual values found for two such components were
1:27 and 2-75p and could therefore be assigned the meso and dl/ con-
figurations respectively?®.

Compounds of formula CX,, where X is a non-linear, freely rotating
substituent will have a dipole moment of 2u, where y, is the component
of the dipole moment of the group in the direction of the rotation axis;
for example, methyl orthocarbonate, C(OCHj),, p 0-8D, and pentaery-
thrityl nitrate, C(CH,ONO,),, ¢ 2:0D. Pentaerythrityl halides [C(CH,X),,
X = Cl, Br, I] have, on the other hand, a nil u value, which was interpreted
as the absence of free rotation in these compounds?8 739,

Vinylidene dihalides of cis configuration show high dipole moments
while those of srans configuration are either nil or low, depending on the
other substituents. For example for cis-CHX=CHX the dipole moments
are: X = Cl, 1:89p; X = Br, 1-35p; X = I, 0-75p7%,

When estimating dipole moments of vinyl and aryl halides the meso-
meric release of the halogen in the direction opposite to the C-halogen
bond dipole has to be considered?5. Correlations between dipole moments
and properties of the OH groups were observed in halogenated phenols?4°.
The conformations of 4-halocyclohexanones were studied in parallel by
dipole moment measurements and n.m.r. spectroscopy’.

E. Ultraviolet Spectra

Introduction of an a-substituent in a cyclohexanone system causes a
wavelength shift in the 280 nm absorption band of cyclohexanone, as
shown in Table 27. By this method it was found that the equilibrium of

TABLE 27. Effects of «-substituents on
the 280 nm absorption band of cyclo-
hexanone?42, 743

Alpax(nm)

a-Substituent
Axial  Equatorial

Fm ~16 ~0
Cl 22 -7 -
Br 28 -5
OH 17 —-12
OzCCHg 10 '_5

«-halocyclohexanone was displaced to the axial halogen conformation
(142b, R = H) but the equatorial halogen conformation (142a, R = CHj)
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was preferred if a methyl group cis to the halogen was introduced in
position 4 (reaction 243)742,

o) R X
R\% P — H/‘m (243)
& ) H o

(142a) (142b)

F. Optical Properties of Asymmetric Compounds
I. Optical rotation

Measurements of optical rotations both at a fixed wavelength (given as
specific rotations [a]p or molecular rotations [M];)* or over a wavelength
rangz (o.r.d. curves, [M] vs. A) have been applied in the elucidation of the
absolute configuration of organic halides. Indeed, these compounds are
especially amenable to successful predictions owing to the high atomic
refractions of the halogens (see Table 28), a property on which optical

TABLE 28. Atomic refraction of substituents?45

Substituent Atomic Substituent Atomic
refraction® refraction®
1 13-954 CO.H 3-379 (4-680)
Br 8-741 CH, 2-591
SH 7-729 NH, 2:282
Cl 5-844 OH 1-518
Cc=C 3-580 (7-159) H 1-028
=N 3-580 (5-459) D 1-004
=C 3:379 (6:757) F 0-81
C:H; 3-379

3 The values for polyatomic groups are given as measured at their point of attach-
ment. The refractions of 2 group as a whole are given in parentheses.

rotations are strongly dependent. It should be noticed in Table 28 that I,

Br and Cl are among the strongest groups while F is the weakest.
Brewster developed a series of useful rules for correlating the absolute

configuration of a compound with its optical rotation. A molecule with

* The [«]p values are optical rotations per unit concentration expressed in a
g/l basis, under a certain experimental set up; [M]p values are defined as
[a]p x molecular weight according to certain authors or [«]p x molecular
weight/100 according to others?%%, The [M] values of o.r.d. are calculated per
mole/l unit.
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one asymmetric centre, represented as Cabed, where the atomic refractions
of the substituents stand in the order a>b>c>d will be dextrorotatory
or levorotatory, according to whether it can be superimposed on formula
143 or 144 respectively. This approach is valid when the groups attached
to the asymmetric carbon do not impose a preferred conformation on the
molecule, as was shown in a number of cases?8.

a a
7N ¢ IS @a’ a
ad—C—cC c—C—a
N/ N
dextrorotation levorotation ) =)
(143) (149) (145) (146)

When conformations are distinguishable the molecular rotation of a
conformer is determined by the sum of partial terms over all the gauche
pairs that can be defined. Each term has the form shown in the empirical
equation (244), where R, and R,. are the atomic refractions of groups a
and a’, and the sign is determined by whether the conformation in a
Newman projection fits 145 or 146. Brewster’s rules also help to predict
the most important conformation attained by a compound¥. Thus, for
example?®, 2-chlorobutane can be in three conformations (147-149), of

CH, CH, CH,
H,C H H CH, H H
H cl  H Cl H cl

H CH,

(147) (148) (149)

which 148, with a methyl staggered between methyl and chlorine, should
A[M] = +160 R R, (244)

be unimportant. The contributions of 147 and 149 are given in equations
(245) and (246) respectively. The qualitative prediction of nearly equal
importance for conformers 147 and 149 with [M} = 3(170—60°) = 55° is
supported by the experimental value of 36°.

[M] = 160(yRyre Ry —yRu Roy+yYRoy Ry — Ry

+y Ry Ryre— Ryze) = — 60 (245)
[M] = 160(y Ryje Ru — Ry Rey+ Ry Rate—  Rate R

+ Ry — Ry Ry) = 170 (246)
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The same principles can be applied to compounds with more than four
atoms in a straight chain, to saturated cyclic compounds™® and to endo-
cyclic unsaturated compounds?s°,

The optical rotation of a compound at the sodium D line is only one
point of the dispersion curve, and it may be situated in a long-wave tail
of rotation sign opposite to that of the peak rotations. In such cases
Brewster’s rules fail. For example™!, of the three isomers of «-{(iodo-
phenoxy)propionic acid of the same absolute configuration, the meta and
para isomers have their optical rotation of sign opposite to that of the
ortho isomer.

A different approach is now being developed in which the [M ], value
is correlated empirically with the bond refractions of the groups sur-
rounding the asymmetric carbon. Linear equations such as (247) are
obtained in which @ and b vary with the carbon skeleton of the com-
pound?52,

[M]p = aSRp+b (247)

2. Optical rotatory dispersion

The shifts shown in Table 27 for the u.v. absorption peaks of cyclo-
hexanones have a similar counterpart for the peaks and troughs of o.r.d.
curves’®. The amplitude of the peak is nearly doubled for an «-axial
substituent and the sign of the Cotton effect can be inverted by introducing
an «-halo group. The latter phenomenon depends on whether the «-axial
haloketone attains one or other of the configurations 150 or 151754755,
a-Fluoroketones do net exhibit this effect because of the low atomic
refraction of fluorine. Deviations from these rules due to boat conforma-
tions are discussed elsewhere?.

Positive Negative
Cotton effect Cotton efiect
(150) (151

Various applications of the a-haloketone rules have been made:

(i) If on «-halogenation the Cotton effect is reversed the halogen is
axial. If the sign is not reversed but the amplitude has increased and the
peak maximum is bathochromically shifted the halogen is also axial?™®,

(i) If an o-halogen is known to be axial and the configuration of the
rest of the molecule is known, then the position at which the halogen is
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inserted can be known from the sign of the Cotton effect. For example?8,
the brominated product of 2,3-seco-6-ketocholestane-2,3-dioic acid has a
negative Cotton effect and thus gives the structure 152 with the bromine
at position 5 (compare with 151) and not at the alternative position 7.

CH,q
CH, . CoHyg
HO,CCH,

HO,CCH,

Br o
(152)

(iii) If both location and conformation of the halogen are known the
absolute configuration of the haloketone and keione may be deduced.
For example™® 77  (rans-decalone (153) yields 2-bromo-trans-decalone
(154) with a strong positive Cotton effect, thus showing that the absolute
configuration of 153 and 154 are as depicted in reaction (248) and not their
enantiomorphs.

H H
m s %W @)
H © H O g

(153) (154)

The structure involving the keto group need not be a rigid one if further
information or assumptions are introduced. Thus, for example™8, if it is
assumed that the electron-rich centres N and O of an amino and a keto
group in the same molecule will repel each other while the N+t of an
ammonium group will attract the ketonic O, ther: the Cotton effect of
3-benzoyl-3-chloro-1-methylpiperidine in octane and aqueous acid solvent
can be correlated with the absolute configuration, as shown in Table 29.

