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The present volume deals with organic compounds in which the function?! 
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 om*r.:ied‘ chapters from previously published 
volumes, as well as chapters treating new material and, last but not least, 
comparative chapters dealing broadly with similarities and differexes of 
related functional groups (e.g. double-bonded groups such as C=C, 
C=O, C=N- and -N=N-). 

Jerusalem, June I973 SAUL PATAI 
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Preface to the series 

The series ‘The Chemistry of Functional Groups’ is planned to cover 
in each volume all aspects of tile chemistry of one of the important 
functional groups in  organic chemistry. The emphasis is laid 011 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-0-C group is involved, as well as with the 
effects of the C-0-C group on the reactions of alkyl or aryl groups 
connected to the ether oxygen. I t  is the purpose of the voluine 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 - 0 - 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 t o  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 whh 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 quasimonographic chapt.ers. 

ix 



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. 

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

(c) Chapters &scribing the characterization and characteristics of the 
functional groups, i.e. a chapter dealing with qualitative and quantitative 
methods of determination including chemicaI 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 Clieiiiistry of the Carbonyl Grorrp, and a 
chapter on ‘Ketenes’ is included in the volume Xte Clieiriistry 0f~4lkene.s). 
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 
cmsideration 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 (ptiblished in two volinnes) 
T ~ , D  Ckcn:ist.y of t f : ~  Carbay! G K Z ~  (p~b! i~hed  iii2 tiFO cor'itiizes) 
The CJiemistry of the Ether Linkage (published) 
The CJiemistry 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) 
Tlie Chemistry of the Carbon-Nitrogen Eouble B o d  (prrblisl?ed) 
The Cheiiiistry of the Cyan0 Group (published) 
The Chemistry of Anzides (published) 
The Cheniistry of the Hydroxyl Group (published in two parts) 
The Chemistry of the Azido Group (published) 
The Chemistry of Acyl Halides (published) 
The Cheniistry of the Carbon-Halogen Bond (published in two parts) 
The Chemistry of the Quinonoid Compounds (in press) 
The Chemistry of the TJiiol Grou? (in press) 
The Chemistry cf the Carbon-Carbon Triple Bond 
The Chemistry of Amidiires and Imidates (in preparation) 
Tlie CJiemistry of the H-vdrazo, Azo and AzGxy Groups (in press) 
The Chemistry of the SO, --SO,, --SO,H and --SO,H Groups 
The Chemistry of tlie -OCN, -NCO, -SCN and -NCS Groups 
The CJzemistry of the -PO,H, 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 halie 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, 
Jerusalem, ISRAEL 

SAUL PATAI 
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2 Georges H. Wagniere 

1. GENERAL INTRQDUCTION 

A. Recent Advances in the Study of Molecular Properties 

II. The calculatisn of electronic properties 

Previous theoretical chapters of the Fumtional Group Series summarize 
basic aspects of the quantum mechanical calculation of molecular electronic 
structure. Ths LCAO-MO scheme and different degrees of semi-empirical 
apprcximations 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 
calculations5. 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 zccount 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 obtained, 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 
Huckel or extended Huckel6n7 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 admirably 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 asage : CNDO (complete neglect of differential overlap), 
INDO l2 (intermediate neglect of differential overlap), NDDO l3 (neglect of 
diatomic differential overlap), PNDO l4 (partial neglect of differential 
overlap), MIND0 l5 (modified intermediate neglect of differential overlap). 
For EE assesszent of the rcspectivz merits and shortcoaings of these 
methods the reader is referred to the literature, and also to some recent 
review@ 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. Nticlear quadrupole resonance (r2.q.r.). Nuclei having a spin larger 
than $15, 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 simounding 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 lixed 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 between 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 nucleus18. 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 Lucken18. 

b. Mossbauer spectroscopy of bonded iodine2OP2l. The exact frequency of 
the 57.6 KeV gamma rays emitted by the 1271 nucleus depends on its 
molecular environment. The chemical information obtainable from such a 
Mossbauer 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. I t  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% 20, hence less precisely than with n.q.r., Mossbauer 
spectroscopy has the advantage of also yielding its signz1. 

c. Fluorine nuclear magnetic resonance. The only naturally occurring 
isotope of fluorine, 19F, has a nuclear spin of $A, 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 19F n.m.r. i s  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 19F nucleus decreases with increasing electronegativity of the atom to 
which the fluorine is bonded". In the series CH,F, CH,Fz, CHF, the 
fluorine chemical shifts in  p.p.m. with resTect to CF, are + 210.0, + 80.9, 
+ 1 8-2~respectivelyz3~ z4. 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) 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 eflect and the study of triplet states. Spin-orbit 
coupling increases in heavy atoms (see also sections I. B. 1 and 111. 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 splittings2*. Recently a 
combination of both approaches has been developed, designated as 
phosphorescence-microwave double-resonance spec t r~scopy~~  (p.m.d.r.). 
It consists of saturatirig 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 golarized 
phosphorescence from thess individual sublevels. For an application to the 
lowest triplet state of p-dichlorobenzene, see reference 30. 

e. The halolcetoiie eflect in optical activity. The measurement of the 
300 nm n+ Z-* 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 sx tor  rules, be it an 0ctant~l-33 rule or 
quadrant3437 rule. Djerassi and coworkers have empirically found that 
axially (as opposed to equatorially) located a-halogen substituents exert a 
very strofig influence both on the wavelength of the n -+ T* transition and 
on the magnitude of the 0.r.d. or c.d. curve3*. 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 rotatiofial strength of this transitioc appears to 
be opposite in sign to that of other atoms in similar position, such as 
czrbon, chlorine, bromine or iodine31* 38~39. Bouman and M o s c o w i t ~ ~ ~  
conclude that the fluorine anomaly cannot be explained if the effect of the 
fluorine atom on the carbony1 chromophore is treated merely as an 
electrostatic perturbation. The present author has tried to give a tentative 
answer to this question by considering the n-rr 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 
orbitals6. 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 century40, 
its systematic application to the study of molecules is recenPA5. This 
.develeiopment 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 molecillar electronic 
structure on the other. 

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

E = h - W  (14  
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where Wis the work required to extract the electron and bring it to infinity. 
In turn W may be written as 

W=IA+AEVib+AE,,, (1b) 
where I ,  designates the adiabatic ionization potential, that is, the energy 
difference between the neutral and ionized molecules, both at  the iowest 
vibrational-rotational levels of their ground states (see Figure 1 j. AEvib 

I 
I A  

ionized molecule 

neutral molecule 

FIGURE 1. Illustration of the vertical and adiabatic ionization potential, 1, 
and IA foi a diatomic molecule. Are 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 I A  [%=I AEvi, [ > [ AE,,, I, the accurate measurement of these quanti- 
ties depending on the resolving power of the apparatus and the nature of 
the spectrum. 

The probabilityfof 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 p4G947 

fiv,ip = 4-703 x 10”. vij . [ ATiij I” I Spv [ (2) 

vij is the average frequency of the transition in cm-l. Bii designates the 
electronic transition moment in electrostatic units averaged over the normal 
vibrations of the initial, or ground state, and Sp,, 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 I ,  (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 
1 S,ly lz. 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 to 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 line49. 

The Franck-Condon principle gives a means of rationalizing AEvib in 
the p e .  spectrum. Koopmans’ theorem50 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 electronic reorganiza- 
tion upon ionizal ion, 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 correctly predicted. 

At this point we wish to make some remarks which are perhaps not of 
irr-mediate 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 orbitals51S3. 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 ekctrctns 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 transferring 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 mefulness of canonical SCF orbitals, as 
compared to the localized ones. Photoelectroil spectroscopy, oc the other 
hand, shows these doubts to be completely unfounded in relation to 
ionization. As Brundle, Robin and Basch remark54: ‘The canonical 
Hartree-Fock orbitals for the neutral species are uniquely deficed as those 
orbitals (within the basis of all occupied MO’s in the parent molecule) 
which best represent the electron charge density the molecule wm!d !osz 
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 mzy add that delocalized orbitals are also well suited for the descrip- 
tion of electronic spectra and for understanding the symmetry principles in 
concerted reactions. 

5. Electronic Properties ofthe Molecules F2, CI,, Br, and I2 

A meaningful comparison of the electronic properties of the carbon- 
halogen bonds C-I?, C--1, C-Br, C-I 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 way55 the electronic energy levels of 
the diatomic halogen molecules may be understood as shown in Figure 2 

2 P  

2s IS 

3 P  

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 exanipk of fluorine, From this scheme one predicts the decreasing 
energy sequence of the filled valence orbitals to be 1ru ,  lru, 3oP, . . .. By 
Kocpman.~' theorem50 the ionization potentials are expected to be 

FIGURE 3. A siniplified representation of some orbitals of n and (T symmetry. 

approximatzly equal to the energies of the Hartree-Fock SCF orbitals. 
Consequently the first ionization of F, should go to the 211, state of the 
ion F$, the next ionizations to the state ,nu, followed by ZC,. Recent 
photoelectron (p.e.) spectra of the halogens56 indicate that this sequence is 
indeed found in F, as well as in the molecules CI,, Br, and I,. The numerical 
values of the ionization potentials are given in Table lb. 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 
211Q and 2rIu, 9 (1 .4 -  LJ, lies very close to the corresponding atomic ioniza- 
potential (Table la). The difference of 0.1-0.2eV is not far from the 

TABLE la. Properties of the halogen atoms 

Experimental property F c1 Br I 
~~ ~ 

First atomic ionization potential (eV) 17.418" 13.01" 1 1-84" 10.454" 
Atomic electron affinity (eV) 3 0 4 4 8 ~  3*613b 3.363b 3.063b 

~~ 

" X(zP&+X+(3P2). C .  E. Moore, Natl. Birr. 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. Reimnnn, J.  Chern. Phys., 38, 1540 (1963). 
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experimental uncertainty of P.e. spectra. This finding lends support to the 
naive Picture of the top-filled orbitals nu and nu being synlmetrically 
located in their energies with respect to the atomic orbitals np, or np, of 
which they are composed. The energy splitting between the and nu 
orbitals is expected to be rouzhly pioportional to the overlap integral 
<?lpzalnPEt,>, the suffixes a and b designating the atomic centres. 

As the top-filled T,, orbital is antibonding the vU orbital is bonding, and 

other, the net effect of these n 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 u8 orbital. Consequently it appears that 
the single bond drawn by the chemist, F-F, C1--1, Br-Br, 1-1, 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 chlorine5' 
and, to the author's knowledge at the time of writing, only one calculation 
has ever been performed on both Br, and on I,58. 

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 a6 iiiitio calculation following the Hartree-Fock-Roothaan 
procedure59 the energetic sequence of highest-sled orbitals is (in eV) 
Iv" (- 18.03), 3uU (-20.29), Iru (-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 60. 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 methodG1, positive values for 
D ,  close to the experimental ones are found. The experimental dissociation 
energy of F2 is extremely low, compared for instance to the one for nitrogen 
of 7.519 eV or for oxygen of 5.178 eV 4G2. Chlorine, with the highest 
dissociation energy among the  halogen^^^*^^, shows a value which still lies 
well within the energy spectrum of visible radiation. The photochemkitl 
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 hand5' and 
SCF results on the otherG1 lead to computed results of 0.71 eV and 0.87 eV 
respectively, compared to the experimental value of 2-51 eV (Table 1b)- 

BS in the ~Z!Q~CXI  mn!ecu!es there are 2s many ejetirofis the one as in 

* From 08 + wJ2. 
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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 ions. In  this connexion the following 
relations between dissociation energies", lowest ionization potentials I and 
electron affinities A are usefulo1. 

D,(x,) = D,o(z)+ 4 a - A ( X )  (3a) 

D,(XZ) = D,(Xz) - qxz) + I ( X )  (3b) 

I@,)  = E+(i.,+) - me) (4a) 

A(X,)  = E(rJ - E&) (4b) 

By definition in this context: 

where E(r& E+(r.,'> and E-(r;) designate the electronic energies of X,, X i  
and X; respectively, a t  the corresponding equilibrium distance (see 
Figure 4)t. Electron affinities of halogen molecules have recently been 

E m 4  

ElPJ  r 
- - 

experimentally determined by assessing the charge transfer threshold in 
halogen ion-halogen molecule6a or alkali atom-halogen moleculea7- 68 

collisions of the types 

and 
Y-+x,  - X,+Y 

M+X, - X;+M+ 

* The dissociation energy De referred to the potential minimum is ?is0 

f I as defined here and ZA, the adiabatic ionization potential, are related by 
called binding energy. 

IA  = I +  $(w$ - we), neglecting terms due to anharmonicity of vibration. 
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Previous estimates were obtained from charge-transfer spectra for CI,, 
Br, and 1,'' and from the appearance potentia: of the F; ion in mass 
spectra'O. 