(iv) If the place of substitution and the configuration of an axial
a-haloketone are known then the conformation may be deduced. For
example?% 759 a 2.chloro-5-methyl-cyclohexanone was isolated from the
chlorination of (4 )-3-methylcyclohexanone (155« 156). The product has
one of two possible configurations, each of which may have two stable
conformations, as depicted by the pairs 157=>158 (frans) and 159=160
(cis). In octane solution the a-chloro is axial and the Cotton effect is
negative, pointing to 157 as the preferred conformation with a trans
configuration. In methanol the Cotton effect becomes positive, pointing
to 158 as the preferred conformation. These solvent effects on the pre-
ferred conformation have been observed also in 2-bromocyclohexanone™®,
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TABLE 29. Cotton effects for the two enantiomorphs of 3-
benzoyl-3-chloro-1-methylpiperidine?s8

Solvent N—O Conformations and sign of Cotton
interaction effect
s
N

Octane Repulsion
Cl CcHs eHs\

Negative (cf. 151) Posmve (cf. 150)

CHS <':H3
H—NT
Aqueous  Attraction
acid
//—c1 cn—\\
CGHS 6H5

Positive (cf. 150) Negative (cf. 151)

WA\\;Q%

(155) (159)
(157)

Il 1l |l
A, P e,

(156) (1538) (160)

Also open-chain ketones can sometimes assume a preferred conformation.
Thus for example™3, in 17«-bromo-38-acetoxy-Sx-pregnan-20-one the
Cotton effect is negative pointing to 161a with the carbonyl directed away
from Cgg, as the preferred conformation, while the non-halogenated
steroid has a positive Cotton effect and conformation 161b.
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CH;,4 Q
X C
H3Cia) =0 H3Cue) E—CH,
) i
Br H
(161a) (161b)

G. Infrared Spectra

A large number of works have appeared dealing with assignments and
correlations of the various vibrational modes in organic halides, and these
have been summarized to various extents®’»2%761-763 Some of the correla-
tions found are given in Table 30 and the sections below deal briefly with

TaBLE 30. Examples of correlations found for the infrared spectrum of organic
halides

Type of compound® Correlation? Reference

1 CHX (a) v(C—X) and force constant of 763
H—X stretching
(b) (C—X) and C—X distance 763
() vW(C—X) and electronega- 764
tivity of X
(d) See items 4(b) and 6(a)

2 X—Hal, (a) Vibrational frequencies of XBr,, 765
to XCl, and of XI, to XBr,,
where X is a polyvalent element

3 CH,=CHX (a) »(CH,=, wagging) and various 766
o substituent constants

(b) v(CH,=, wagging) and »(CH, 767
out of plane) of XC=CH com-
pounds

4 HC=CX° (a) See item 3(b)

(b) v(C=C) and C—X force con- 768
stant in CH;—X

5 N=C—CiH,—X (a) C=N stretching intensity and 769, 770
X Hamimett ¢ constants
6 N=C—X° (a) »(C=N) and C—X force con- 768
stant in CH;—X
7 HO—CiH;,—X (a) v(OH) and X Hammett ¢ con- 771-776
stants
(b) v(OH) and pKkK, 771-776

(¢) OH stretching intensity and X 771-776
Hammett o constants

(d) OH stretching intensity and 771-776
pPK:
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TaBLE 30 (cont.)

Type of compound? _Correlation® Reference
8 HO,C—CiH,—X (a) v(OH, non-associated) in non- 777,778
aqueous solvents and pKX,
9 HO,C—Rx (a) v(OH), non-associated) in non- 778, 779

aqueous solvents and pK,
10 XCH.CH,Y; X, Y=Br, (a) »(C—X)and dielectricconstant 780

ClL, F of solvent
11 XCH,CH,CN (@) v(C—X) and dielectric constant 780
of solvent
12 X,C=CX,; X=F, C], Br, (@) v(CX,, bending) and changesin 781
I electronic and geometric struc-

ture of the molecule
13 H,C=CX,; X=F, Cl, Br (a) Asinitem 12

a X are various substituents, halogens included. Rx are halogenated aliphatic
radicals.

® The correlations are usually linear, v’s are stretching frequencies, uniess indicated
otherwise.

¢ See Table 31.

the various types of compounds containing C-halogen groups. The
C-halogen vibrations are rather unimportant but the group exerts a
marked influence on nearly all the vibrational modes of other nearby
features of the molecule.

I. C-halogen vibrations

The C—1 bands occur at 500-600 cm—!, those of C—Br in solution
near 560 and 650 cm—1, C—Cl at 600-800 cm~?! (usualiy in a more restricted
region, say 700-750 cm™1) and C—F in the 1000-1400 cm™! region (in
simple compounds a very strong band appears in the 1000-1100 cm™1!
region)?®,

In cyclohexane systems axial halogen has lower frequency than equa-
torial halogen, e.g. axial Cl 688 cm™!, equatorial Cl 742 cm™?, axial
Br 550-590 cm—! and equatorial Br 700-750 cm™12?®, The C,F; group
presents bands at 1325-1365 and 730-745 cm~! %%, Halogenated aromatic
compounds present characteristic substitution patterns in the 1100 cm~1
region™®?, Two rotamers of 4-halo-1-butenes were recognized from the
analysis of C-halogen stretching frequencies’3.

7
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2. Alkyl halides

The C—H stretching frequencies are raised by fluoro substituents?®, e.g.
for R;CHF, v(C—H) 3000 cm~! (Ry is a perfluoroalkyl group). The
symmetrical deformation frequencies of CH;—X are raised for F
(1475 cm™!) and lowered for Cl (1355cm™1), Br (1305cm™*) aad I
(1252 cm™?) relative to a hydrocarbon (1370-1380 cm—1)763,

3. Vinylic halides

Table 31 shows the stretching frequencies of the ethylenic double bond
variously substituted with halogens. For all series of analogous compounds
the frequencies are in the order F>Cl>Br>1I, usually with F much
higher than H and Cl approximately the same as H. The C=C twisting
frequencies do not vary with the halogen but halogenated ethylenes differ
from non-halogenated ones (Table 31). The CH,==, wagging, on the
contrary, shows no effect of halogen, except for fluorine (Table 31).

Perfivorination has a strong influence on the C==C stretching fre-
quency, even when F is not directly attached to the double bond, affording
frequency increases, as shown in Table 32.

4. Halogenated ketones and aldehydes

Two C=0 stretching bands are observed on introducing one «-halogen
into an open-chain ketone, one in the original frequency and one at a
raised frequency. A second gem-halogen does not change frequencies but
changes the intensity ratio of the bands while a third gem-halogen elimi-
nates the lower frequency band. If halogen atoms are introduced in the
o’-position a further raised frequency band appears. The higher frequency
bands correspond to conformations where the halogen and the carbonyl
are eclipsed while the lower bands correspond to gauche conformations.
For example, in a-chlorocyclohexanones the equatorial form has a higher
C=0 frequency than the axial form, and a parallel effect is observed for
the C—Cl stretching frequencies?3 785,

Perfluorination of one or both alkyl radicals attached to a carbonyl
group causes a substantial rise in the C=0 stretching frequency, e.g.,

RC(=O0)R’ (1700-1725 cm )2 < RC(=0)R’ (1770 cn—1)*®
<RFC(=0)R'F (1785 cm~1)? 787,788

The carbonyl frequencies of pentane-2,4-dione (162) and 1,5-diphenyl-
pentane-2,4-dione (163) do not change on halogenation of the central
carbon, presumably because these compounds are both before and after
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TABLE 32. C=C stretching frequencies (cm —?) of olefins
and their perfluoro analogues? 763

Structure® Perhydrogenated Perfluorinated

~
Se=c_ 1623 1872
R(l:=C< 1640-1645 1800
RE=CR 1635-1675 1735
R,c=c_ 1640-1660 1750
| |
K 7T
c=C 685 1789
[
P
! l
£=¢ 1686 1754
~ Ve
/C\C/_‘C\
A
[ I
KT
C=C 1685 1740
<7/ \ -
< J2N
7N

¢ The empty bonds are to be filled with H or F atoms and R represents accordingly
an alkyl or a perfluoroalky! radical.
b Determined by Raman spectroscopy.

halogenation in the enolic form (164), with the C=O0 and C-halogen
bonds pointing away from each other’s3,

a-Halogenation of aldehydes raises the C==0 stretching frequencies but
no double bands appear due to rotational isomers™?, as was the case with
o-haloketones. This may be due to free rotation in a-haloaldehydes which
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.H
[ [ o Yo
CH,CCH,CCHj, CHsCH,CCH,CHCH,C4H; g é
(162) (163) R” \f R
X

disappears in «-haloketones or «-haloacyl halides (e.g. CF,C(=O)F)",
Evidence for rotational isomerism in dihaloacetaldehydes was found from
i.r. and Raman spectra™ and from n.m.r. spectra’™2.

5. Halogenated alcohols and phenols

B-Halo alcohols and o-halophenols present two bands assigned to the
O—H stretching vibration: the higher frequency one corresponds to the
free OH and the one at lower frequency to the hydrogen-bonded OH, as
depicted in 165763 793-795_ The Av value observed for the two bands increases
from nearly O for F to 95 cn—* for I. Most studies with fluoro compounds
involve a five-membered ring formation; however, if a six-membered
ring is formed, as in o-trifluoromethylphenol (166), a displacement of
18 cm™! is observed in isooctane’™®. The proportion of hydrogen-bonded
OH is the largest for F and decreases gradually with the atomic number
of the halogen. For example, 2-chloroethanol presents O—H stretching
bands at 3365cm™! of the gauche, hydrogen-bonded rotamer and at
3500 cm™1 of the trans, free OH rotamer. The presence of a non-hydrogen-
bonded gauche rotamer in relatively low concentrations could be also
recognized’™. Perfluoroalkyl carbinols (RzCH,OH) show the O—H
stretching band at frequencies as low as 3300 cn—12°, See also Table 30.

_F.. o
F,C ‘H *c’o\H
H | :
X" Yo O X
o-d O
c—C
(165) (i66) (167)

6. Halogenated carboxylic acids and derivatives

a. Free carboxy! groups. Under ordinary resolution, halogenated
carboxylic acids show only one C=0 stretching band for the monomeric
form and one for the dimeric form, both of which increase in frequency
with increasing halogenation. «-Chloro fatty acids have the C=O band at
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1720-1740 cm—17%8. A study of fluoroacetic acid with high resolution
showed five C==0 stretching bands, two of monomeric rotamers and
three of dimeric rotamers’®® 89, Apparently no hydrogen bonding of the
type depicted in 167 occurs in o-halobenzoic acids™” 78, Perfluoro car-
boxylic acids present their C=O stretching frequencies at 1775 cm™!
while the ordinary saturated fatty acids have this band at 1700-1725
cm™! 29, See also Table 30.

b. Carboxylates. The carboxylate anion has two stretching frequencies
(Veyms Vas) Which do not vary much with unsubstituted radicals, be they
alkyl, aryl or vinyl. However, with other substituents big variations are
observed®®l, The v,, frequencies follow the same order of increase as that
occurring in the carbonyl stretching, although the displacement in carbonyl
compounds is larger. The v, frequencies are always lower than v,, and
their ordey does not parallel that of v .. The v,, and v, frequencies of
X—COj are ordered as shown in relations (249) and (250) respectively.

£-Bu (1551 cm~%) < Et < Me (1583 cm~') = CH,I < CH,Br < CH,C!
= CH,CN < CHBr, < CH,F < CHCI, (249)
< CBry (1659 cm~') < CCIl, < CF, (1689 cm™")

CBr, (1338, 1355 crn~') < CCl, < CHBr, < CH,CN < CH,I < CHCI,
< CH,Br < CH,Cl < Me (1413 cm™?) < Et (250)
< CF, ~ CH,F (1448 cm™")

Again, as was the case with carbonyl compounds, the possibility of
multiple bands arises when cis and gauche conformers exist, as is some-
times revealed in the Raman spectra of aqueous solutions?3,

¢. Esters and thioesters. o-Halogenated esters behave similarly to
a-halogenated ketones, with a high frequency C==O stretching band for
the eclipsed C-halogen C=0 bonds and a low frequency baud for the
gauche conformation. In «-fluoro esters the cis conformation is slightly
more stable than the gauche form®*205 The gauche conformation of
a-halo thioloesters (XCH,C(=0)SR or X,CHC(==O0)SR) has the highest
C=0 stretching frequencies8.

d. Acyl halides. «-Halogenation has the same effect in acyl chlorides
as in ketones on the C=O stretching frequencies. The high frequency
band moves to lower frequencies with increasing w«-halogenation’®.
Mono- and dihaloacetyl chlorides were found to be in two rotational
states in the vapour and liquid phases’%%.88  Further details on the i.r.
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spectra of these compounds are treated elsewhere in the Furctional
Groups series®?,

e. Amides and thioamides. No change in the C=0 stretching fre-
quencies of an amide is observed on introducing one «-halogen. On
second halogenation tertiary amides show two peaks corresponding to
rotamers, whereas secondary amides show one peak only, at slightly
raised frequencies, corresponding to an internally hydrogen-bonded
species. In the series of halogenated acetamides o-chloroacetamide has
the same C=O stretching frequency as acetamide, dichloroacetamide
shows a frequency increase by 21 cm~?! and incipient doubling of band,
and trichloroacetamide shows a further rising of 16 cmm—1810,

The N—H stretching frequencies of fatty acid amides shift to lower
frequencies and higher intensities on introduction of one «-halogen. On
further halogenation the frequency rises although not to the originali level
and the intensity remains enhanced®1-813, There is probably competition
between intramolecular hydrogen bonding and the intermolecuiar type
common in amides84,

Two isomers can be isolated from the anilides of thiosalicylic acid when
properly substituted by halogens, as shown in reaction (251). The influence
of halogen on the various absorption bands is very strong (the B-band is
typical of thioamides)®S.

X
?
s H
H—N" Ss° (251)
X
»(NH) 3325-3340 cm~* »(NH) 3240-3300 cm™?
v(OH) 2600-2800 cm™* »(OH) 3320-3430 cm™*
»(B)  1490-1536 cm™—! v(B) 1518-1555 cm™?

7. Halogenated acetylenes and cyanogen halides

The C=C and C=N stretching frequencies in compounds X—C==CH
and X—C==N (Table 33) undergo frequency shifts similar to those
observed for vinyl halides, namely an increase for X=F and a gradual
decrease for Cl to Br to I (see Table 31). The influence of CH,-halogen
groups is only slight (Table 33). See also Table 30.
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TaBLE 33. Stretching frequencies (cm~1) of
acetylenes and nitriles of formula X—C=CH

and X—C=N¢*
X =C—H C=C C=N
F 3355° 2255¢ 2290
Ci 33400 21100 2214
Br 3325° 2085° 2200
1 3320 2075® 2175
Me 3320 2130 2255
Et 3320 2121
FCH, 3322 2148
CICH, 3315 2132
BrCH, 3315 2126
ICH, 3315 2128

% From references 763, 768 and 816-818.
b In gaseous state.

8. Nitro-halo compounds

The N==0 stretching frequencies (v 4, V4y,,) in compounds of general
formula XCH,—NO, change according to the nature of X as shown in
relation (252) for v, and relation (253) for v, 1% 8%0.

C~N<OR<Ci<F (252)
N~OR<Cl<F<C (253)

H. Nuclear Magnetic Resonance

This method is extremely useful for the structural elucidation of organic
halides. The information available may be of various types:

(i) Variation of the chemical shift of protons in the neighbourhood of
the halogen.

(ii) Splitting of bands due to asymmetry introduced on halogenation.

(iii) Spin-spin coupling of *H with nearby °F nuclei.

(iv) 1°F magnetic resonance spectra.

(v) Coupling constants of various magnetically active nuclei and
satellite spectra.

Many textbooks and reviews on this type of spectroscopy?’ 821-825 and
useful compilations of actual examples®?¢ have appeared.

I. Chemical shifts of '

Table 34 summarizes the chemical shifts of alkyl protons with various
types of halogen substitution. Geminal attachment of a proton and a
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halogen atom causes a strong displacement to lower fields, which is

weakened with distance.

TaBLE 34. Typical chemical shifts (& p.p.m.) of the protons in

alkyl halides®

P:roton types X = F Cl Br I
CH;—X 4:25 3-05 2-70 215
C—CH,—X 4-50 345 3-40 3-15
C\
CH—X 4-80 4-05 410 4-25
7/
C
CH,—C—X 1-55 1-55 1-80 1-75
C—CH,—C—X 1-85 1-80 1-85 1-80
C\
CH—C—X 215 1-95 1-90 2:10
7/
C

¢ From reference 27.

A useful method for estimating chemical shifts is the use of shielding
constants. These are increments characteristic of each substituent group
attached to a proton-bearing group to which a fixed chemical shift is
empirically given. For example, the chemical shifts of X—CH,—Y can
be calculated according to equation (254), where Zx and Zy are the
corresponding shielding constants taken from Table 35 27827, The results
are only a helpful approximation, correct to within + 0-5 p.p.m., and big
deviations are sometimes obtained, as shown in the examples of Table 36.

TABLE 35. Shielding constants Z (p.p.m.) for various
substituents in compounds of the type X— CH ,—Y 37, 827

Substituent VA Substituent A
—C=C 1-32 —CF, 1-21
—C=C 1-44 —CF, 1-14
—CH, 0-47 —Br 2-33
—C.H; 1-85 —Cl 2-53

—I 1-82
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TABLE 36. Examples of chemical shifts (5 p.p.m.)
of methylene groups

Compound Calculated® Observed®
CH,=CHCH,CI 4-08 4-08
CH,=CHCH,Br 3-83 3-93
CH,=CHCH,I 3-37 3-87
CH,CH.Cl 323 3-57
CHgCHzBr 3-03 343
CH,CF,CH,Cl 3-97 363

o From data in Table 35, according to equation (254).
b In chloroform solution, from reference 826.

S(CH,) = 023+ Zx +Zy (254)

Many interesting applications of the chemical shifts and coupling
constants to the study of comformations in halogen compounds have
appeared with increasing frequency in recent times (see for example
references 785, 792, 828-832).