While the dissociation energy measures the depth of the minimum of the 
potential energy curve, the vibrational frequency o, gives an indication of 
the shape in the vicinity (see Figure 4) of the minimum. One notices from 
F, to I2 a very marked decrease of wc, as simultaneously the equilibrium 
distance re increases. 
In the 21'1 states of the molecular cation the molecule possesses a resulting 

electronic orbital angular momentum around the internudear axis, as well 
as an electronic spin angular momentum. This leads to  spin-orbit coupling 
and a splitting into two different substates 2rI+ and 211a, 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 2. For a hydrogenic state of given quantum 
ndmbers n, I 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 therefore much attenliated, 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. 

TABLE lc. Properties of the halogen molecule cations 

Experimental property 2110 state E a: Br; 12 
~ - ~~ ~~ ~~~ ~ ~ 

- Internuclear distance re (A) 1.326"*' 1.892'*' - 
Dissociation energy D, (eV) 3.37d 4003~  3.32d.O 2 . 6 7 d . e  

1054-5"*" 645.6'1 376*Ob9 " - Vibrational frequency 

Spin-orbit coupling constant 337 k 40" 645 & 40" 2820 & 40" 5125 k 40e 
u,(cm-') 

5 (cm-9 

a T. L. Porter, J .  Ciiem. Phys., 48, 2071 (1968). 
F. P. Huberniann, J.  Mol. Spectry., 20, 29 (1966). 
Reference 56. 
Rough estimate from the relation De(X:) = De(Xz)  - I ( X 2 ) + I ( X ) ;  see also 

Value for 211m state. 
reference 73. 

TABLE Id. Properties of the halogen molecule anions 

Experimental property F, CI, Br; 1, 

Dissociation energy D, (eV) 1.28" 1.28" 1.14" 1*08a 

a Estimate from the relation De(Xg) = D,(X,) + A ( X , )  - A ( X ) ;  see also reference 61 
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In F, one finds only continuom absorption, with a maximum at about 
34,500cm-l. Absorption continua set in at  20,850cm-l in C1, and at  
19,580 cm-l in Br2G2. 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 M ~ l l i k e n ~ ~ .  

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

TABLE le. Properties of the hydrogen halides 

Experimental property HF HC1 HBr HI 

Ionization potential 16-06" 12.80" 11-57" 10.75" 
Dipole moment (Debye) gas 1.736b 10034~ 0*828c 0.448" 

a Reference 73, adiabatic values, average of 211a and 2n* lines. 
A. L. McCleiian, Tables of Experitnental Dipole Moments, W. H. Freeman and 

Co., San Francisco, 1963. 
C F'. A. Van Dijk and A. M. Dymanus, Chem Phys. Letters, 5, 387 (1970). 

the 211 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 
dipofe moment decreases likewise on going from HF to HI, showing the 
attenuated effect of the hydrogen atom in the higher hydrogen halides. 

I I .  ALiPHATIC: CARBON-HALOGEN COMPOUNDS 

A. Alkyl Halides 

I. The electronic properties of halomethanes 
Photoelectron spectroscopy has recently proved very useful in the study 

of the carbon-halogen bond 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 ofthe fluoromethanes with 
computed da ta51~~~ .  Then the correlation with the spectra of the derivatives 
of the higher halogens will bc discussed75. 76. 

I t  is perhaps instructive to begin by looking at some structural properties77 
(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). Ab initio c a l ~ u l a t i o n s 6 ~ ~ ~ ~  predict the 
highest occupied orbitals in CH,F to be of symmetry e (point group C3J 
and to be quite strongly antibonding along the C--F bond (Table 4a). O n  
going from CH3F to CF, the contribution of the top-filled orbital gradually 

TABLE 2. Experimental bond iengths r in A, bond angles 0, and C-F 
stretching force constants k in mdyn/A in the fluoromethanes, fsom 

refercnce 77 

CH, CH3F CHzFz CHF, CF4 

r (CH) 1.085 1.105 1.091 1.098 - 
I' (CF) - 1-385 1.358 1.332 1.317 
e (HCH) i 0 9 q  109.90 112.1" - - 
e (FCF) - - 108.2" 108.8" 109.47" 
kc-F 5.8 - 8.1 9.2 - 

TAMLE 3a. Expeiimzntal vertical ionization potentials in eV, from 
reference 75 

CH3F CH3C1 CH,Br CHJ 

4 (el 13.04 11.30, 11.32 10.54, 10.S6 9.54, 10.16 
4 (all 17.06 14.42 13.49 12.50 
1 3  (el 17.06 15-40 15.08 14.80 
1 4  (a,) 
A, (crn-l). 

23 -4 21.5 19.9 19.6 
- 630-440 2560230 5050k40 

Reference 76. 
See also references 54 and 45, Chap. 8. 
The symbol Il(e) designates the potential of the first pe. band, corresponding to 

ionization from the top-filled degenerate orbitals of symmetry e; 12(al) stands for the 
potential of the second p.e. band, corresponding to ionization from thc next orbital of 
symmetry Q, etc. A, indicates the spin-orbit splitting in the first p.e. band. Under 
CH,CI, CH,Br and CHJ the energis-, sf the resolved 2Es and ?Es peaks of this first 
band are given. 

TABLE 3b. First vertical ionization potentials in eV of halo- 
met hanes 

F c1 Br I 

CH 3X 13.04e 11 .31~  10.70e 9.85e 
CH2Xz 13.296, 11.406,+a2 10.616, 9.46.b2 
CHX3 
ex4 15-23tl 1 I-69fI 10*54t, 

10.47a2 - 14.SOnI 11.48~2 - 

Data and assignments from Reference 75. Averaged values within a p.e. band. 
The letters after the numbers indicate the symmetry of the orbital from which 

ionization occuss. 
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becomes non-bonding. The experimental first imization 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, q 

CH4 CH3F CH2F, CHF, CF, 

C-F overlap" - -0.228 -0.142 -0.119 0.000 
9 C b  

4 F b  
- 0.305 - 0.034 + 0.224 + 0.530 - 
- - 0.212 - 0.200 - 0.208 - 

a Reference 54. 
Reference 74. 

TABLE 4b. Dipole moments of fluoromethanes in 
Debye units 

CH,F CH2F2 CHF3 

Experimental" 1-85 1.97 1.65 
Ab iriitio SCF-MO" 2.43 2-61 2.2 1 
Ab initio SCF-Mob 2.597 2.812 2.245 

Reference 74. 
Reference 54. 

( N -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,CI, CH,Br, CH31 are not very far from those in CI,, Br2, I,, respectively 
(Tables lb  and 3a). In CH3F, however, it is about 2-7 eV lower than in  
F,. Secondly, on going from CH3C1 to CCl, or from CH,Br to CBr, the 
first ionization potential does not change appreciably, in contrast to the 
series CH,F to CF, (Table 3b). 

To what extent are the electrons in the top-filled e orbitals of CH,Cl, 
CH,Br or CH,I '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 = CI, Br, I) than in CH,F. 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 CH,X to CX, than in the case of the fluorine compounds. 

One notices (Table 3a) that the first p.e. band Il(e) is split by an amount 
of about 600cm-l in CH,Cl, 2500cm-l in CH,Br and 5000cm-l in 
CH,I. This splitting (Al) 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 Heilbronnefi0 by 
studying the p.e. spectra of alkyl monobromides and monoiodides of lower 
symmetry, in particular of symmetry C,. If the synunetry axis dong 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 

0- 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 atoms75. 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-l 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-l (from reference 54) 

CH4 CH,F CHZF:! CHF3 CF4 CH3CH3 

First ionization 109,400 105,200 107,000 119,800 130,500 97,500 
Absorption to 3s 78,000 76,000 75,500 87,000 - 68,000 
Absorption to 3p - 83,500 83,500 95,500 110,000 75,800 
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Brundle, Robin and Baschs4 assign the first and second absorptions in 
CH,F, CH,F, and CHF, as Rydberg transitions to 3s and 3p orbitals, 
respectively. In CF4 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 6a), which is 

TABLE 6a. Carbon-halogen stretching force 
constants in mdyn/A, and characteristic fre- 

quencies in cm-I (from reference 78) 

F c1 Br I 

\ 5.96" 3.64 3-13 2-65 
-c-x 
/ 1100 650 560 500 

a See also Table 2. 

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

~ ~~ 

F CI Br I 

H,C-X - 4.00 - 2.71 - 2.32 - 1.85 
I1 I I -4.33 - 3.22 - 3.12 - 2.97 
H3CH2C-X 

II - 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 monohalogmated 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 indicates1 that the dissociation energies of 
carbon-hydrogen and carbon-bromine bonds to form CBr, radicals ace 
about 13-17 kcal/mole lower than the dissociation energies for carbon- 
hydrogen and carbon-bromine bonds to form CH, radicals. This coincides 
with the observation made by matrix i.r. spectraa2 that the C-Br stretch- 
ing force constants of CBr, are higher than either those of CBr, or  of 
HCBr,. Likewise, bond dissociation energies indicate that dibromonlethyl 
is electronically s t a b i l i ~ e d ~ ~ ~ ~ ~ ,  though to a lesser degree than tribromo- 
methyl. Similar findings are made with the corresponding chlorine 
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compounds, leading to the conclus,ion that an analogous stabilization of 
radicals p r e ~ a i i s ~ ~ ,  It  seems that in general alkyl radicals are stabilized by 
chlorine and bromine, in the sense that ex3 lies energetically less far above 
CX, than CH3 lies above H,CX, and ex3 lies energetically less far above 
HCX, than CH, lies above CH, etc. This systematic trend is not observed 
for the corresponding fluorine compounds. I t  appears that trifluoromethyl 
and difluoromethyl are scarcely stabilized in the sense here mentioneds2* 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. I t  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 resonances4. 
While CH, is ~ l a n a $ ~ ,  CF, is nots6. From the magnitude of the coupling 
constants in e.s.r. spectra one predicts CH2CI to be nearly planap', 
CFCl, to be more pyramidal than Cc~,88~89. On the other hand, from the 
interpretation of vibrational spectra, both CBr, and CCl, appear to be 
pyramidal, with bond angles intermediate between tetrahedral and planars2 
(see also Table 7). 

TABLE 7. Properties of halomethyl radicals 
~~ ~ 

Geometry Valence angles Stabilization 

CHS Planar 120" 
CF, Pyramidal -115" b l c  NoneC 

CCl, Pyramidal < 120" N 12 kcal/mole" 

CBr, Pyramidal < 120" - 12 kcal/mole" 

> 109" = 

> 109" 

a Reference 85. 
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 11. 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 methodg0, 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 aposteriuri to 
rationalize a quite wide variety of data on the dipole moments of more 
complicated alkyl h a l i d e ~ ~ l * ~ ~ .  In particular, a recent application has been 
made to various chloroethanesg3. 

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 

$A-B = tlXA+ bXB (5 )  

X, and xs being appropriate atomic orbitals. We define as the net charges 
on atoms A arid B respectively, due to the bond A-B, 

4A-B = - 2e(a2 + abS) + e 

= -2e(abS+b2)fe = -9A-B (6b) 

S stands for the overlap integral between xA and x B  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 Q, b 
may conceivably be cslculated using an MO procedure. On the other hand, 
the net charges mily 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 CH,X: 

Of course 

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

QH = CIH-C, QC = 3qc-1~ +qc-s, QX = qx-c (7a) 

(7b) 3Q,+ Qc+ Qx = 0 

ZA = ~ o a  + ( s A / ~ )  QA (8) 
where S, stands for Slater’s screening constantg4. The next quantity of 
importance is the longitudinal polarizability of a given bond, OLfa-n, 
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which may be inferred from experimentg5 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 

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

where rAeB is the bond length and RA, R, 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). 

TABLE 8. Average bond properties 

A-B Bond Bond Covalent Bond dipole van der 
lengths" longitudinal radiic momentsd Waals radii" 
rA-B (A) polariz- RB(& CLA-BP) WB(& 

abilitiesb 

( x loz4 cm") 
44-B 

- 
C-€3 1.091 0.79 0.30 0.4 1.2 
c-c 1.541 ' 1-88 0.771 0 
C-F 1.381 0.96 0.64 1.41 1.35 
c- c1 1.767 3-67 0.99 1.46 1.80 
C-Br 1.937 5.04 1.14 1.38 1.95 
C--I 2.135 8.09 1.33 1.19 2.15 

- 

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

Reference 91. 
Reference 91. 
C. P. Smyth, Dielectric Behavior and Structure, McCraw-Hill Book Company, 

" L. Pauling, The Nature of the Chentical Bond, 3rd ed., Cornell University Press, 
New York, 1955, p- 244. 