Shielding constants have also been proposed for the substituents
attached to an ethylene centre, so that the chemical shift of each of the
olefinic protons can be calculated according to equation (255)832. The Z
values for various substituents appear in Table 37. These calculations are
only approximate as is shown in Table 38, with an estimated standard

8(olefinic H) = 528+Z ., +Zoi;+ Zyons (255)

TaBLE 37. Shielding constants (p.p.m.) for ethylene substituents,
for the estimation of chemical shifts of ethylenic protons83

Substituent Zoem Zois Zirans
—H 0 0 0
—alkyl 0-44 —0-26 —0-29
—alkyl (ring)® 0-71 —-033 —0-30
—C=C 0-98 —0-04 —0-21
—C=C (conjugated further) 1-26 0-08 —-0-01
—aryl 1-35 0-37 —0-10
-l 1-00 0-19 0-03
—Br 1-04 0-40 0-55
—CH,Cl 0-72 012 0-07
—CH,Br 072 012 0-07
—CH,I 0-67 —0:02 —-0:07

¢ The double bond is part of the ring.
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TasLz 38. Examples of chemical shifts of olefinic protons

(8 p.p.m.)
Compound Proton Calculated” Observed®
HA__CH,Br A 5-95 6:02°
~c=CT_
HB Br B 575 5-62°
HA\C_C/CH?_CI (A 543 542
s Ci 13 5-54 5-59
HA =C/CH3 A 557 5:52¢
8" Br B 5-39 5-33¢
H ~ /CHzef A g:g‘g ~ 532
_C=C{ B ~512
HE HC c 600 ~ 605
. A 526 5-15
HAL o Ot B 521 505
HB8”  HC c 595 593
cl
HaCsomel A 573 577
H,C HA
A
CHL o A 612 5-93
HA~ CH,Ci
-0 10
HA\C::C/Br A 7-03 7-1
H,Ce~  Hs B 669 675

¢ From data in Table 37 according to equation (225).

5 In chloroform solution, from reference 826.

¢ The assignments in reference 826 show proton B at a field lower than proton a,
however, the assumptions underlying such assignments were probably erroneous
(private commurication by Dr. L. F. Johnson of Varian Associates).

deviation of +0-15p.p.m.2%3. Various effects observed in the n.m.r.
spectra of halogenated olefins were reviewed elsewhere in this series®34.
Many studies have been concerned with the additivity correiations of
substituent effects with chemical shifts and coupling constants in sub-
stituted aromatic compounds in general and halogenated aromatic com-
pounds in particular83s-838,
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2, Asymmetric halogenated centres

a. Small molecules. The introduction of halogen in aliphatic chains is
frequently coincident with the formation of an asymmetric centre at the
halogenated carbon. This makes the protons of an adjacent methylene
group magnetically different, even in cases when free rotation is extant.
If these methylene groups are not coupled with too many protons it is
possible to assign with ease the various multiplets of the spectrum®2, For
example, (1,2-dibromoethyl)benzene (168), a molecule in which the
a-carbon is asymmetric, shows in its spectrum a multiplet near é 4 p.p.m.,
corresponding to the protons on the B-carbon, and a multiplet near
8 5 p.p.m., of the proton on the a-carbon. The schematic representation
and assignments of these multiplets appear in Figure 12.

Br
He. Br
Cc
C6 H5 - H
H
{168) /J u
ooyt y o M
“act [Ac ‘Xc
N
JBC 3?5’

4
o

CH2

FIGURE 12. Splitting of the aliphatic proton signal of «,8-dibromoethyl-
benzene. Spectrum determined in chloroform-d solution with tetramethyl-
silane as internal reference®?®®, Reproduced by permission of Varian Associates.

An important application of these spectral properties is the determina-
tion of the tacticity of vinyl polymers, among which polyvinylchloride is
of special interest in the present chapter®®, and the principles on which
such determinations are based will be outlined here.

Before dealing with the polymer it is convenient to consider a much
simpler case, namely 2,4-dichloropentane?0-843  which exists in two con-
figurations, racemic and meso.
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Under the assumption that staggered conformations are to be preferred
all along the molecular chain, then steric interaction among the groups
present at two consecutive carbon atoms will cause that in the racemic
form only two conformations become statistically important. These con-
formations are 169 and 170. In both conformations the two methylene

{169) (170)

protons are isosteric. If it is assumed that the J coupling between two
vicinal protons depends on whether they are trans (J,) or gauche (J,;) to
each other, then the racemic forms will give rise to two coupling constants,
one for protons A and B (equation 256) and one¢ for protons A’ and B
(equation 257), in which both forms 169 and 170 intervene, owing to their
fast rate of interconversion. The coefficients x, and x, represent respec-
tively the proportions of forms 169 and 170 i1 the mixture. On subtracting

JAB = xcht+X2Jg (256)
Top = X+ x5 J; (257)
Jag—Jap = Op—x) (J,—J) (258)

equation (256) from (257), equation (258) entices, showing that one
doublet should be obtained only in the case when x, = x,, and two
doublets otherwise. Experimentally it was found that the latter is the case.

The case of the meso configuration is more complicated as it corresponds
to an AA’BC spectrum. It will not be discussed here but it may be pointed
out that essentially the same principles intervene, although the expressions
for the J couplings become more involved than equations (256) and (257).
Similar studies have been carried out for 1,2,4,5-tetrachioro-perfluoro-
pentane®*, 24-dibromopentane®? and other non-halogen substituted
pentanes®22,

b. Macromolecules. The ideas developed above regarding the spectra of
2,4-dichloropentane can be extended to high polymers8?28%, From the
point of view of configurational regularity along a chain of polyvinyl-
chloride three types of strands can be recognized: isotactic (171), syndio-
tactic (172) and atactic (173).

The methylene groups of an isotactic sequence have a structure resem-
bling that of meso-2,4-dichloropentane, those of a syndiotactic sequence
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isotactic syndiotactic
(17m) (172)

atactic
(173)

have the structure of one of the racemic forms and an atactic strand has
some of its methylene groups resembling meso forms and some resembling
racemic forms. The methylene groups of polyvinylchloride in chloro-
benzene solution appear as a complex multiplet which can be resolved
into two overlapping triplets. The first one centred at & 2-04 p.p.m. attri-
buted to the racemic methylenes and the second one centred at 2-22 p.p.m.
for the meso methylenes® (the triplets arise from splitting by two adjacent
CCIH protons). Characteristic bands are also shown for the CCIH protons,
at 84-29 p.p.m. for isotactic strands, 4-52 p.p.m. for syndiotactic strands
and 4-41 p.p.m. for heterotactic regions (either atactic or transition between
two regions of different tacticity). Each band is a quintet arising from
splitting by two adjacent methylenes.

The considerations for the methylene groups in polyvinylchloride
mentioned above were referred to one methylene group flanked by two
chloromethine groups. However, frequency analyses of longer sequences
have also been carried out®¥*86, The n.m.r. spectrum of polytrifiuoro-
chloroethylene has been studied344,

3. '*C magnetic resonance

Chemical shifts of 13C have found limited application, but they may
be of aid in structural analysis in the future, both because they become
more accessible with the newer instrumentation and because of the wide
range of values they cover (about 350 p.p.m.)®2% 847 Attachment of electro-
negative groups to 13C causes deshielding, but iodine or more than one
bromine on the same atom cause shielding, e.g. methyl iodide-3C is more
shielded than methane-3C38. The ¥C magnetic resonance spectra of
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chlorinated ethanes and ethylenes has been studied®® and stereochemical
assignments similar to those of section V., H. 2. a have been made, based
on 3C magnetic resonance spectrad®,

Of more immediate application are the satellite spectra arising from
13C1H coupling, as they are superimposed on the ordinary proton spectra.
Satellite spectra are closely related to the s character of the C—H bonding
orbital, and the coupling constants Jsg are nearly proportional to this
value, as shown in equation (259), where psp is the percentage of s
character of the bond®? (see, however, reference 852). For compounds of

pca = 0-20Jcy (259)

general formula CHXYZ the value of Joy is an additive function of the
substituents83, The sign of Jiscuy is positive85* and that of Jisqusp is nega-
tive and its value is about 250 Hz853. Bilinear correlations between Jog
and 8(*3C) or 8(*H) have been observed for methane derivatives CH,—X,
with the halides forming a separate class®2,

4. '"H-""F spin-spin coupling

Coupling between protons and fluorine nuclei can be observed in the
ordinary proton spectra and are very useful in structural elucidation.
Geminal couplings are of the order of 45-55 Hz but they may increase up
to 75 Hz in compounds with the CHF,Z structure with electronegative Z
groups®®. Vicinal couplings tend to follow a Karplus behaviour similar to
that of ordinary H-*H couplings, but substituents may cause large
variations in the Jgp values’®% 831.856-858 H_FE couplings can be established
through 3-4 carbon-carbon links and also through space as will be
discussed below.

In a series of studies on fluorinated steroids82%859-862 it was found that
H-F couplings are established if the vector anchored on C and directed
along the C—F bond intersects the vector anchored on C and directed
along the pertinent C—H bond. This has been called the converging
vector rule®® 80, For example the 68-fluoro steroid 174 shows splitting
of the signal belonging to C;4,Hj, as these protons fulfil the rule on freely
rotating around the Cg3~Cq, axis. In the 6a-fluoro isomer 175 the
pertinent vectors are divergent and no coupling is observed. In the difluoro-
methylene derivative 176 of a steroid only one C;4 Hj splitting is observed,
due to the coupling with FA while FB cannot afford such coupling?.
Studies on the long range couplings of F-F and F-H are now in
progress?63, 864,

N,N-Dimethyl-o-fluorobenzamide (177) shows H-F coupling with
one of the methyl groups, as these are non-equivalent, due to restricted
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C-- H—> <—H-—C—H—>
I ! FA
(174)
(175)

(176) .

rotation around the amidic C—N bond?®3. N,N-Dimethyltrifiuoro-
acetamide (178) shows at room temperature two quartets for the non-
equivalent methyl groups, due to restricted rotation (179), which coalesce
at higher temperatures where free rotation is prevalent8és,

.
O« _N v
SeTeH, o CH o- CH
F Se-NT S o« =Nl
Q F,C”7 “CH; F,C CH,
ur (178) (179)

The H-F couplings in aromatic compounds are strongest for ortho
protons (~ 6-10 Hz), somewhat weaker for meta protons (~ 6-8 Hz) and
weakest for para protons (—2 to +2 Hz)*?%.