Ithaca, N.Y., 1960. 
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TABLE 9. Calculated and xneasured dipole moments, in Debye units-vapour 
phase, unless otherwise stated 

~~ ~ ~ ~ _ _  ~ ~~ 

Calculated Measured Reference 

CH3F 
CH,Cl 
CH,Br 
CH31 

CHP2 
CH3C12 
CH,Br, 
CHJ ,  

CRF, 
CHC1, 
CHBr, 
CHI, 

C,H6F 
CZHsC1 
C2H,Br 
C,HJ 

CHBCH2C1 

CH3CC1, 
CH~ClCCl, 
CHClZCCl, 
CCl,CCl, 
CH &lCH ,C1 
CHZCICHCIZ 
CHC12CHCI 

CH,CFICI, 

1.81 
1.86 
1.78 
1.59 

1.91 
1 -63 
1-48 
1 *23 

1.53 
1.12 
0.98 
0.78 

1 *95 
2.02 
1-95 
1 -82 

1 -86 
1 *79 
1.55 
1.58 
1.09 
0.0 
1.03 (25°C) 
1 -30 (90°C) 
1 -09 (1 30°C) 

1-81 
1 -86 
1.78 
1 *59 

1 -96 
1.57 
1.43 
1.08-1.14 solution 

1.59 
1-01-1 *I 5 
0-90-1.3 
0-80-1.0 solution 

1-92, I *96 
2.00-2.05 
1'99-2.02 
1.87-1 a93 

1 '75-2.09 
247-3.33 
1 -79-2.03 
1.44 solution 
0.92 
0.0 
1.1 34.84 
1.25-1 -42 
1.29, 1.37 

91 
91 
91 
91 

91" 
91 
91 
91 

91 
91 
91 
91 

92 
92 
92 
92 

93b 
93b 
93b 
93" 
93b 
93b 
93b 
93b 
93b 

~ ~~ 

a See also A. L. McClellan, Tabies of ExperiinentaI Dipole Monieiits, W. H. 
Freeman, San Francisco, 1963. 

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 rotatioa : adopting a purely classical approach one 
writes 

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 ScheragaD* have proposed a procedure for calculating barriers 
to internal rotation9' 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 E(+) is expressed as 

E($) = &E0(1 + cos 34)  + C (aii exp (- bij rij) - cij r$ + dij rzl} (1 1) 
i j  

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 i, j whose relative distance of separation rij 
depends on $. Within molecules of the same class, such as substituted 
ethanes, the quantity E, is taken as constant. The parameters aij, bij and 
cij characterize a van der Wads potentialDs and dijrzl 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 j  aij bij 

9.17 x 103 4.54 
1 . 6 9 ~  104 4-57 
3-90 x lo4 4.15 
2.18 x lo4 3.66 
6.02 x lo4 4.60 
1-47 x lo5 4.18 
3-14 x 105 3.75 
3.46 x 10' 2.78 

C i j  

45.2 
62.7 
321 
465 
118 
527 

2520 
5180 

0 
0 
0 
0 

4.09" 
1-16" 
0 

144" 

Valae 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 S u t t ~ n ~ ~  
follow exactly the procedure of Scott and Scheraga with two exceptions. 
(a) To obtain the Coulombic parameters dij they explicitly take into account 
the atomic charges as derived by the method described in the preceding 
section II. A. 2. (b) Scott and Scheraga adopt for E, the value 3.11 kcall 
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 (CNDOc) 
Scheraga") Suttonb) 

CH3CH3 

CHSCHZF 
CH3CHFa 
CH,CF, 
CF,CH,F 

CF3CF3 

CH &H2C1 
CH,CHCI, 
CH,CCI, 
cc1;ca,c1 
CCI3CHCla 
CCl,CCI, 

CFaCHF, 

2.70-3-10" 

3-30" 
3.18 
3.45 
4.58 
3-51 
3-92 

3.7b 
3.5 
2.8 

10.0 
142 

1 7 . ~ ;  12-05 

3-29 

3.3 1 
3-33 
3.35 

4.35 

3.44 
3-56 
3.73 

20.89 

2.18 

2.00 
1.88 
1-76 
1 -46 
1 *22 
1.07 

3..0 
3.1 
3-3 
8.7 

14.1 
19.6 

a Reference 96. 
Reference 93. 
Reference 99. 

In general, we notice in Table 1 1  that the barrier heights significantly 
deviate from a value around 3-4 kcal/mole only in cases where C1 -C1 
interaction is present, that is, when relatively 'bulky' substituents are on 
both carbon atoms. Ir, 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 - f l~o ropropene~~~  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 techniqueslOl have met with some success and the application 
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of nuclear magnetic resonance appears to gain in irnportancelo2. 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 Sederholmlo3 have 
studied the fluorine n.m.r. spectra of such molecules as CFC1,-CFCI,, 
CF2Br-CCCJ,Br, CF,Br-CFSr,, CF,Br-CFBrCI, CFCIBr-CFClBr 
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/inole. These free energies of activation may, with 
some reserve, be equalled with torsional barriers. 

B. Halogenated Ethylenic Compounds 
1. The electronic properties of some halogenated ethyienes from 

p.e. spectva 
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 

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

Idn) Reference 

H,C=CHz 

H2C=CHF 
cis-HFC=CHF 

trans-HFC=CHF 
H2C=CF2 
F,C=CHF 
F2C= CF, 

F2C= CHCl 
F,C=CFCl 
F2C= CCI, 

H,C=CHCi 
cis-HClC=CHCl 

tr0ns-H Cl C= CHCl 
H2C= CCI, 
C1 2C= CHCl 
C12C= cc1, 

10.51" 
10.6 
10-58 
10.43 
10.38 
10.72 
10-53 
10.52 

10.04 
10.24 
9-84 

10.18 
9.83 
9-81 

10.00 
9.65 
9.5 1 

12.38" 
12.85 
13-79 
13.97 
13.90 
14.79 
14.64 
15.95 

12.15 
13.01 
12.14 

11.72 
11.71 
11-86 
11.67 
11.73 
3 1-35 

45 
106 
106 
106 
106 
106 
106 
106 

105 
105 
105 

105 
105 
105 
I05 
105 
105 

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

Unquestionably the first ionization in ethylene at 10.51 eV (adjabatic) is 
from the 7~ (l& = lb,,J* orbita145, 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 etleigetic 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 10.72eV in the fluoro compounds105*106, between 9.51 and 
10.18 eV in the chloro specieslo5, a;so correspond to ionization from the 
respective highest filled orbital of symmetry T. 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 n, 
orbital of the C=C bondlo5. 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 Iarger than in chIorine, tending 
to keep the first ionization (liotential 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 u. This finding 
has been termed the perfluoro effectlo6. I t  paralleIs the trend observed for 
the first ionization potential in the fluoromethanes (see section 11. A. 1) 
and reveals the strong inductive effect of fluorine on o MO’s (see Figure 6). 
On a computational level it is conceivably nnirrored by a growing presence 
of fluorine atomic orbitals in the corresponding u 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 Dz, B,, Ba, B3, 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 0.4eV from the first ionization potential of the molecule CI, 
(see Table lb). They all lie below the second ionization potential of 

a)  c = c  -C( 
I 

C = C -  F 

U L-J 
FIGURE 5. (a) The destabilizing influence of chlorine by conjugation with the 
highest filled 7r orbital of ethylene. Note the node bisecting the C-Cl bond 
in 7rz. (b) Because of the higher ionization potential of fluorine, i.e. its lower 
2 p  level, the conjugative effect is much less pronounced. The inductive effect 
is here disregarded. In neither case (a) nor (b) does the lower 7r level, n1, 
correspond to the second ionization potential. The second ionization potential 

corresponds in both cases to removal of a higher-lying u electron. 



28 Georges H. WagniQe 

unsubstituted ethylene. Obviously, the (T 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. 

8 -  

9 -  

10 

11-  

12 

13 

14 

15 

16 

17 

*el/ 

- 
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- 

- 

- 

sE A 
a-A AV 
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4 

I 
H4 H3F H2 F2 HF3 F4 

FIGURE 6. The perfluoro effect: 0, the first ionization potectial of the fluoro- 
methanes; B, the second ionization potential of the fluoroethylenes; A, the 
first ionization potentiaI of the fluoroethylenes, which is scarcely affected: 

t ,  c, v mean trans, cis, vicinal, respectively. 

In the halogen molecules X, the highest filled T 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 T 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&l,, 
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 War~op'~' conclude that, relative to the ground 
state of the molecule, the upper Rydberg states and the ground state of the 
C2C12 ion have increased C-C bond lengths and slightly decreased C-CI 
bond lengths. From an application of the Franck-Condon principle they 
deduce the values of f (0.1 1 & 0.01 A) for the change of the C-C bond 
lengths and -(0.03 & 0.015 A) for the C-CI 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 v 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 detailcd account of bond length-bond order relationships see 
reference 109. Coulson and LuzlO* 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 resalt. 

2. The electronic spectra of halogenated ethylenes 
To what extent and in what manner do the electronic spectra of 

halogenated ethyIenes 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 
concludedllO.lll that the broad band, consisting of a very long progression 
(f.: 0.3) starting a t  or above 2150 A and attaining a maximum at about 
1620 A, is the V t N  transition, corresponding to .rz+vz excitation, of 
symmetry '9, in the planar molecule. It appears from the vibrational 
fine structure that much of the long-wavelength intensity of the transition 
comes from the molzcule being in a non-planar conformation whereone 
CH2 group is twisted with respect to the other one. A series of sharp 
doublets, starting at 1750 A, is attributed to a first Rydberg rZ+cr*(3s)  
transition (f.: 0.03). It is fdlowed by higher transitions of the Rydberg 
type converging at the adiabatic ionization limit of 10-51 eV. Recently 
Buenker, Peyerimhoff, Hsu and Kammer112-l14 have, from ub 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 



30 Georges H. Wagnibre 

hitherto assumed, the state termed V,, corresponding to lB;c,(~z+ r$) in 
the planar molecule and in addition the V, state corresponding to 
lB (7r,+3pv) has also to be taken into account115. As the molecule gets 
twlsted, the angle 8 going from 0" to go", the point group of the molecule 
changes : D,, - D,- D2d. The lBl,(lBz,) - lB, - lB2, V, state always lies 
energetically below the lB1J1Bz,) - 'B, - lA,, V,, state113. The V, i N 
transition, though magcetic dipole allowed and electric dipole forbidden 
for 6 = 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 BClanger and Sandorfy116. 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 
V+T* absorption, leading into a series of higher Xydberg transitions. 
Table 13 only accounts for the lowest part of the spectra. With increasing 
fluorination the 3 R t N  band is pushed to the red. Interestingly, a similar 

"Fo 

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

7T +0*(3s) 7T +7T* 7T --t o'(39) 

H2C=CHza 3R4-N 1744 
H2C=CHnb 3R<-N 1744 

H2C=CHFc 3Rt-N 1776 
ciss-HFC=CHF 1910 

traris-HFC= CH F 1775 
HZC=CFB 1840 
F2C= CHF 1907 
FZC= CF, i 945 

H2C= CHCld 3 , 4 R + N  1750 

trans-HClC= CHCldp 1800 
C12C=CClzd~ ' c 2000 

V t N  Max. 1620 3R'+--N (1620 

V t N  Max. 1665 3 R ' t N  1532 
Max. 1585 1586 
Max. 1665 1502 
Max. 1650 1568 
Max. 1600 1555 
Max. 1395 1547 

V 4- N Max. 1840 Higher 1585 

Max. 1950 1528 
Max. 1970 Max. 1615; 1573 

V,+- N GI620 V , t N  21620 

Rydberg 

References 110 and 1 1 1.  

Reference 1 16. 
Reference 110, pp. 536 ff. 
Reference 112. 
Reference 107. 

* References 112-114; see explanation in text. 
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more pronounced trend is observed with increasing methylation of 
e t l ~ y l e n e l l ~ - ~ ~ ~ .  Now, however, while in tetramethyl ethylene the first 
ionization potential is 8.53 eV (determined by electron impact)120, in the 
tetrafluoro compound it is practically the same as in unsubstituted 
ethylene. So the meclianism of the red-shift may be a different one. The 
maximum of the z+n* 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 3 R t N  band, this blue-shift of the n-+z*: absorption cannot 
be attributed to a change in the energy of the x orbital. Bdanger and 
Sandorfyu6 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 (seeTable 12) of the highest o orbital. INDO-CI calculations121 
show that in all fluoroethylenes there is an interaction between a ou* 
configuration and the pure m r *  configuration, thereby lowering the 
V(.rr+n*) excited state. In the tetrafluoro compound the (TO* configura- 
tion is energetically so high 8 s  to be of vanishing influence. 

It is hard to give a simple account of the spectra of the chloro- 
ethylenes107-110*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 t N  maximum is encountered, as compared to ethylene. 
Of interest is a recent study of the vacuum U.V. spectra of several chIoro- 
flu~roethylenesl~~. An attempt is made to correlate the V t  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 C1 
substituents on the energies of the x and n* orbitals is considered. Among 
the conclusions by Scott and Russe11123: the initial large destabilization of 
the T 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 zy orbital energy observed in the chloroethyienes is not 
present in the chlorofluoroethylenes. 