5. '*F Magnetic resonance

The n.m.r. spectra of fluorinated compounds have been reviewed?®?% 823,
Chemical shifts are usually measured in the & scale, in p.p.m., with respect
to trifluoroacetic acid used as an external reference. The ® scale has been
proposed, using CCI;F both as reference and solvent, and it is designated
as ®* after extrapolation to infinite dilution. For fluorocarbons and their
halogen derivatives equation (260) holds?®?3.

5= d* — 765 (260)

The & values of organic fluoro compounds vary in the range of — 150 to
+ 150 p.p.m. with respect to CF;CO,H. The lower fields, from 100 to
150 p.p.m. correspond to flucrine-containing groups such as —C(=0)F,
—C(=S)F and —SO,F. However, nearly all other fluorinated groups
appear upfield from 0 p.p.m.3.

It is hard to correlate chemical shifts with the usual deshielding pro-
perties of substituents. For example, the chemical shifts of trifluoromethyl
halides increase with the electronegativity of the halogen, from ®*
5 p.p.m. for CF;—I to 69 p.p.m. for CF;—F. In perfluoroisopropyl
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halides, on the other hand, the deshielding of the secondary fluorine atom
follows a reversed order, with ®* 131-2 p.p.m. for >CF—F to 148-6
p.p.-m. for > CF—I. At the same time the chemical shifts of the trifiv oro-
methyl groups in these compounds follow the opposite order, from ®*
757 p.p.m. for the 2-iodo derivative up to 82-8p.p.m. for
perfluoropropane8?s,

The influence of dispersion forces arising from other groups within the
molecule and froin the solvent seems to be very important in determining
chemical shifts of fluoro compounds®®?. The chemical shifts and coupling
constants of some perfluorovinyl compounds have been studied8®.

19F-19F spin—spin couplings are important not only in vicinal nuclei but
even at a distance with 3-4 intervening carbon atoms®22828, The coupling
between geminal fluorine atoms has been measured in many compounds
and was found to have very high J values, e.g. 284 Hz for perfluorocyclo-
hexane®®, It has been suggested that F-F coupling can take place through
space, if the nuclei are at a distance shorter than 2:73 A, and therefore
certain conformations may contribute strongly to long-range coupling87°.
This statement has been criticized, however®?%8?2, The sign of the through-
space F-F couplings has been determined in various compounds®3.

I18F spectra are convenient for studies in conformational analysis as the
large differences between the chemical shifts shown by the various con-
formers allow an easier ‘freezing’ of the conformations, as compared to
1H spectra. Such studies have been reported for fluoroethanes®’ and
fluorocyclohexanes?85 331,

Applications of F magnetic resonance in the analysis of hydroxylic
compounds have been reported: mixtures of o- and p-alkylphenols are
placed in trifluoroacetic anhydride for 5-24 h and the 1°F spectrum in
trifluoroacetic acid solution is determined. All esters present distinct &
values with the ortho isomer at ~5-17 Hz downfield from the para
isomer. Quantitative determinations of such ortho—para mixtures can also
be performed®?s. The optical purity of alkan-2-ols was similarly determined
by first preparing the r-mandelate which was then trifluoroacetylated
(reaction 261). The CF; peak of the L,L diasteroisomer appeared always
at a field lower than that of the p,L diasteroisomer, by 1-5-2-5 Hz 87,

ROH + CGH,—‘CHCOQH _— CsHsfHCOZR {CELCOMO, ¢ H,CHCO,R (261)

OH OH 0O.CCF,

l. Nuclear Quadrupole Resonance

Of the ‘organic’ elements listed in Table 6, those with nuclear spin
I>1 possess a nuclear quadrupole moment. Nearly all these nuclides
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show only one resonance frequency v while *I and O show two
resonance frequencies.

As the theory of these spectra is too abstruse to be summarized in a few
paragraphs, only some results will be mentioned to point out the impor-
tance of this analytical tool in the field of organic halogen compounds.

Pure nuclear quadrupole spectra are usually obtained for organic com-
pounds in the form of a polycrystalline solid at low temperatures. The
resonance frequencies v are proportional to a quantity called the nolecular
quadrupole coupling constant and denoted as e>?Qq (some authors use eQgq).
The proportionality constant is a function of 1. The resonance frequencies
for halogen compounds are for the case I = ¢ as shown in equation (262)
and the two frequencies for 7 = 3 as shown in equations (263) and (264).
The g factor is the electrical field gradient 1n the z direction of the principal
axis system of the resonating nucleus, and it is produced by the eleciron

_e20q(, 7\
v=— (1 +—§) (262)
3e®Qq
3e2Qq
Ve = 07 A +5Em?» (264)

cloud surrounding the nucleus. The asymmerry parameter m is a measure *
of the difference of the electrical field gradient in the x and y directions
of that co-ordinate system, and it is usually of the order of 0-01-0-1 for
organic halides.

The €*Qq value is 2 measure of the ionic character of the C-halogen
bond and is given usually as the resonance frequency v. The 7 value, on
the other hand, is a measure of the double-bond character of this bond.
Only for **'I can the values of both ¢*Qg and 2 be found by simultaneously
solving equations (263) and (264). For the chlorine and bromine nuclides
additional information is needed to estimate 7. This can be obtained from
rotational spectra or molecular beam spectra.

The subject of nuclear quadrupole spectroscopy and its applications has
been dealt with in detail elsewhere®? 878,

It happens that the pure nuclear quadrupole spectra of organic halides,
especially chlorides, have been extensively studied. The resonance fre-
quencies of CI, Br and I lie respectively in the 15-60, 150-350 and 150-
700 MHz ranges. Table 39 summarizes some correlations that have been
found for organic halides of various types.
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TaBLE 39. Some correlations involving the nuclear quadrupole spectra of

organic halides

Type of compound Correlation® Reference
RCH,CIl (RCH,*Cl —v(Et*Cl) vs Taft’'s o* 878
coristants (see next entry)
R*RR3CCH v =232-5+101% 0¥+ 0¥ +03)+035 879
Organic chlorides and (wlve)sr vs (v/ve)al 878

bromides

Organic chlorides and
iodides

CH,;..,Cl, (1= 1,2,3,4)
CHF;_,Cl, (n = 1,2,3)
CF...Cl, (n=1,2,3,4)
Chlorinated cyclopropanes

Alkyl iodides

Aryl and alkenyl chlorides

X—C=N, X—C=CCH,,
X—CH=CH, and
X—CHchs

Substituted chlorobenzenes

Substituted bromobenzenes

Substituted iodobenzenes

CgHe_nCln (n = 1, .. ,6)b

RSiCl,
RIR2R3SiCl

RIRZR3GeCl

»(RBr) —»(MeBr) _ W(RCIl)—»(MeCl)
W(MeBr) V0 w(MeCD)
¥/ve)1 vs (v/vo)a

v(RI) —v(Mel) v v(RCD —v(MeCl)
W(MeD) 0T (MeCl)

GJvg) Vs 1

/vg) vs n

(w/vg) vs n

v vs effective electronegativity at the
halogenated carbon

v vs half-wave potentials in polaro-
graphic reduction

v and 7 values vs double-bond char-
acter of C—33Cl

v vs C—X bond length for X = 35Cl,
81Br, 127]

v(Ar*Cl) = 15826 + 1-024c

v(Ar®Br) = 227-19 + 8-18¢

v(Ar®1Br) = 226-932 + 7-6930 + 2-98

v(Ar'?7I) = 267-0 + 1-4240

v and n values vs double-bond char-
acter of C—1*71

v vs half-wave potentials in polaro-
graphic reduction

(/ve) vs n
@/vo) = Wve)em,01 + 1300, + 0451,
+0-25n,

v = 18:919 + 0-4570* £ 0-099

v = 16-649+ 0-399(cf + o + o)
+0-128

vy = 17-420+ 0-937(0} + o + o¥)

878

880-883
880-883
880-883
884
885
886
886
887
888, 889

889
889

885

890
891

878
878

878

2y values in MHz.v, is the frequency of the element in its atomic form. o and o* are
Hammett and Taft substituent cozstants.
b n,, n,, and n, are the number of chlorine atoms at positions ortho, meta and para
relative to the pertinent chlorine atom, and may have the values 0, 1 or 2.
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INTRODUCTION

This chapter discusses the nature and fragmentation patterns of gaseous
ions whose behaviour is influenced by the presence of a carbon-halogen
bond. To help in this a brief discussion of some general, relevant points
will first be presented.

The most frequently used method of producing ions is the bombard-
ment of a gaseous substrate with a beam of electrons of known kinetic

223
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energy. Collision between an electron and a gaseous molecule can result
in one of several processes (1)~(3) of which (1) is normally the most
important at electron energies much above the ionization potential. When
a molecular ion is first formed fragmentation may occur with or without
rearrangement. Rearrangement can also lead to radical ions, i.e. [F,]*" or
[F;]~" and non-radical neutral fragments in processes (1) and (2).

M*® 4 2e
A
Mt+e ——> FFf+F,+ 2 1
> (2)

Mte — FT+F
M+e —— Fi+F+e 3

Ionization by light and subsequent study either of the ions produced
(photoionization spectroscopy)! or of the energy of the electrons produced
{photoelectron spectroscopy)? is also important. Processes similar, but not
necessarily identical to (1) and (3) can occur. A mass spectrum then con-
sists of the ions produced by any of these interactions or by the subsequent
breakdown of these ions.

The most generally accepted theory of positive ion formation, the
Quasi-Equilibrium Theory (QET)>? proposes that upon electron impact
molecular ions with a variable excess internal energy (F) are formed.
Before fragmentation this energy reaches an internal dynamic equilibrium
and the fragment ions are then formed by a series of competitive and
consecutive unimolecular reactions. A much simplified form of the theory*
gives equation (4) for the rate [k(E)] of such a fragmentation. In thisvis a

K(E) = v(1 — Eo/EYNT! ®

frequency factor similar to the Arrhenius A-factor and E, is the minimum
excess energy for the reaction to occur. N represents, in principle, the
number of degrees of freedom in the ion, but in practice it often has to be
reduced® or modifiedS.

Since in a conventional electron impact mass spectrometer the spectrum
is produced by expelling the ions from the ionizing region (source) about
10-% s after formation and collecting them after about 10-5 s, observable
fragmentation only occurs if A(E)> 10° s~ This implies that for a given
E, a minimum excess energy (E,) is necessary for the ions to fragment in
the source and a slightly lower energy (£,,) for the ions to fragment before
collection. This approach is shown in the (arbitrary) graph of N(E), the
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number of molecular ions with an excess energy in the range E to E+dE
(Figure 1) against E. The area under this curve to the left of the line
E = E_, represents the intensity of the molecular ion, the area under the
curve and between E = E, and E = E_ represents the intensity of the
so-called metastable ions breaking down in flight?. Extending McLafferty’s
approach’ there is an energy F, such that the intensity of the molecular
and all the primary fragment ions is represented by the area under the

N(e) \

m S E—.—d

FIGURE 1. Arbitrary graph of N(g) v(¢).

curve bounded by E < E;. The metastable ions can often be used to identify
some of the precursors® of a particular ion. Unless there are only secondary
fragment ions of weak intensity the relative abundances* of the primary
fragment ions cannot be even taken as a semi-quantitative guide to the
amounts of these ions originally formed.

If an ion fragments in two ways to give the ions ¢ and b, then in those
parent ions where EY > E> EZ fragmentation can only give a. Competition
can occur only in those ions where E>FE? and this requires that v,>v,
(see equation 4). In ions where E> EY frequency factors have more
influence on the abundances of the two ions®. Thus at high electron
energies reactions with high frequency factors will be relatively more
important than those with low frequency factors and necessarily lower E,.
If the intensity ratio (a)/() increases with decreasing electron voltage then
Eg¢ < E?. This does not necessarily imply that, if b is formed by a direct
cleavage reaction, then 2 must be formed by a rearrangement, since direct
cleavage reactions could have quite different frequency factors. Experi-
mentally, it is often, but not always, found!®!1 that a rearrangement
process has a more intense metastable ion, and this is often taken as

* The intensities of metastable ions relative to normal ions are always low
and unless specified abundances means of the ions formed in the source (normal
ions).
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evidence for an otherwise undetectable rearrangement, involving perhaps
neighbouring group participation!?13. However, this criterion cannot be
regarded as unequivocal.

In order to determine E, and E_, the ionization potential of the molecule
[I(M)] and the appearance potential (A[Fj]) of either the normal or
metastable form of the ion [F;]* must be determined*. These are the
electron beam energies at which the ions are just detectable. The difference
between the appropriate appearance potential and the ionization potential
gives E, or E, 15,

Where an appropriate appearance potential has not or cannot be
determined, a minimum estimate of E; is given by AH,—I(M). AH, is the
difference between the heats of formation of the products and the reac-
tants. Since A[F*] is positive then, if AH, is positive, the appearance
potential can be equated (equation 5) to AH, and the excess energy (E,),
if any, imparted to the products.

A[F+]=AH +E, = AH,[F+]+AH(Neutral products)+ E,—~AH(M) (5)

Since I(M) is defined by equation (6) it can be seen why this minimum
estimate of E, is reasonable, if E, is small. This will often be the case, if

I(M) = AH,IM*+']~ AHy(M) ©)

the reaction has a high frequency factor and low E,. If the frequency
factor is low, then for the reaction to occur in the source E, must be
somewhat larger than E, Thus E, will be important and this effect is
called the kinetic shift”’. If the reaction is not the fastest, then for it to be
observed E, must be larger than E, and again £, will be appreciable. This
is known as a competitive shift’”. However in these cases the minimum
estimate of E, may explain why an ion is not observed. Although the
atomic composition of [F,]* can be determined®*?, use of equation £5)
implies an assumption of this ion’s structure and those of the neutral
fragment(s). If A[F*] is known, then equation (5) can be used to check
these assumptions, in particular ruling out combinations which make E,
negative.

li. DATA SELECTION, PRESENTATION AND ERRORS
The following section applies to data in the text and in the tables unless
otherwise indicated.

A. Intensity Data

In this work X denotes a halogen, (Z) means the intensity of the [Z]*
ion. In the case of the monohaloalkanes'® and the monchalo-aromatics!?,
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unless otherwise specified, the m/e values versus intensity data have been
taken from the work of McLafferty. For the polyhaloalkanes the data of
McCarthy?® have been used, supplemented where necessary by data from
compilations which give the eight!® or ten?® most intense peaks. Where
more than one spectrum of a compound was available, the results were
averaged in terms of the total ion current carried by each ion, but spectra
containing spurious peaks were first rejected. In the case where the only
spectrum available contained spurious peaks the obviously spurious
peaks were rejected. In all cases the intensities of the ions containing the
heavier isotopes of chlorine and/or bromine were added to that of the ion
containing only the lighter isotopes. Intensities are given as a percentage
of the total ion current unless otherwise stated. Variations of + 5% occur
in spectra of the same compound run under different conditions and will
not be considered significant, if observed between the spectra of two
compounds, unless the spectra were run under the same conditions.
Where the intensity of a particular ion is not recorded in the compila-
tions'®20 a maximum estimate was made by taking its intensity as equal
to that of the least intense ion recorded. In intensity ratios this is denoted
by the symbols < or > as appropriate.

B. Energetic Data

Tonization and appearance potential data were taken from the compila-~
tion of Franklin and coworkers?! unless otherwise indicated by references.
When several reasonably similar values for these (or for AH’s for ions)
were recorded, these were averaged, otherwise an attempt was made to
decide on a ‘best’ value. Jonization potentials determined by electron
impact on the same machine for a series of reiated compounds are probably
accurate, relative to each other, to +0-05eV (eV = electron volts) and
appearance potentials to +0-2 eV and differences less than this will be
neglected. In some cases larger differences are recorded in values observed
by different research groups (see Tables 5 and 20). More accurate values can
be determined by photoionization and photoelectron methods, but these
may not involve the same excitations as electron impact. Generally in
comparing these with electron impact values the vertical ionization
potentials are used. Thermodynamic data for the neutral species were
taken from the book of Stull, Westrum and Sinke?2.

i, THE MASS SPECTRA OF THE HALOALKAWNES
A. Nature of the Ground State of the Molecular lons

The electron impact ionization potentials of the normal primary mono-
haloalkanes and the corresponding alkanes are given in Table 1.
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By examination of the photoionization curves of alkyl bromides and
alkyl iodides Hashmall and Heilbronner®® and Cocksey and coworkers24,
respectively, showed that in the ground state of the molecular ion the
charge is essentially located on the halogen. This can also be deduced
from the compazrison with the ionization potentials of the corresponding

TaBLe 1. The ionization potentials of some n-alkanes and n-
haloalkanes (R—Y)*

Y
R —
Cle Br® Ie H Fe
Me 11-2 105 9-55 12-9 12-8
Et 11-0 10-3 9-35 11:6 12-7
Pr 10-8 10-2 9-20 111 12-2
Bu 10-6 10-1 9-20 10-6° 11-7
Am 10-8? 10-1 9-20 10-45° —

@ These agree well with the photoionization data of Hashmall and Heilbronner?3
(Y = Br), Cocksey and coworkers®! (Y = I) and Watanabe and coworkers®s (Y == CI)
except for n-butyl chloride (10-8 eV).

® These are photoionization values; they are in good agreement with the electron
impact values in the other cases.