C. The Electronic Structure of Halpgenated 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 2400w leads to the conclusion that the first excited 
state of acetylene is bent, however, having CZh symmetry (trans forrn)l%. 
The electronic spectra of chloro- and bromoacetylene have been studied by  
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Thomson and War~op'~~*126. In chloroacetylene there are two electronic 
transitions above 2000 A, namely around 2500 A and 2250 8, respectively, 
also leading to non-linear excited states. These bands probably both 
correspond to T+ n* 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 12'. 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 Rydberg transitions lets one assume that the 
ionized species will also be linear. This is beautifully confirmed by the 
photoelectron spectra. 

Heilbronner 2nd  coworker^^^^-^^^ 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 fiIIed moIecular orbitals of the neutral molecules 
follow from elementary group theory and simpie energetic considerations. 
In the monohalogen compounds of symmetry C,, the sequence, diminish- 
ing in energy, is T, T, u, u . . ., while in the dihalogen species of symmetry 
D,, one finds ru, rgy nu, ug, a, .... In this sense it is possible, even in the 
absence of more quantitative computations, to assign the photoelectron 
bands quite in detail, 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 ri in the neutral molecule gives rise to two substates of 
total angular momentum 8tl and +h respectively, energetically separated 
due to spin-orbit coupling (see also section I. B and section 11. 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 2111i) and 21T!i) states 
comes out very strikingly in the higher halogen d e r i v a t i ~ e s l ~ ~ * i ~ ~ .  The 
magnitude of the splitting Ai for a given band is experimentally given as the 
energy difference of two characteristic sharp peaks : 

Ai = Igi-I$i  (12) 

The average ionization potential Ii (which, by Koopmans' theorem is 
considered equal to the SCF energy of orbital ni), listed in Table 14, is the 
average value 

Theoretically, the magnitude of Ai is roughly equal to128 

Ii = &+I43 (13) 



CI
 -
 C

=C
 
- 

Cl
 

F
IG

U
R

E
 

7a
. 

T
he

 f
ill

ed
 T
 
or

bi
ta

ls
 i

n 
di

ch
lo

ro
ac

et
yl

en
e.

 E
ac

h 
le

ve
l 

is
 d

ou
bl

y 
de

ge
ne

ra
te

. 
T

he
 

hi
gh

es
t o

rb
ita

l c
on

ta
in

s a
 re

la
tiv

el
y 

sm
al

l c
hl

or
in

e c
on

tr
ib

ut
io

n.
 N

ot
e 

th
e 

no
de

 a
cr

os
s 

bo
th

 C
-C

1 
bo

nd
s.

 (
Se

e 
al

so
 re

fe
re

nc
e 

12
8.

) 

w
 

w
 



34 Georges H. Wagnittre 

h 
+I s 

3 
9' 

\ 
\ 

[ 
\ I  / 

\ I  / 

'ii .* i 
(2 .,r m 



1. General and theoretical aspects of the carbon-halogen bond 35 

where Zp is the nuclear charge of the pth atom in the linear molecule, ccp 
is the LCAO coefficient on atom p of the molecular orbital T, and 5' is a 
constant. Contributions from atoms FI, C and even F are negligible, for C1 
they become measurable, for Br and I they are large, as in the halogen 

TABLE 14. Average vertical ioiiization potentials of halogenated acetylenes 
from Heilbronner and coworkerso and, for comparison, of acetyleneb, the 

halogen moleculesD acd some interhalogen compoundsd 

HC=CHb 

FZ0 
HC=CFo 

c 1 2 c  

HC=CClo 
CIC=CCl" 

Rr," 
I3C::CBr 
BrC=CBr' 

1 SE 
HC=CIo 
IC=CI" 

CIBrd 
Cf C = CBr (I 
ClId 
ClC=CI" 
BrId 
BrCECI" 

ru 11.40 

rll 15.70 
T 11.26 

7rg 11-49 
7r 10.63 
Tu 10.09 

10.71 
r 10.31 
r= 9.77 

7rg 966 
3- 9.94 
r,, 9.25 

(7r 11.1) 
7r 9.98 
(T 10-31) 
7r 9.60 

(7r 9.98) 
T 9.51 

u 16.44 

T,, 18.98 
o? 17.8 

T,  14-43 
7r 14.08 
no 13.44 

T,, 13-08 
7r 13.00 
ng 12.26 

r, 11-43 
n 12-08 
rg 10.93 

T 12.64 

7r 11.66 

7r 11-46 

u 1842 

7 r ?  

a 16-76 o 18.10 
nu 14-45 ug 16.76 u, 17.81 

u 15.99 u 17.6 
n,, 13.38 ug 15.64 a, 16-90 

u 14.86 u 17.4 
7r, 12-28 ug 14.22 a, 15.48 

'ii 14-08 u 16-07 u 17.47 

T 13-85 u 14.88 u 17.21 

r 13.03 u 14-71 u 16.35 

a References 128, 129. 
References 45, 106 and C. Baker and D. W. Turner, Clieiri. Cotnm., 797, 1967. 
Reference 56. 
R. W. Kiser, Tables of Iotiizatioti Potentials, Dept. of Chemistry, Kansas State 

University, Manhattan, Kansas, 1960; electron impact data. 

molecules themselves. The fact that Ai depends on the coefficients ciP is of 
interest in discussing the relative differences between the T orbitals. 

Figures 7a and 7b show in a qualitative fashion the shapes of the three 
highest occupied orbitals in CI-CGC-CI and 1 - C ~ c - 1  (for details 
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on the following (T orbitals, see reference 128). 
degenerate" : 

1 
T + ~  = - 

J2 

The orbitals are pairwise 

(1 5a) 

(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 molecular 
orbitals 7~~ rt 1 practically consists only of halogen ~ z p * ~  orbitals, because of 
the node bisecting the molecule. Accordingly, the corresponding coefficients 
are large and for a given compound one should find A2>A1,A8 (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 A1 > A,, which is also verified 

TABLE 15. Absolute values in eV of spin-orbit 
splittings between 211s and 2 1 1 a  states-data on 
halogenated acetylenes are from Heilbronner and 
coworkersa; Ai refers to ith ionized state (see 

Table 14) 

C l b  
c1 2c 

HClb 
HC=CCla 
ClC=CCl 

Brb 
Br," 
HBrb 
HC=CBra 
BrCSCBr 

1% b 

1 
HIb 
HC=CIa 
ICECI 

0.11 
0.08 
0.10 
- 
- 

0.46 
0.35 
0.32 
0.14 
0.20 

0.94 
0.64 
0.66 
0.41 
0.44 

N 0.26 

0.13 
0.29 0.13 

N 0.79 

0.23 
0.60 0.21 

a 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 frcm the rg 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 la and 14). 

We notice that, as in the halogenated ethylenes (see section 11. B. 1) the 
highest occupied T 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 r 
orbital. Heilbronner, Muszkat and S c h a ~ b l i n l ~ ~  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 
Warsop131 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 
tne vibrational sub-bands is considered to be proportional to the Franck- 
Condon factors. From an analytical expression for these factors132 the 
relative change in the equilibrium value of the normal co-ordinate in 
questior is assessed and transformed into changes in interna! co-ordinates. 
The results so obtained from the photoelectron band of lowest energy are130: 
Arc-F = -0.062 A, Arc-ci = -0.067 A, Arc-I = -0-078 A. On the 
other hand, the C=C bond length increases by the respective amounts 
+ 0-053 A, + 0.026 A, + 0.025 A. 

Ab initio SCF calculations on HCECF and HCECC1 have been 
performed by McLean and Yoshimine (cited in reference 133) and on the 
dihalogenated species by Straubl-. Results of some n.q.r. measurements 
are to be found in reference 135. 

I IJ .  AROMATEC CARBON-HALOGEN COMPOUNDS 

A. The U.V. Spectra of Halogen-substituted Benzene 

The influence of a substituent on the T 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 effectl36. 
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 rn electrons 
of the unsubstituted molecule. i? 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 : 
I > I cyc 1. However, 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 rn 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 T electrons are delocalized is consequently 
extended. In the language of simple Huckel theory there is a non-vanishing 
resonance integral pCx between the substituent and the adjacent car- 
bon atom C', and the molecular orbitals explicitly contain halogen npz 
contributions. 

It was recognized a long time ago*37 that the electronic spectrun of 
benzene cannot possibly be understood on a simple one-elecuon basis, on 
account of the degeneracy of the Hiickel orbitals e t  and eG. eZu and egu. 
The T 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 therefrom13', 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 lBzu 
(responsible for the lL1, band), lBlu (responsible for the lL, band) and 
lhu (the final states of the lB absorption). The (ii) inductive effect of one or 
more substituent(s) is now treated as a perturbationla. According to the 
symmetry of this perturbation, these states in second-order perturbation 
theory mix differently with each other, with the ground state lAlg, 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 substituefit in the calculation, as well 
as charge-transfer states between substituent and benzene On 
this basis Petruska140, for instance, distinguishes between the f ~ l l o w i n g ~ ~  : 
(iia) The first-ol.der 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. I t  
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. I t  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). Quantitativdy Petruska finds for the shift Av of the non- 
degenerate band lL, : 

- Av = C I,& + I I: u, exp (2nim/3) 1, - 0.2 I Z om( - 1)” l2 (16) 
m m m 

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

TABLE 16. Petruska’s140 parameters for 
benzene substitution 

~~ 

Substituent I (cm-l) u (cm-4) 

F 50 17.0 
c1 935 11.0 

(840 ortlto) 
Br 975 11.0 
I to00 15.0 

560 8.0 
(405 ortlzo) 

CH, 

NH2 3550 21.0 
~~ ~ 

Values of / and v for halogen substitution as obtained by Petruska140 are 
given in Table 16. They reflect the following relative influences. 

Second-order inductive effect: 
Resonance or conjugative” effect: 

NH, > F > I > C1, Br > CH, 
NH2 > I 2 CI, 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 Meeltanism 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 lL, band of 1,3- and lY4-difluorobenzene 
(Table 17). Compare it with the data on the corresponding C1 and Br 
compounds. 

With the development of digital computers the P method143s144 has found 
increasing application in the study of substituted aromatic systems. This 
procedure starts out from molecular orbitals extending over all the T 

centres of the molecule, including all substituent atoms. These MO’s are 
made self-coxistent (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 weal: and strong substituents on exactly the same formal 

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 somtmhat 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 I. A. 2. d and, for instance, references 147-149. 

B. The p.e. Spectra of Halogen-substituted Benzene 
Turnerlso 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 ~ ~ ( e & ) ) ,  r3(e;-,> orbitals. Recently Brundle, 
Robin and KuebIerls1 have reinterpreted the second band at 11.49 eV in 
the light of a comparison with hexafluorobenzene. It appears that ioniza- 
tion from a o(ezg) level is responsible. A number of calculations indeed 
predict a o orbital to lie energetically between the T orbitals. Such a result 
was obtained for the first time by extended Hiickel calculations7. Ionization 
from the lowest rl(a2U) orbital should give rise to the 12.3 eV 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 n2 and r3 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 eV in chlorobenzene, 10.6 and 
11.2 eV in bromobenzene, 9.6 and 10.5 eV in iodobenzene. Turner 
attributes these bands to ionization from ‘non-bonding’ molecular 
orbitals containing significant halogen rip 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 7~ 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 system:, some good CNDO-type 
calculations or even EH calculations may shed some light on this question. 
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1. INTRODUCT8QN 
The lengths of carbon-carbon bonds vary from 1-54 A* for the single bond 
in diamond and alkanes, through 1.34 8, for the double bond in alkenes, to 
1-20 8, for the triple bond in acetylenic compounds1. Intermediate lengths 
are found for the bonds in aromatic compounds (1.39 8, in benzene 
derivatives) and for formally single bonds, such as the central bonds 
in 1 ,3-butadieneY CH,=CH-CH=CH, (1.48 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 
r-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 hgstrom. 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) = 0.007 A, written as 1.857 (7) A. Common statistical practice is to take 
only differences greater than about 30  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. I t  has long been recogiii~ed3*~*~, how- 
ever, that the effective covalent radius of carbon varies with its state of 
hybridization, so that some of thc bond length differences are a result of 
this effect. I t  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 carbonG* '. 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(spz)- and C(sp)-hybridized atoms than for the C(sp3) atoms in alkanes; 
use of the covalent radii C(sp3) = 0.77 8, C(sp2) = 0.74 A, C(sp) = G.69 A 
permits an explanation of formally single C(sp")-C(sp") bond distances 
completely in terms of hybridization differences and also accounts for 
some of thc shortening in multiple bonds. The controversj over the rela- 
tive importance of hybridization and electron-delocalization in influencing 
carbondarbon bond lengths has been summarized*. 

Similar bond length variations are found for carbon-halogen bonds1, 
with ranges 1-38-1-32 A for C-F, 1.78-1.64 A for C--1, 1-94-1-79 A 
for C-Br and 2-14-1-99 A for C-I. Decreases in the C-C1 bond 
distances in chlorobenzenes (given as 1-70 A in reference 1 ,  but see section 
11, 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 bonds2, 
resulting from conjugation of an unshared pair of electrons of the chlorine 
atom with the double bond or aromatic nucleus: 

(1 ) (2) 

Nuclear quadrupole coupling constants, however, indicate only about 5% 
double-bond character in molecules such as vinyl chloride9*l0 and varia- 
tions of C--X bond lengths (Table 1)  have been correlated satisfactorily 

TABLE 1. C(sp")--X bond distances (A) 
~ ~~~~ 

%s.- X = H C ( . S ~ )  F Cl Br I 
character 

C(sg3)-x 25 1-10 1-54 1.38 1.78 1.94 2.14 
C(spZ)-X 33 1-08 1-51 1.33 1-74 1.89 2.09 
W P ) -  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 

0 
8 

d 

I I I 

c - I  

C-6r  

c-Cl 

c-c 

C- F 

C- H 

20 30 40 50 

740 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 
orbi tals7. 

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

3 
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1.323 8, ir. CF,; the C-Cl distance from 1.781 A in CH3C1 to 1.751 A in 
CF,CI 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(sp3)-X bond distances (A) on 
electronegativity of other substituents 

X = F  x = c 1  

R = F  R = F  R = C 1  R=CH3 

CH3-x 1.385 1-781 1 *78 1 1-78 1 
RCHZ-X 1.358 1.759 1-772 1-788 
R,CH-X 1.332 __ 1.762 1-798 
RaC--X 1.323 1.75 1 1.766 1-803 

double-bond characters as high as 20x2, resulting from structures such as 
3, but is also explicable in terms of hybridization changes at the carbon 

F- 

H - C=CI i- 
I 
H 

(3) 

atom, in this case small second-order effectsll : 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-C1 distances in methyl, ethyl, i-propyl and t-butyl 
chlorides (Table 2)12*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 CH3Cl to 
t-BuC1 is consistent with increasing ionic character, but it is difficult to 
place the arguments on a quantitative basis13. 

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

(i) hybridization of the carbon atom; 
(ii) hybridization of the halogen atom, although it is difficult to esti- 

(iii) electron-delocafization of halogen lone-pairs, resulting in contri- 
mate this effect; 

butions from structures with C=X+ arrangements; 
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(iv) electronegativity differences, which lead to second-order changes 

(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 major influence on the carbon-halogen bond lengths, 
with minor variations resulting from any or  all of the other effects. I t  
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 possible 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 bsnds, for which the available measurements 
are usually less acmrate. Finally a description is given of variations of 
C-F bonds, which are related to the strongly electronegative character 
of the fluorine atom. 

in kybridization; 

II. CARBON-CHLORINE BONDS 

A. Saturated Compounds 
The carbon-chlorine bond lengths in simple aliphatic chloro-com- 

pounds are in the range ;.75-1-78A, a mean value of 1.76719 being 
quoted in reference 1. Some recent X-ray crystal studies of more complex 
molecules have revealed C--C1 distances which are somewhat longer than 
this range, with values as high as 1-86 A having been reported (Table 3). 
I t  is difficult to find any systematic correlation between the variation in 
C-C1 bond distances and the various factors outlined in section I. In 
4, where all the C-C1 bonds are 1.857 A (Table 3), the C1-C-C angles 
are in the range 105-3-107-6", which could indicate less than normal 
s-character in the C-CI bonds and hence account at least qualitatively 
for their increased length in comparison with other C-Cl bonds. It is 
difficult to 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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TABLE 3. C-C1 bond distances (A) in aliphatic compounds 

Compound C-CI P-eference 

2,6,11,15-Tetrachloro-2,6,11,15- 
tetramet hyl hexadecane (4) 

zratzs-2,5-Dichloro-1,4-dioxan 
2,3-Bis-(cis-4-chloro-l -met hylcyclo- 

hexyl)-ti-ans-2-butene (5) 
a-Chlorotropane (6) 
cfs-2,3-Dichloro- 1,4-dioxan 

3,6-Dichioro-I 1,12-benzotetracyclo- 

t-Butyl chloride 
iso-Propyl chloride 
3,4,5-Trichlorotetra-cyclo- 

[5.3.2.02~6.039 *]dodecan-9-one (7) 

[4.4.0.03* 0 . 0 4 =  8]decan-2-one (8) 

Ethyl chloride 
Dichlorornalonamide, 

8,8-Dichloro-4-phenyl-3,5-dioxa- 

Various simple chloroparaffins 

Cl ,C(COMH :.) 2 

bicyclol3.1 .O]octane (9) 

Chlorocyclopropane 
I ,  1 -Dichlorocyclopropane 

1.857 (7) 

1.845 (6) 
1.837 (7) 
1.809 (9) 
1-834 (3) 
1.519 (9) 
1-781 (7) 
1.814 (5) 
1.800 (6) 
1-803 
1.798 
1-795 <6) 
1-754 (4) 
1.753 (5) 
1.788 
1-781 (2) 

1.78 (2) 
1-77 (2) 

mean 1.767 
1-740 
1.734 

1.75 1-1.78 1 , 

14 

15 
16 

17 
18 

19 

12 
13 
20 

13 
21 

22 

1 

23 
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. 



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-l,6dioxan the C-Cl dis- 
tances are 143i9 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-C1 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 8, in 4 has been ascribed to molecular 
packing forces in the crystal, which contains relatively short C1.s.H 
intermolecular contacts, the shortest being 2.7 A, in comparison with the 

CI- 

sum of the van der Wads radii of 3.0A. It is difficult to describe such 
effects qzaniitatively. Many chlorine-containing molecules exhibit 
C1. .C1 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 
observedz5. These interactions may have an influence on the C-CI bond 
lengths, but again a general correlation is not readily apparent. Crystals 
of dichloromalonamide for example contain an extremely short inter- 
molecular C1- * -C1 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 an_gles 
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-CI 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-CI bonds, and 
possibly also some .rr-bonding between the chlorine atoms and the ring, 
the cyclopropane ring having some properties which are similar. to those 
of a double bond26. 

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)-C1 distance in a typical aromatic chlorocompound is 

TABLE 4. C-C1 bond distances (A) in aromatic compounds 

Compound C-Cl Reference 

3-Nitroperchlorylbenzene (10) 
N-Methyl-p-chlorobenzaldoxime 
2-Chloro-4-nitroanilinc 
1,3-Di-p-chlorophenyl-2-triethyl-carbinyl-4-ethyl-5,5- 

Bis-(5-chlorosalicylaldoximato)copper(11) 
N-5-Chlorosalicylideneaniline 
2-Chloro-5-nitrobenzoic acid 
g-Chloroaniline 
1 -(2,6-Dichlorobenzyl)-6-hydroxy- 1,4,5,6-tetrahydro- 
nicotinamide dihydrate 

2,5-Dichloroaniline 
2,6-Dichloro-4-nitroaniline 
N-(p-Chlorophenyl)-a-isopropyl-,3-phenyl-fl-lactam 
Ammonium chloranilaie monohydrate 
p-Dichloro benzene 
1,4,5,8-Tetrachloronaphthalene 
9,1 O-Dichloroanthracene 
4-Acetyl-2’-chlorobiphenyl 
2-Chloro-N-salicylideneaniline 
trans-pp‘-Dichloroazobcnzene 
o-ChIorobenzoic acid 
4,4’-Dichlorodiphenylsulphone 
Di-p-chlorophenyl hydrogen phosphate 
o-Chlorobenzoylacet ylene 
1-(4-~hlorobenzyl)-l -nitroso-2-(4,5-hydro-2- 

2-Chlorotropone 
2,6-Dichloro-4-diazo-2,S-c~clohexadien- 1 -one 
syn-p-Chlorobenzaldoxime 

diethyl-l,3-diaza-2,4-diborolidine 

imidazoly1)-hydrazine monohydrate 

1.786 (10) 
1.768 (7) 
1.766 (9) 
1.764 (6) 

1.762 (1 1) 
1.752 (6) 
1.753 (6) 

1.748 (4) 

1 *744 (1 2) 
1.743 (4) 
1.741 (3) 
1.741 (6) 
1 -74 (1) 
1-74 (1) 
1.74 (2) 
1.738 (10) 
1 *737 (3) 
1.737 (4) 
1-73? (7) 
1.736 (7) 

1.734. (6) 

1.75 ( I )  

1.736 (13) 

1.732 (12) 

1-73 
1.73 
1.728 (6) 

27 
28 
29 
30 

31 
32 
33 

34,35 
36 

25 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

51 
52 
53 
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TABLE 4 (con?.) 

Compound C- C1 Reference 

Chloranilic acid dihydrate 
2-Chloro-3-hydroxy-l,4-naphthoquinone 
Chloranilic acid (12) 
Chlorobenzoquinones: tetrachloro 

2,3-dichloro 
chloro 
2,s-dichloro 
2,6-dichloro 

N,N,N',N'-Tetrarnethyl-p-diaminobenzene-chloranil 
Tetrachlorohydroquinone 
Pentachlorophenol 
2-Chloro-3-amino-l,4-naphthoquinone 
2-Chlorothiophene 
Tetrachlorophthalic anhydride 
1,2,3,4-Tetrachloro-di-n-propylcalicene 
1,2,3,4-Tetrachlorobenzo [g]sesquifulvalene 
4,4'-Dichloro-3,3'-ethylenebis-sydnone (14) 

1.720 (6) 
1 -72 
1.717 (6) 
1.714 
1-715 (5) 
1.717 (4) 
1.717 (3) 
1.727 (5) 
1.716 (7) 
1.70-1 -74 

1.71 
1-71 
1.705 
1 -705 (7) 
1 -704 
1.678 (3) 

1 *67-1.73 

54 
55 

54,56 
57, 58 

59 
60, 61, 62 
61,63 
64 
65 
66 
67 
68 
69 

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(arorn)-CI in previous compilations of bond distances 
(e.g. reference l), but is very close to the length quoted' for the C(spz)-C1 
single bond, 1.736 A, which suggests that these C-CI bonds have little 
if any double-bond character. The longest C(arom)-CI distance observed 
is in 3-nitroperchlorylbenzene (lo), 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 substitutionz7. 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-CCI-C angles being 
slightly greater than 120", with no obvious correlation between angles and 
C-C1 bond distance. 

A second group of compounds has C-Ci distances in the range 
1-70-1.72& mean about 1-71 A. These are mainly quinones, and the 
shorter C-CI distances are possibly explicable in terms of resonance 
involving structures such as l l b  for 2,5-dichlorobenzoquinone (lta), and 
12b for chloranilic acid (12a). Some support for these structures with 



58 J. Trotter 

C=C1 double bonds is found by the observance of a more normal C-Cl 
bond distance, 1-741 (6) A, in the chIoranilate ion (13), possibly because 
the major contributing structures are P3a and 13b, giving the delocalized 
rr-systems in 13c. It has been pointed out that most of the molecules with 

HO c'f$c; ;;$OH a+ 

0 0- 

the shorter C-Cl bonds have ortho chlorine substituents, and the shorten- 
ing may result from some type of interaction between the chlorine atomss6. 
The shortest C-CI bond found among aromatic compounds is 1.678 (3) A 
in the sydnone (P4), 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. Etkylenic and Acetylenic Compounds 
Olefinic C-Cl bonds average 1.72 8,l and a t  acetylenic carbon atoms 

the C-Cl distances are about 1.648,l. The reductions from the range 
found in saturated molecules (section 11. A) are explicable largely in terms 
of hybridization changes a t  the carbon atom (see section I). 

In conclusion the ranges of C-CI bond distances found are 1.75- 
1.86 8, in saturated compounds, 1-73-1.74 8, in cyclopropane derivatives, 
1-74 A in most aromatic molecules, but about 1-71 A in chlorobenzo- 
quinories and some other polychlorinated molecules, 1 -72 A at ethylenic 
carbon atoms, and 1-64 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. 

111. CARBON-BROMINE AND CARBON-IODINE B O N Q S  

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 1). The C-Br 
bond length is about 1-94 A in saturated molecules, about 1-89 A at 
ethylenic carbon atoms, and about 1-79 8, at acetylenic carbon atoms. 
The quoted average C-Er bond distance in aromatic molecules1 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-tribr0moaniiine~~, 1-91 (3) A in the O-p-bromo- 
benzoate of batrachotoxinin A71, 1 -905 (1 5 )  8, in the p-bromobenzoyl 
derivative of ~-caesa lp in~~,  1.892 and 1.904 (10) 8, in 5-(6’-bromo-3’- 
ethyl-2’-methylbenzimidazolium) barbit~rate’~, and 1 -897 (1 8) 8, in the 
bromoindole derivative of 3/3-metho~y-21-keto-A~~-serratene~~. 

The C-I bond distance has been observed as 2-14-2-21, 2.09, 2.05 and 
1-99 8, in paraffinic, olefinic, aromatic and acetylenic environments 
respectively (Table 1, section Ill. 