¢ Calculated, as described in the text, except for methyl fluoride, whose photo-
lonization ionization potential is 12-50 eV?28,

4 All values in electron volts (eV).

hydrocarbons. In the alkanes the charge is assumed to be delocalized over
the whole of the molecule and in the chlorides a similar situation, judging
by the electron impact ionization potentials, seems to exist when the alkyl
group is larger than ethyl. In the case of methyl chloride Cocksey and
coworkers? imply that the lone-pair ionization potential is the lowest,
but Krauss and coworkers?® consider that the matter is not as clear as
that. However, Cocksey and coworkers have analysed the ionization
potentials of all the alkyl halides except fluorides?* and found that they
can be represented by equation (7) where y_x, depends only on the

IR—X) =IM—-X)+xr-x l My Q)

halide and pg only on the alkyl group. This would imply a similar charge
localization in each case. In contrast to this in the methyl compounds a
plot of the ionization potentials against Taft’s inductive constant (¢;)%
gives a straight line except for methyl iodide. This would suggest a different
charge location in the iodides. Linear extrapolation against o; of the
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ionization potentials of the chloride and the bromide give the calculated
ionization potentials of the fluorides recorded in Table 1; the correspond-
ing iodide does not fall on this line.

The photoionization data?*? show that the ionization potentials of
the secondary and tertiary halides are a little lower {ca. 0-1 eV) than those
of their primary isomers. This is possibly due to stabilization of the small
induced positive charge on the carbon carrying the halogen, but a similar
effect is also noticeable in the corresponding hydrocarbons. In the latter
this is presumably due to overall changes in the orbitals which are
delocalized over the molecule and a similar process could occur in the
halides.

The effect of polyhalozenation is shown by the data in Table 2. There is
no change in the ionization potentials on substituting the hydrogens in
methyl bromide by bromine. However, the substitution of fluorine or

TABLE 2. Ionization potentials {in eV) of molecules of the type
CXaY4-n

n  CF,Clg_n® CF,Bry_.t CF,H,_,¢ CCl,H,_° CBr,H,_3?

0 11-47 10-50 12-90 12-90 12-90
1 1177 10-70 13-07 11-28 10-53
2 12:31 10-90 13-29 11-35 10-49
3 12:91 11-85 1477 11-42 10-51
4 15-00¢ 15-00¢ 15-00¢ 11-50° 10-50

¢ Photoionization data.

b Photoionization data, reference 28.

¢ Photoionization data, reference 29.

4 For CF, this is the spectroscopic value, reference 30.
° Electron impact value, reference 31.

chlorine for hydrogen results in an increase in the ionization potential
relative to the monohalomethane containing the least electronegative
halogen. This can be explained in the case of CF,Cl,_, and CF,Br,_, by
assuming that the location of the charge in the least electronegative halogen
destroys the stabilization in the neutral molecule due to partial back-
bonding between this element and the carbon.

B. Fragmentation Processes in the Haloalkanes

Three primary fragmentation processes (8), (9) and (10) are observed.
The relative intensity of the ions depends on the nature and number of
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R'R?R3C* 4+ X* (82)
R'RIRC —~X1**

X* + R'RRC’ (8b)
RFURIRIC —X1+* ——— [M—XY]** 4- XY (9)

R'* 4+ RERC=X" (10a)
R'R?R?C —X1t*

R?RC=X1* + R" (10b)

the halogens, the chain length and its branching, if any. The intensities
for all these cations and for the molecular ions in the case of the straight-
chain primary alkyl halides are given in Table 3. A fairly detailed study
by thermodynamic and other techniques has been made of the ions
corresponding to (8a) and (9) and the energetic data for these two reactions

TABLE 3. Intensities of the molecular ions and the ions formed by frag-
mentations (8)-(10) in some normal primary alkyl halides (R*R?*R3C—X)

X =F¢ X =CCl°
Ion or
Fragmentation R R
Me Et Pr Bu Me Et Pr Bu
(M) 47 5 1 V.S. 74 42 3 0-2
(8a) 6 1 1 1 12 16 4 1
) — 4 10 17 — 16 40 38
(10a) —_— — 38 21 — 1 16 12
(10b) (R*# H) — 15 3 2 — 8 3 1
(10b) (R'=H) 41 54 01 — 7 2 — —
Total 94 79 53 11 93 85 66 52
X = Br X =1
(M) 63 60 19 7 60 56 26 18
(8a) 15 16 40 26 7 20 38 33
(8b) 4 4 1 22 8 S 2
)] —_— —_ 3 3 — — 1 1
(10a) — — 2 1 — — — —
(10b)(R*#H) — — 1 1 — 1 1
(10b)(R*=H) 13 — — — 8 — — —
Total 95 80 66 38 97 84 71 55

¢ Process (8b) is effectively absent. v.s. = very small.
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are summarized in Table 4. In principle (8a) is a direct cleavage reaction.
However, in the case of #-propyl and n-buty] chloride the observed values3?
are too low to fit direct cleavage according to equation (5) and have been
interpreted by Baldwin and coworkers® as evidence for rearrangement.
These low values seem to be due to an experimental artifact since 50% of
the ion current at m/e 43 and 60%; of the ion current at m/e 57, respectively,

TasLE 4. Energetic data for processes (8a2) and (9) (eV) in normal primary
alkyl halides (R'R2R3C—X)

X =F° X =Cl X = Br X=I
A@Ba) A9 (@) (9 @B (¢ (Ba) (O
Me 14:5(16) — 23 — 22 — 28 —
Et 133 107 13 035 12 10 17 18
Pr 132 10-8 13 030 11 1-0 12 20
Bu 13-4 112 14 040 11 06 12 18

@ Calculated appearance potentials except for methyl fluoride where the value in the
brackets is the Ej.

b Calculated on the assumption that the hydrogen lost is on the carbon remotest
from the carbon carrying the fluorine, assuming Green’s arguments are correct®?
(see section I11. B).

¢ Calculated (see section 1I1. B).

4 Calculated assuming 1,3-elimination; see section III. B.

¢ E4 values.

7 For process (8b) in the methyl halides the E; values are X = Cl, 5-3, Br, 4-2 and
I, 3-8 eV,

are due to the 13C, isotope of the ion at m/e 42 and 56. In both cases this
has a lower appearance potential®® and, as shown by Baldwin and co-
workers in a similar case®?, this will lower the observed appearance
potential for the alkyl ions. In some long-chain alkyl bromides and
iodides evidence has been produced for the isomerization of the [M-X]+
ions before subsequent fragmentation3. This suggests but does not
require isomerization before or during the formation of these ions.

In the case of process (9), Dufficld and coworkers®® have shown by
labelling that mainly 1,3-elimination occurs in the case of n-butyl chloride
and that in the case of 1-chloropentane about 85% of the elimination is
1,3 and the rest is 1,4. For n-butyl fluoride, 1,3-elimination accounts for
40%, and 1,4 for 50%; in 1-hexy! fluoride 1,4-elimination accounts for 227,
at 70 eV and 31% at 12 eV, whereas 1,5-elimination accounts for 767, at
70 eV and 63% at 12 V%, In the case of n-propyl chloride AH;[C;Hg]*"
is 244 kcal/mole which agrees well with the AH; of the cyclopropane
cation (245 kcal/mole), but is about 15 kcal/mole higher than that for the
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molecular ion of propene. In the case of n-butyl chloride AH,[C,H¢]*"
observed is 234 kcal/mole, about 13 kcal/mole higher than for the mole-
cular ion of I-butene. For the methylcyclopropyl cation AH, is 231 kcal/
mole®® which is in reasonable agreement with this value. In this case and
the others discussed below an alternative explanation would be that the
olefin was formed with excess energy. In view of the labelling evidence
this seems unlikely, the main significance of the thermodynamic evidence
being that it agrees with the labelling evidence. For n-pentyl-1-X, AH,
values of 222 (X = Cl) and 227 (X = F) kcal/mole are obtained from the
appearance potentials, These are a little high, particularly in the case of
X =F, for the formation of the molecular ion of I-pentene (AH; =
214 kcal/mole) but are in good agreement with the value for the cyclic
cation (AH; = 225 kcal/mole). The AH, values for the ethylcyclopropy!
and methylcyclobutyl cations are not available for comparison.

The work of Green and coworkers®® gives further insight into the
factors controlling this elimination reaction. In the case of 2-n-pentyl
chloride, analysis of the spectra of compounds 1 and 2 not only showed
that about 909 of the elimination was 1,3 but that at electron voltages
near the appearance potential the preferred conformation for elimination
corresponds to the more stable cis-isomer of 1,3-dimethylcyclopentane,
which molecule the transition state 3 presumably resembles. The
preference probably represents a difference in frequency factors due to the

D Cl H Cl }:-] ......... C.}
H--)\T/k»H D--)\}/M-‘-H H-c H C-H
/ \
H:C Y CH, HiC b CH, HC \il/ H
m €] ®

greater population of the more stable conformation. The difference
between the two conformers can only be a few hundred cal/mole and the
difference in populations would become smaller at higher electron volts.
The preference for elimination via this conformation drops at higher
electron volts in keeping with these ideas. That such a small difference
shows up lends support to the suggestion3® of Duffield and coworkers that
the absence of 1,4-elimination in the case of n-butyl chloride is due to the
higher bond energy of a primary carbon-hydrogen bond, whereas in the
case of n-pentyl-l1-chloride, the observed 1,4-elimination involves a
secondary hydrogen. The frequency factor will of course be lower for a
I,4-elimination but the E, value may also be lower for a reason pointed
out by Green and coworkers33. They point out that in the transition state
for this elimination in these compounds the hydrogen and halogen come
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closer together as the number of intervening carbons increases. For
chlorine the distance apart is less than the sum of the bonding radii when
the number of intervening carbons is three or four; for fluorine, due to
its smaller bonding radius, this requires four or five carbons. When the two
atoms can get within the sum of their bonding radii, the E, value will be
a minimum due to maximum bonding in the transition state. Thus a
compromise between these two factors will determine which elimination
(1,3, 1,4 or 1,5) predominates. Thus the slight change in bond energy
between the two hydrogens involved in the case of 1,3 and 1,4 in n-butyl
chloride may explain the absence of 1,4-elimination here. Although the
larger transition states observed for fluorides (cf. chlorides) are in keeping
with this argument, yet the decrease in relative importance of the 1,5-
elimination in the case of 1-n-hexyl fluoride with decreasing electron
voltage is peculiar. This would suggest a relatively higher E, but in the
absence of complete spectra easier subsequent decomposition of the
[M-HX]*" ion so formed cannot be ruled out. Finally, this argument is the
reason for using, where possible, 1,3-elimination to calculate E, values
for (9) in the case of the alkyl bromides and iodides (Table 4).