IV. CARBON-FLUORINE BONDS 

The lengths of carbon-fluorine bonds are influenced by the strongly 
electronegative character of the fluorine atom. In monofluoro parasnic  
compounds the C-F bond distance is about 1-39 A (Table 5),  although 
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one distance as long as 1 - 4 3 f 0 - 0 2 A  has been reported, for t-butyl 
fluoride77. In  polyfluorinated molecules the C-F length is decreased to 
about 1.33 A (Table 5). In addition other C-X bonds (X = C1, 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 te rss  of 

TABLE 5. Variation of C-F bond distances (A) 

Monofluoro Polyfluoro 
compounds compounds 

C(sp9)- F 1-39 1.33 
C(sp2)- F 1-34 1.31 
C(sp)-F 1.27" - 

References 75 and 76. 

ionic, doubly bonded structures or of hybridization vaiiations 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(S?~)-F bonds in mono- and 
polyfluoro compounds respectively, and to about 1.27 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 recent X-ray of tetra(pentafluoropheny1)- 
cydotetraphosphane 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. CONCLUSIQN 
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 
with C=X as for C=C in alkenes. The grosser variations are explicable 
in 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 I. 
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1. 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.lS 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 halides3t4. The early studies c n  
mechanisms of aliphatic and aromatic substitution were also largely 
concerned with organic halides5. 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 
Seen 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 molecule6. 

(v) The field of pesticides produces many examples of organic halides, 
mainly chlorides, and to a much lesser extent fluorides, bromides and 
iodides7* *. 

(vi) In the high-polymer field the importance of polychloroprene, poly- 
vinylchloride and polytetrafluoroethylene need not be emphasizeds. 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 industries8. 

(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 media8O1O. 

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 idem 
in the analytical field. 

B. Generaf 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 C1, 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 minerazization 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, discrinlinative instrumentation is beizg aeveloped 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. 

TABLE 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 

Compound identification 11-14,16, 19 
Specific compound detection 12, 15, 17 

2. Quantitative 
Halogen determination 14,16,18,20-23 
Specific compound determination 16, 17,21 

B. Physical merfiodsa 16, 1 8 , 2 4 3 0  

Works dedicatrd 10 a specific method appear in the pertinent sections. 

li. ELEMENTARY ANALYSIS 

The methods causing minimal sample disruption, described in section 
11. A-C, have several intrinsic advantages. (i) Manipulations of the sample 
are reduced to those of fitting its size to the instrument requirements. 
(ii) 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 chn-omatography and will be 
dealt with in section III. A. 2. c. 

The methods described in sections 11. 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 usually may be taken from bigger samples 
intended for other purposes. Sections 11. 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 applicability3'. The 

routine determination of halogens can be carried out with high efficiency 
down to fractions of 1%, 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 characteristic 
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 stecp drop (edge) takes place, the 

TABLE 2. Some absorption edges of the organic 
elementP 

Element Edge Wavelength (A) Energy (keV) 

H 
C 
N 
0 
P 
S 
F 
c1 

Br 

I 

None 
K 
K 
K 
K 
K 
61: 
K 
MI 
K 
kI 
Nl 
K 
LII 
MIV,V 
NIV,V 
0 1  

43-68 

23.32 
N 31.2 

5.784 
5.01 85 

4.3971 
N 18 

417 
0.9204 
6.959 

0.37381 
2.5542 

3 99 

19.66 
224 
444 

0.2838 

0.5317 
2.1435 
247048 

2.8196 
0.0297 
13.470 
1-781 
0.03 1 1 
33-1665 
4.8540 
0.6161 
0.0552 
0.0279 

- 0.397 
- 0.69 

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 ~ tandard~~~33.  The 
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edges commonly used are K and L, but specific probleins may require the 
use of other edges. 

The measurement of polychroniatic 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 
content34. Bascd on  the same principle, a method has been proposed for 
controlling the thickness of polyvinylchloride sheet continuously34. 

Emission X-ray spectroscopy is also a very useful analytical tool. I t  has 
lately acquired a high degree of sophistication both in instruxentation and 
in its range of  application^^^. Three types of spectra can be di~t inguished~~.  

Pkoioelectron spectra measure the energy of electrons emitted after a 
photon of known energy impinged on the sample3'. The energy difference 
beiween ihc emitted 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 obtained38. 

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. AnalyticaIly the 
most useful lines are the K lines39, a:ising from the transition of an L 
shell electron to a K shell vacancy32 (fGr example bromine-containing 
drug traces in serum excreta, and tissues can be determined at the level of a 
few p.p,m. or less4o). However, other lines can now be used35. 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 Kline of silvef'l. 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 a t  a 
La-L, line42. 

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 43. 

Auger spectra are suitable for the analysis of light atoms, including 
fluorine. 
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5. Electron Microprobe Analyser 

This is a highly sophisticated instrument capable of analysing elements 
in microscopic  sample^^^^^^. The samples are scanned by a very narrow 
beam of electrons (beam diameter often less than 1 p) and the X-ray 
emission is measured and recorded. For the halogens the limits of detect- 
ability are about lo8 atoms. A particle of 1 p diameter should contain a t  
least about 2% of F, 0.2% of C1 or Br and 0.07% of 145.  

The use of the microprobe analyser for organic and biological samples 
has also received some attention3'. A very recent development combines 
the fealiizes of the electron microprobe analyser and the mass spectro- 
graph, where maiiy 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 explored46. 

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 a n a l y ~ e d ~ ~ ,  thus converting the method 
into a destructive one. Nuclear activation is a very convenient method for 
trace analysis28 of organic compounds and of biological 

Losses of halogen by volatilization are observed on irradiation of 
biological samples, which necessitates special containers for long irradia- 
tion iimes51. Some matrices frequently present in inorgacic and biological 
samples interfere with the trace analysis of many elements, including the 
halogens. This is due t o  a large extent to  the presence of sodium chloride 
and other salts in the matrix as illustrated in Table 352. The background 

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

Matrix F el Br 1 

4 30 
0.1 

Whole blood 

2 
Urine 30 
Milk 10 
Tap water 3 - 0.1 0.3 
'Pure' water 2 0.0007 0.04 0.0009 
Polyethylene vessels 0 2  0.02 0.01 0.002 

I - 
- - 
- - 
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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 The activation of paper chromatograms has been 
revieweds. 

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 bppro- 
priate routines are paid 03 by the emciency attained. 

Among the many possibilities of activation shown in Table 4 same 
require nuclear reactors, while others are satisfied with more humble 
devices which may be installed almost everywhere. Fwthermore, 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 example65, 
bromine and fluorine can be determined in samples of biological origin, 
containing C ,  H, 0, P, S ,  Mg, Cay Fe, K, Na and C1 by y-ray activation as 
the threshold energies of 19F(y, n)18F and 81Br(y, n)*OBr 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 riecessary in many casesd7 
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-benzamidoanthraquinoale-2-sulphonic acid Post-treatment 

0 

(1 1 
may be a very involved processs6. 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 contaminantsg0. 

Nuclear activation reactions that have been proposed for analytical 
purposes are summarized in Table 4, and the modes of decay ofthe nuclides 
together with references to applications are listed in Table 5. 



3. Analysis of organic halogen compounds 73 
TABLE 4. Nuclear activation reactions of the halogens4'* '' 

React ion" Referenceb Reaction" Referenceb 

55,57-60 
59 
61 
59,61 
59 
61 
59,62--64 
59, 62, 65,66 
59, 62, 64,67, 68 

55, 57, 58 
56 
67,73 
74 
67,74 
73 
69,70 

67 
67 
67,73,74 
64,75 
76 
69 
69 

57,58 
77 
78 
79 

a1 
57.58 

slBr(p,pn)Bo* somBr 82 
61Br(n, a ) 7 8 A ~  67 

leF(n, 59 
lBF('H, 3H)1eF 59,61 
10F(3He, na!)17F 59,69-71 
10(3He, a)lSF 59,61,69-72 
10F(3He, 3H)10Ne 59,61,69 
1eF(3He, 2p)'OF 59,69 
12F(3He, n)21Na 59,61,69 
10F(3He, y)22Na 61 

asc1(3~e, 4 3 3 ~ 1  69 
36C1PHe, 34mCl 39,70 
3sC1(3He, 3p)% 69 
35Cl(3He, 311)36Ar 69 
36C1(3He, 2p)3GCl 69 
3sCl(3He, n)37K 69 
35c1(3~e, p ) 3 7 ~ r  69 

37C1(3He, a2n)34* 34mCl 69,70 

37C1(3He, ~ r ) ~ ~ C l  69 
37CI(3He, 311)37Ar 69 
37C1(3He, 2p)38C1 69 
37c1(3~e, 2 4 3 8 ~  69,70 
37CI(3He,p)30Ar 69 

7QBr(n, r~')~"Br 64,79 

79Br(n, y)*OmBr 56,SO 

lQF(a, n)22Na 59 

37c1(we, a2p)34~ 69 

37C1(3He, ~ x p ) ~ ~ S  69 . 

?OBr(n, y)BcBr 79,80 

slBr(n, 2n)B0mBr 67 

s1Br(2H,p)82Br 83 
81Br(n, y)s2Br 75 

"In a nuclear reaction X(a,b)Y, nuclide X is irradiated with a, yielding b and 
nuclide Y. n = neutron; p = proton; a! = or-particle; y = y-ray; 2H, 3W and 3He are 
nuclei. 

For possible interferences, consult reference 56. 
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Animal tissues x Activated sample 

lrrariiation 

1. 112SOLt digestion 

2. Distillation I 
I 

Solution of HC1*, HBr*, HI* 
I 

1.  Addition of NaNO, 

2. Chloroform extraction 

2. FiltA'inn , washing, 

eous extraction 

2. Filtration, wqshing, 

FIGURE 1. Determination of Br and I in animal tissues by nuclear 
activationa9. 
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TABLE 5 .  Decay modes of the halogen nuclear products" 

Xuclide Half Particlesb TransitionsC Photonsd Reference to 
lifetime applicat ionse 

16N 7-35 s 
' 0 0  29 s 
17F 66 s 
lSF 109-7 niin 
2OF 11.4 s 
lBNe 17 s 
21Na 23 s 
22Na 2.58 year 

14-3 day 
34P 12.4 s 
3 5 s  88 day 
37S 5-06min 

34mCl 32-0 rnin 
3sCl 37-3 min 
3 8 W 1  1-0 s 
3iAr 35 day 
7 g A ~  26.5 h 
7 7 A ~  38.8 h 
i s A ~  91 min 
78Br 6.4 min 
78mBr 
7emBr 4.8 s 
80Br 17-6 min 
somBr 4-4 h 
s2Br 35.5 h 
'OKr 34-9 h 

3 4 c 1  1-56 s 

lzrmlSb 93 s 
124mSb 21 min 
lz7Te 9.4 h 
1261 60 day 
1261 13 day 
1281 25-1 min 
lz7Xe 36.4 day 

8- 
8- 
8' 
8' 
P- 
8' 
B' 
8' 
B- 
B- 

8- 
8' 
8' 
8- 

B- 
B- 
B- 
8+ 

B', 8- 

B- 
8' 

B- 

8- 

8+7 B- 
B+' B- 

EC 

EC 

IT 

EC 

EC 

EC 
IT 

EC 

IT 
IT 

EC 
EC 
EC 
EC 

A few y's 62,66,91 
A few y's 66,68,92 
AR 69 
AR 55,60,66,69 

AR 
A R  69 
AR, a few y's 

A few y's 66 

A few 7's 
AR. 
AR, several y's 55,66 
A few y's 51,93,94 
A y-ray 76 
A n  X-ray 
Many y's 
A few y's 
Manyy's 
AR, a few y's 55,68,79 

65,66 

95 
68, 79 

ARi a few y's 80,96,97 
A few X-rays 80 
A few y's 5 1 , 9 6 9 9  
AR, a few y's and an 

X-ray 
A few y's 
An X-ray 
A few y's and an  X-ray 
An X-ray 

AR, a few y's 85,86,100 
A few y's and an  X-ray 

AR, a few y's 55 

Most data were taken from reference 10. 
The 8' particle is accompanied by the annihilation radiation (AR), which is a 

y-ray of 0.51 1 MeV energy. The 8- 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). 

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 referexe 101. 
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D. Emission Spectra 
1. 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, rnost assignments 
pertain to  C, C-H and C-N f r a g m e n t ~ ~ ~ ~ ~ ~ ~ ~ .  The method has been 
coupled to gas chromatographic separation and C-Cl bznds were 
assigned at  277 and 279 nmlo3. 

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 elementslo4* lo6. By direct current discharge genera- 
tion of the He plasma, detection limits of g/s have been obtained, 
measuring the atomic spectra of the elements as follows: F at  6902.5 .$, 
C1 at 7256 A, Br at 7348.6 A and I at  6082.5 and 5464.6 A. The lines for 
F, C1 and Br give good discrimination when more than one halogen is 
present in the plasma, while those of I have poor selectivitylo5. Similar 
studies were also reported for argon p1zsmaslw. 