Green and coworkers® also showed that in cyclohexyl chloride 1,4-
elimination is about twice as favourable as 1,3-elimination and that both
processes are probably 1009 cis-eliminations.

It is interesting to note that in the corresponding unimolecular gas-
phase climination from alkyl chlorides there is no evidence for anything
other than 1,2-elimination3®. In the thermal case energetic factors would
be expected to be more important and this result is surprising in view of
the above argument.

The energetic data for fragmentations (10a) and (10b) are summarized
in Table 5 and vary considerably from source to source?..

Consideration of the E, or appearance potential values in Tables 4 and 5
and the lower frequency factors for (9) shows that there is a good correla-
tion between these factors and the intensity data in Table 3. For example,
in the fluorides the decline of process (8a) with increasing size of the alkyl
group is in agreement with the decrease in the calculated appearance
potential for process (10a) and the low appearance potential for process
(9). The relative importance of the [M-H]* ion in the case of ethyl fluoride
may be due to the extra stabilization due to the presence of a methyl
group in this ion. This is not present either in the [M-H]* ion in methy]
fluoride nor in the [M-Me]* ion in the case of ethyl fluoride. Presumably
this effect will be most marked in the fluorides since fluorine is the most
electron-demanding of the halogens. In the propyl compound the stabiliz-
ing methyl group is replaced by an ethyl group which will not be much
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better than a methyl group as far as stabilization is concerned. However,
the heat of formation of an ethyl cation is considerably less than a methyl
and so process (10a) becomes important here and for similar reasons in
the butyl compound. Similarly in the chlorides the increase in importance
of process (10a) presumably is related to the fact that in this reaction alone

TABLE 5. E; or appearance potentials (eV) for fragmentations (10a) and
(10b) for primary alkyl halides (R—X)’

X =Fe X=CP X = Br® X =1b
R
(10a)®> (10b)* (10a)* (10b)> (10a)* (10b)* (10a)* (10b)°
Me#?e — 06 — 2:1 — 2:5 — 3-55
Et 12:6 12:2 49 2:4 66 3-8 695 445
Pr 11-35  12-05 1-6 2-5 41 32 22 27
Bu 10-9 121 1-1 2:5 21 2-1 22 2-3

-e Except for MeF these are calculated appearance potentials; for MeF this is an
E; value.

® For the propyl and butyl compounds these are calculated Eg values.

¢ This is for the loss of an alkyl group when R > Me.

4 For the methyl halides the data of Hamill and coworkers®?,4¢ agree reasonably
well with the above values for Eg.

°* No intensities for the [H]* ion are available, therefore the corresponding F,
values were not calculated.
7 All values are Ej values unless otherwise mentioned.

the E, vaiue drops on increasing the size of the alkyl group. This drop is
presumably for similar reasons as outlined for the fluorides. The lower
molecular ion intensities in the chlorides and fluorides compared with the
corresponding bromides and iodides when R > Me are easily related to the
low energy demands of process (9) in the former compounds. Except for
methyl todide, in the bromides and iodides the major fragmentation is (8a)
and this is in keeping with the fact that E for this reaction is the lowest.

Examination of the spectra of the n- and iso-propyl bromides and
iodides shows that the intensities of the molecular ions in each pair are
very similar (Table 6). Here the increase in stability of the secondary
carbonium ion which lowers E, for the most facile process (8a) slightly
does not affect the intensity of the corresponding ion. This may refiect a
deep valley in the N(E) versus E curves for the molecular ions at this
point (E = E)). Such minima have been reported by McLafferty and
coworkers? from photoionization data in other cases. In the case of
isopropyl fluoride the only important reaction is (10b). This gives the
same ion as ethyl fluoride, but the ejection of a methyl group in this case
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rather than a hydrogen should lower the appearance potential by about
1 eV. A similar depression compared to the ethyl compound is calculated
for process (8a).

In the case of isopropyl chloride the E, value for process (8a) is
apparently only 0-3 eV although this value may be a little low32. However,
the iowering of this E, coupled with a higher frequency factor compared

TABLE 6. Intensities of molecuiar and principal fragment ions in the mass
spectra of propyl and butyl halides®

X = Ci* X = Br® X=1I¢

Process Process Process

(M) (8a) (9) (10a)°(10b)" (M) (8a) (10b)’ (M) {8a) (8b)

n-Pr 3 4 40 16 3 19 40 1 26 38 5
-Pr 14 42 2 05 16 20 44 25 17 37 6
n-Bu 02 1 38 12 04 7 26 05 18 33 2
s-Bu 01 20 23 15 16 01 40 15 16 41 2
i-Bu 02 15 3 36 4 3 33 2 15 38 2
t-Bua 00 35 2 07 22 01 48 S 2 42 5

a Data are available only for n-butyl fluoride and n-propyl and isopropy! fluoride.
For the former two see Table 3, for the latter the only primary fragmentations are
{10b), 68 and (10a), 1-5; the molecular ion intensity is 0-6.)

b Process (8b) is negligible.

¢ Process (9) varies from 1 to 3, (10a) is negligible except in the case of i-butyl
bromide (12) and s-butyl bromide (19); however, in the latter case the ion at mi/e 29
corresponding to (10a) could be formed from m/e 57 (8a) by the loss of ethylene.

4 Process (9)’s intensity varies between 0-3 and 2, (10a) is only important in the
isopropyl compound (1).

¢ Intensities for processes (10a) and (10b) include all the ions corresponding to
those processes (i.e. a loss of different R's).

with process (9) would account for the increase in the ratio (8a)/(9) by a
factor of 200 compared with n-propyl chloride.

The spectra of the butyl iodides except for the tertiary compound, in
which the molecular ion intensity drops by a factor of 10, are very similar.
Although the latter could be related to the decrease in E; for the most
facile process (8a) to about half the value in the normal compound a
similar drop would be expected in the secondary compound, but this is
not reflected in the intensity of the molecular ion of the latter. This may be
a pyrolysis effect. In the corresponding bromides a similar drop in E,
would be expected and here the molecular ion intensity in both compounds
is effectively zero. The calculated appearance potential for the [M-Br]*
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ion in the case of t-butyl bromide and the threshold voltage for photo-
ionization to occur?® are the same. In the case of iso-butyl bromide E, for
process (10a) is 1-4 eV (calc.) which compared with E, for process (8a),
1-2 eV (calc.), is in keeping with the observation that this reaction is
important here.

In the chlorides the variations in the fragmentation patterns can be
rationalized using the same arguments as in the case of the propyl fluorides.
Thus in the secondary and tertiary compounds the processes (8a) and
(10b) ([M-C,H;]*, [M-Me], respectively) become important. In the case
of isobutyl chloride the calculated E, for (10a) is about 0-1 eV whereas for
(8a) it is about 0-6 eV and for (9) effectively zero. Allowing for the lower
frequency factor for process (9) it is not surprising that the fragmentation
(10a) predominates and that (8a) and (9) are still observable, nor that the
molecular ion intensity is very low. The observed appearance potential for
process (9)% gives the same AH, for [C;H ]+ as in the n-butyl compound,
suggesting 1,3-elimination.

In the polyhalomethanes somewhat different factors may be at work.
In the case of compounds of the type CY, F,_,, the variations in the inten-
sity ratio (M-Y)/(M-F) and in AE,, the difference E(M-F)—EM-Y),
are given in Table 7. In the case of » = 1, in comparison with the mono-
haloalkanes, this ratio is very small considering the AE, values. There are

TABLE 7. Ey(M-F)— E(M-Y) (AE; eV) and (M-Y)/(M-F) ratios for CY.F;_,

compounds
Y =Cl Y = Br Y =H
n/(4-n)
E, (M-ChH/(M-F) E;, (M-Br)/(M-F) E, (M-H)/(M-F)

0-33 2-3 2-74 2-8¢ 4-0° 1-8 0-5°

1-0 0-3 10-0 — 16:0 — 09

3-0 0-8-1-5 39-0° — 25-0 1-0° 2-7%9

¢ Reference 41. b Reference 42,

¢ See Tables 4 and §. ¢ Reference 18.

¢ Calculated.

two possible explanations for this. The first is that these reactions occur
from isolat