2. Metal-sensitized spectra 
Both organic matter and the salts resulting from mineralization pro- 

cedures described in section 11. 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 source107* loS. The possibilities of iodine compound 
analysis by emission in a copper hollow cathode have been exploredlo9. 

Fluorides can be determined by following the depression in the atomic 
absorption of Mg in an air-coal gas flame. The ions NO,, C1-, Br-, I-, 
NHZ and Kf caused no interference but PO:- and SO:- did so 
markedlyllO. Airborne organic fluorine has been determined by the SrF 
excitation in a flame with detection limits of about 50 pg/P1l. 

The time-consecrated Beilstein test112 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). C1, Br and I compounds behave differently 
from F or non-halogen compounds and the sensitivity is in the nanogram 
range113. 

Sensitizing with indium seems to give better results : organ~chloro l~~,  
o r g a n ~ b r o m o ~ ~ ~ ~  116 and organoiodo117 compounds can be determined by 

Jacob Zabicky and Sarah Ehrlich-Rogozinski 
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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  
359.9 nm for InCl"*, 372.7 nm for InBr and 409.9 nm €or InllL7 either 
spectrophotometrically or  by using the appropriate interference filter. 
This method has also been coupled with gas chromatographic separation, 
measuring at  360 nm, where distinctinwe response wils obtained for C1, 
Br and I, but not for F. Interference is observed for S but not for P and 
the detection limits are about 0.1 p.p.ni. of halogen in organic rnatter1l0. 

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 111. A. 2. c). Based on a similar 
design, alkali salt-sensitized flame photometers have been devised which 
can also be used as flame ionization 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 C l < B r < I  and the 
discrimination from non-hzlogen matter was excellent, as is dramatically 
illustrated in Figure 2, where both photometric and ionization responses 

Photocurrent 

-8 50x10 
i 

CH,I 

CH, CH,OH - I 
lonizat'm 
current 

- 
I 

Elution time' 

FIGURE 2. Comparison of photometric and ionization current response in a 
detector fitted with a sodium. sulphate pellet. Sample: 5 pl of 0.0010% 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 sample120. The effects of various working 
parameters were tested for flames sensitized with Li,SO,, Na,S04 and 
K,SO,, measuring at 671, 589 and 769 nrn respectiveIy and the sodium 
salt was found to be best. The response was log-log linear for C1, Br and I 
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compounds but not for F compounds. It, was always the poorest for F 
compounds, while for CI 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 C1 compounds 
than for non-halogen compounds12'. 

E. Mass Spectra 
This method allows us, in general, to obtain the elementary analysis of 

all the fragments produced by electroa 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 ni values that best satisfy equations (1) and (2) simultaneously, 

(1 1 

Fractional part of M = Fractional part of I+  C ni(mi - i)] (2) 

where izi is the number of atoms with mass number i and atomic mass 4 
(see Table 6), and I 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 c atoms of chlorine and b 
atoms of bromine will consist of b+ c+ 1 lines spaced a t  2 mass unit 
intervals. The relative abundances of the niultiplet components can be 
calculated as follows: develop the expression on the left-hand side of 
equation (3), formally as though the indices b and c were exponents (but 
write them as subscripts). For each term of the summation compute the 
zi values according to equation (4), list the zis in order of increasing 
magnitude and finally compute the statistical weights wi of the peaks by 
adding all coefficients ai that correspond to the same value of 4, as in 
equation (5). For example, the computation for an ion containing CI,Br, 
is shown in Table 7. 

M = C niiiti 
i 

{ i  
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TABLE 6. Properties of the naturally occurring isotopes of the organic 

elementsR 

Isotope Atomic Natural Nuclear Quadrupole 
massb abundance (%) spin (l>c moment (Q)" 

1H 
'H 
13c 

13 c 
14N 
15N 
1 0 0  

' 8 0  

1DF 
3lP 3's 
33s 

34s 

3% 

37c1 
78Br 
81Br 

1 7 0  

35c1 

1 3 7 1  

1-007825 
2-01410 

12~00000 
13.0033 5 
14.00307 
15.0001 1 
15.9949 1 
16.9991 4 
17.999 16 
18.99840 
30.97376 
31.97207 
32.97146 
33.96786 
35.96709 
34.96885 
36.96590 
78-91 83 
80.91 63 

126-9044 

99.985 
0.01 5 

98.89 
1.1 1 

99.63 
0.37 

99.759 
0.037 
0.204 

100 
100 
95-0 

0.76 
4.22 
0.014 

75.53 
24.97 
50.54 
49.46 

100 

- 
- 7-97 x lo-' 
- 6.21 x lo-' 

0-33 
0.28 

- 0.69 

a From reference 10. 
Based on the arbitrarily assigned mass 12.00000 for l;C, in the physical scale. 
In  units 1427~. 

d In units or cm2. 

TABLE 7. The statistical weights (toj) of the quintet corresponding to an ion 
containing C1 ,Br 

W j  
Zf Terms with equal z k  mle 

Approximate Precisea 
~~ ~ 

(3 3SCl+37Ci)2(7DBr+81Br), = 

(7DBr2 + 2 7QBr81Br + 81Br,) = 
(9 3 5 ~ 1 ,  + 6 3 6 c ~ c i +  3 7 ~ 1 , )  

4 9 35C127QBr2+ 1%1 9 9-52 
6 18 35C127DBr81Br+6 35C137C170Br2+ M + 2  24 25-61 
8 9 S5C1281Br2+ 12 35C137C17gBr81Br+ M + 4  22 22.95 

10 6 36C1,37Ci81Br, + 2 37Clz7BBr81Br + M+ 6 8 8.17 
37C1278Br2 + 

12 37C1,81Br M + 8  1 1-00 

Computed by developing 

instead of equation (3j. 
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(3 35C1 +37C1)c (79Br +81Br), = 5 a,3~Cl,,37C181'79Bry,81Br,, (3) 
2'-1 

Z=(h+l)  ( C f l )  

zi = ori-i-3pi+yi+3t4 (4) 

wi= C ai ( j =  1,2, ..., b+c+l ;  zl<zz< ... 6 2 , )  (5 )  
t?c=constant 

The statistical weights calculated from the actual isotope abundances do 
not differ much from those found by the approximate method. Not all 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 C1, quintet has less 
than 1% of the intensity of the most abundant peak as the intensities are 
in the ratio of 8 : 108 : 54 : 12 : 1. The C1, Br content of a molecule can 
be found by fitting the multiple+ shape to one of the entries of a table 
computed as described above f x  various values of b and c (see, for 
example, reference 122). 

3. Carbon isotope peaks 
With fluorine and iodine no halogen multiplet analysis is possible. 

However, the isotopic 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 6.1% and that of the M+2 to  the M peak is 0.2%. On the other hand, 
for C-H-0 compounds the same ratios can be27 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 compounds2** 123~  lM. 

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 inorgaiiic analysis problem. However, many 
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of the finishing methods have been designed to solve specific problems 
posed by mineralized organic systems and therefore deserve special 
attention (section 11. 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 steroidal halide. On the 
other hwd, with highly hahgenated 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 requirenzents: The necessity of establishing efficient 
routines may arise to cope with long runs or 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 steps have been i ~ ~ i ~ i d 1 - ' 5 ~  20-23~ x25. 

1. Combustion tube 
a. Oxygen combustion. A series of variations of the classical semimicro 

combustion method of Pregl'O have been proposed for determining all 
four halogens. The sample is burnt in an oxygen stream at high tempera- 
tures (900-1009") 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 small amount of the hyarogen halide, and converted to the latter 
form in a collecting solution, as shown in reaction (6), or to the corres- 

Xz + HZOz- 2 HX + 0, (6) 

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

2 F, + 2 H,O - 4 HF + 0, (7) 
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Reduction of the combustion gases by sodium bisulphite has also 
been applied126. Whenever HX production is to be ensured prior to dis- 
solving the combustion gases, wet oxygen can be used to provide the 
hydrogen needed127*128. Wet oxygen combustion has also been used for F 
determination in biological 

Among the variations proposed are empty tube combustions130, platinum 
catalysed combustions131, alumina plates132, sintered quartz plates133, 
etc. Determinations at  the submicro level has been carried 

The importance of the oxygen combustion tube stems from the possi- 
bility of adapting it to automatic systems (see section 11. Ci. 9), and to 
simultaneous halogen-C-H analysis135. 212. 

b. Hydrogen combustion. Fyrolysis in hydrogen atmosphere converts 
halogen to hydrogen halide, sulphur to hydrogen sulphide and phos- 
phorus to p h o ~ p h i n e ~ ~ ~ .  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 11. G. 9). 

2. Oxygen flask combustion 
The first determinations of this type were performed in the last cen- 

tury13', 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 scale138-1m. He showed that the 
method can be as accurate as other more lengthy microanalytical methods 

g&nd joint 
FIGURE 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 Schoniger procedure is as follows: the sample is weighed into a 
small filter paper container which is folded and clamped in a plarinum 
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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 fornis a seal (Figure 3). The combustion is 
compfete 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 reviewedl*l. Some variations 
are summarized in Table 8. 

TABLE 8. Modifications of the oxygen flask combustion method 

Type of variation Remarks Reference 

1. Sample size 
(a) Macro 

(b) Semimicro 
(c) Micro 

(d) Submicro 

2. Accuracy arid applicability 
(a) Micro 
(b) Subr-' ai1CTG 

5 1 flask, infiared ignition 
Flowing oxygen combustion 
Oxygen Pam bomb 
Ordinary Schoniger method 
Ordinary Schoniger method 
Air-filled flask with steel sample 

holder for field detection 
problems 

coinbustion') 
Special design flask ('hot flask 

Using potentiometric finish 
Using chemical and potentiometric 

finish 
3.  Special handlirig of samples 

(a) Liquids Sample in capillaries, in a special 

Hot flask 
Sample in capsules of cellulose, 

platinum holder 

polyethylene or gelatine 
(b) Thermally unstable Electric ignition 

compounds 
(c) Combustion without 

containers 
(d) Explosive compounds 

(a) Fluorine compounds Additives for aiding complete 

Combustion in furnace at 850" 

Heating coil, screen protection" 
4. Modifications due to the halogen content 

combustionb : 
sucrose 
sodium peroxide 

4 

142 
143 
144,181 
141 
141 
145 

23,148 

22 
21,23 

147 

148 
149, 154 

150 

148 

152 

154 
155 
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TABLE 8 (coni.) 

Type of variation Remarks Reference 

(b) Chlorine compounds 

(c) Bromine compounds 

(d) Iodine compounds 

potassium chlorate 156 
paraffin wax 157 
dodecyl alcohol 151,158 

Combustion in quartz flasks 146, 154, 
266 

Distillation after combustion 127 
Combustion in polypropylene flasks 160 
Combustion in polycarbonate flasks 158 
Semimicro to nzicro samples i61 
Submicro samples 156 
Determination in chromatographic 162 

Absorption in dilute alkaline 138 

Absorption in pure water 163 
Absorption in dilute alkaline 138 

hydrogen peroxided 
Absorbing reagent for highly 

brominated compounds : 
hydrazine sulphate 163,167 
sodium borohydride 159,164 

hypochlorite for highly chlorin- 
ated bromine compoundse 

hydrogen peroxide 

solutions (ng range) 

reagents : 
hydrazine 166 
hydroxylamine 166 
sodium borohydride 159 

Poly(methy1 methacrylate) sample 166 
holder 

spots 

hydrogen peroxidec 

Absorption in buffered sodium 138 

Absorption in dilute alkaline 138 

Absorption in sodium carbonate 165 

Various reductive absorption 

a 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 rec~mmendedl~l. 

C Although peroxide is not strictly necessaryls3 it is useful in converting nitrogen and 
sulphur combustion products into nitrate and sulphate re~pectively'~~. 

d This reagent is adequate for many mganic bromine compounds of low or moder- 
ate halogen content. 

CBr,+5 C10-+H20+2 BrO.;+5 CI-+H+. See section 11. 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 size1G9-171. Thus, determina- 
tion of chlorine traces in petr~leuml'~, various halogens in viscous poly- 
butylene fraction173 and general organic halogen microanalysis*74 have 
been proposed. 

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

4. Fusion methods 

Samples which are di5cult 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 reviewed15. 

a. Sodium peroxide in the Parr bomb175. 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 results180* 182~ Ia5, e.g. 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 
~amplesl l -~~.  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 11. D. 5. This may be 

* Although its accuracy for bromine determinations has been it 
is the authors' experience that bromine can be adequately determined in 
organic samples, e.g. in routine determination of brominated ~ o o d ~ ' ~ - ' ~ ~ ,  
where Schoniger's method failed because of the low combustibility of the 
samples*'B. -4ctivation analysisao also gave good results. 
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done conveniently with manganese dioxide, potassium perrnanganate or 
sulphochromic mixture12D lo2 affording very sensitive detection tests (see 
section 11. G. 5). 

TABLE 9. Fusion agents for organic halide analysis 

Fusion agent Type of analysis Reference 

Sodium 

Sodium with ethylene glycol 
Potassicm 

Magnesium with potassium carbonate 
Zinc with potassium carbonate 
Sodium carbonate 
Sodium carbonate with dextrose 
Calcium oxide 

Detection 
Determination 
Determination 
Detection 
Determination 
Detection 
Detection 
Detection 
Detection 
Determination 

11-15,183 
183 
182 
186 
234 
188 
189 
12 

190 
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 method193* Ig4, consists cf 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 iii the presence of potassium dichrornate 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 digestion12. 

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 mediumlS6, treatment with the sodium diphenyl reagent197 or 
sodium borohydride and p a l l a d i ~ r n ~ ~ ~ ~ ~ ~ ~  have been proposed for haIogen 
determinations. 
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The reduced organic skeleton can be used in identification and struc- 
ture assignment problems, as discussed in sections 111. 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)z00, liquid ammoniazo1, amines (see end 
of section IV. A) or potassium hydroxidezo2. Detection by the use of alco- 
holic silver nitrate11-15 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 IV. A. 

8. Photnlysis 
Irradiation with U.V. iight causes the breaking of C-halogen bonds 

liberating atomic halogen that may react in siht with many test reagents. 
This property has been applied to sensitive visualization tests in paper 
and thin-layer chromatography, as shown in section 111. A. 1. 

A mineralization method for organic halogen determination has been 
proposed, based on decomposition of a small sample ( N 1 mg) sealed in a 
quartz ampoule and strongly irradiated by a xenon lamp for a few 
seconds u p  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 titrationZo3. 

G. Finishing Procedures for Mineralized Samples 

The result of the mineralization seep considered in section 11. 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 re~iewed~'-'~**O-23* lC5. 

I. Alkalimetric and zcidimetric 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 digestionzw. 
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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 

2 Hg(0H)CN f 2 NaX - tig(CN), + HgX, + 2 NaOH (8) 

acid1W 205. 

(X = CI, Br) 

After oxygen combustion and absorption in water, hydrogen fluoride 
can be determined by acidimetry2O6 when no other acid-produdng 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 11. G. 6-8 have to be applied. 

2. Precipitation methods 
a. Fluoride. Micro and semimicro determinations of this halide can bz 

performed by precipitating as lead chlorofluoridel”* 207. The composition 
of the precipitate is variable and therefore a strict routine of analysis is 
advised, and either expulsion of interfering ionslG1 or volatilization of the 
fluorine might be advisable208. These procedures are, however, cumber- 
some and titrations with lanthanum(rr1) nitrate are recommended. Quan- 
titstive precipitations of fluoride with lanthanum(1rr) are also possible4z. 
The precipitation methods for fluoride ions have been reviewedzo9. 

b. Chloride, bromide and iodide. Silver halide precipitations were used 
after all classical mineralization procedures both for detectionl1-l5 and 
determination problemsz0-z3. The method is free from interference but it 
is tedious and its precision relatively poor21o. 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 century211 and has been further 
modified and improved for use in the micro scale2121213. 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 proposed214. 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 

a. Fluoride. After fusion the presence of fluoride can be detected by its 
decolorizing effect on the complex formed between zirconium(rv) and 

indicators. 
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alizarin (2) 12. The most widely investigated titrant for fluorides is 
thorium(1v) nitrate using as indicator sodium alizarinsulphonate (3), 
which is adequate for all mineralization procedures yielding 
fl~oride'~~-208.2~~* 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. 

(ii) Sodiuin 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(rr1) 
nitrate218, zirconium(1v) chloride219 and aluminium chloride220. The visual 
methods for detection and titration of fluoride have been reviewed209. 

Table 10 summarizes reagents that have been proposed for photo- 
metric fluoride determinatioils. 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 Zake of characteristic c o l o ~ r ~ ~ ~ .  

Fluoride ion in the pg/l range inhibits the rate of reaction (lo), catalysed 
by ZrW ion, thus affording a sensitive kinetic method of fluoride deter- 
mination228. 

(1 0 )  
7 IV 

BO; + 21- 60;- + I, 

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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TABLE 10. Reagents for spectrocolorimetrp of fluoride ion 

Reagent 

Metal Organic 
ion ligand 

Remarks Reference 

F&II 

Zr'" 
Cel" 

La"' 

La"' 
Th'" 
Al"' 

Zr'" 

Zr'" 
Th'" 
Zr'" 

Salicylate (4) 
SPADNS (5) 
Alizarin (2) 

Alizarin (2) 

Chloranilate (6) 
Chloranilate (6) 
Eriochrome cyanine R 

Eriochrome cyanine R 

Calcein blue (S) 
Xylenol orange (7b) 
Xyienol orange (7b) 

(7a) 

(74 

154 
Absorption at 540-590 nm 221 
Absorptions at  538 and 567- 221 

568 nm. At pH 4.3 alizarin- 
fluorine blue is formed and 
measured at 610 nm 

determinations 
A method for ultramicro 221,222 

223 
893 
224 Adequate for up to 20 pg 

Adequate for traces up to 2-5 pg 155,221,222 
225 

Down to ~ O - ' M  226 

5-50 pg/l 227 
0.7-10 pg 221 

co; OH OH 

SO3- HO 
0 

(7a, X = CO;; Y = CH,', 
(Ib,  X = CH,N(CH,CO;),; Y = CH,) 
(7c, X = Br; Y = CI) 
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(9)  

(9) forms salts with bromide or iodide which can be extracted into organic 
solvcnts and determined spectropliotometricallyz29. The spectrophoto- 
metric measurement of hexachloroferrate ions230 may be developed into a 
general colorimetric method for chlorides. Iodide catalyses the formation 
of Prussian blue, affording a veiy sensitive method for determination of 
this ion (see section 11. G. 6). Copper(I1) oxidizes N,N-dimethyl-p- 
phenylenediamine (reaction 1 1) yielding Wuster's red (10 + 11). The 

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 method231. 

Argentonietry by Mohr's methodz32, 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 use2=, variamine blue B (13) was used in 
micro-titrationsZ3 and dithizone (14) in aqueous acetone t i t ra t ion~~3~.  
The subject has been revieweP3. 

(1 3) 

C6H5N=N-C-NHNHC6H5 
I I  

0 xm:H X X S 
(12a, X = H) 
(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(rn) nitrate by means 
of the intensely coloured complexes of HgI' with diphenylcarbazide (15) 

Hgz+ + 2 X -  ------+ HgX, (1 2) 

or diphenylcarbazone (16) 23G. The reaction is pH-dependent and good 
results are obtained only within rather narrow limits, e.g. in water at 

C,H,NHNHCONHNHC,H, C,H,N=NCONHNHC,H, 

(15) (1 6) 

The method is suitable for finish after most mineralization procedures. 
A convenient modification is to carry out the titration in 80% ethanol23s. 
Many adaptions have been proposed in the micro scale120*239*240. The 
subject has been reviewed233* w1-243. 

pH 1*5-2237. 

4. Amplification reactions 
Bromide and iodide may be oxidized to the corresponding hslates, 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 h2s 
been modified for semimicro work244. Iodide interferes in the method. 

Br- + 3 CIO- -+ BrO; + 3 CI- (1 3) 

BrO; + 61- + 6 H +  ___f 31, + Br- + 3 H,O (1 4) 

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)262, and the iodine 
liberated according to reaction (17) is detected or determined as required. 

(1 5) 

(1 6) 

I- + 3 Br, + 3 H,O - 10; + 6 Br- + 6 H f  

I, + 5Br, + 6H,O- 210; + 10Br- + 1 2 H +  
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None of the other halogens interferes. No direct amplification reaction 
for chloride has been proposed, and the indirect n i e t h o d ~ ~ ~ ~ * ~  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. 

TABLE 11. Colour reactions for free halogen detection 
~~ ~~ ~ ~~~ ~~ ~~~~ 

Reagent Recommended for Colour reaction Reference 
_________ 

Iodide-starch 
Thio-Michler’s ketone 

(18) 
N,N-Dimethyl-p-phenyl- 

ene-diamine (10) 
Diphenylamine 
Congo red (19)-H202 
o-Tolidine (19’)” 

Fluorescein (123) 
Fuchsin (20)-bisulphite 

(leuco-form) 
a-Naphthoflavone (21) 

Tetrabase (22) 
Sodium nitrited 

Colourless to blue 
Brown-yellow to blue 

Colourless to red 

Colourless to blue” 
Red to blue 
Colourless to yellow 

Yellow to redb 
Colourless to blue 

Colourless to orange- 
red (13r2) or to blue- 
violet (Iz) 

Colourless to bluec 
Yellow to brown, 

measured at 455 nm 

246 
12 

12 

12 
192 
248 

192 
249 

25G 

192 
199 

a Under certain conditions the method becomes specific for chlorine. 
The reaction entails conversion to eosin (12b). Iodine interferes by yielding the 

tetraiodo analogue (erythrosine). See section 11. D. 8. b. 
The other halogens interfere. However, freshly prepared chloramine-T (23) 

solutions transform iodide to iodinez51 without oxidizing 22. This is a very sensitive 
method. 

This reagent converts iodide into iodine which is measured photometrically. 
This is a quantitative photometric method. 
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NH2 

6. Chromatography of the halide anions 
Haiide ion separation has been effected on thin layers made of ion 

exchange resins252, keratin2% and silica gel, the latter being the most 
widely studied2s*255. Development has been done in the form of alkali or 
ammonium halides with aqueous solvents253 or with amine-containing 
alcoholic The R, vaitips found in the latter case follow the 
order 

I- > S C N -  7 Br- > CI- > N; > Fe(CN)J,- N Fe(CN):- > C N -  > F- 

Spot visualization can be done by any of the following reagents2s: 
(i) An acid-base indicator with transition point at sufficiently high pH, 

which has been just over-neutralized with alkali, e.g. bromocresol purple 
(7c), 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 
halides256. 

(ii) Ammoniacal silver nitrate-fluorescein spray will show the halide 
spots after U.V. irradiati0n~~4. 

(iii) Zircitnium-alizarin complex decolorates in the presence of fluoride 
showing a pale spot2j7. 
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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’”. 
In fact this principle has been developed into a very sensitive colorimetric 
method for iodide determination (0.01-0. 10 pg/rnl range)258. 

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

o ~ N + H  \ 

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 
beer. applied to  halide determinations which include the photometric 
methods of section 11. 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 analysis2’. 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 11. 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 rnethods for fluorine have been reviewecVo9. 

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 jn the 
future with added r n o m e n t ~ r n ~ ~ ~ - ~ ~ .  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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TABLE 12. Electrometric methods for halide analysis 

Potentiornetry 
(null-point) 

Potentiometry 

High frequency 
titration 

Polarography 

Amperometry 

Potentiometry 
Potentiometr y 

(null-point) 
Potentiometry 

Potentiometry 
Polarization 

techniques 
Potentiometry 
Amperometry 

Cou!ometry 
Coulometry 

Coulometry 

1. Ffuosicle" 
Titrations with Ce'". The Ce'"- 

CeIrr redox potential is lowered 
by fluoride complex formation 

Titrations with AgNOS + Th(NO& 
Pt and calomel electrodes, 
optimum results at p H  7.2. All 
four halides can be determined 

Titrations with Larrr or Sr" 

Displacement by F- of o-nitro- 
benzene-arsonic acid (25) from 
its complex with ThIV; the re- 
duction of 2§ is measured 

Titrations with Th(NO&, rotating 
A1 electrode 

2. Chloride, bromide and iodide" 
See second entry of fluorides above 
Ag-AgC1 electrodes 

Three separate titrations : 
(i) total halide, (ii) chloride 
after oxidation of Br-, I-, 
(iii) iodide after oxidation 
of I- to iodate (section 11. G. 8. b) 

See above (fluorides) 
AgNOs titration 

C1- and Br-; Pt electrode 
Mercury pool and calornelsodium 

With biamperometric end-point 
Different conditions required for 

every halide. Automatic system 
In acetic acid with potentiometric 

end-point. Automatic system 

nitrate electrodes 

> 5 m M  260, 
261 

Semimicro 317 

Semimicro 216 

2-10 pg 264 

265 

- 15 p.p.ni. 132 

Semimicro 262 

1 85,266 
1-200 pg I -  267 
1-100 pg Br- 268 
10-0-1 0 - 3 ~  263 
< 100 pM 131 

- 100 pmole 269 - 1 pmole 270 

15-75 nmole 271 

Titrations and potentiometric determinations with specific electrodes are discussed 
in section 11. G. 7. b. 
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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- 

-300 

-250- 

-200 

2 -150- 

l'- -100- 

-50 

metric titrations. These procedures require only a 

- 

- 

- 

pH-meter with an 

9 

50 O L  0 1 2 3 4 5  

- log[xl 
FIGURE 4. Potentiometric selectivity of a Pungor-type I- membrane electrode 
to I- irr I--Cl- and I--Br- bimry mixtures. Reference electrode Ag-AgC1 
(0.1) electrode with KNO, salt bridge: A, calibration graph for I- electrode; 
B, 1 0 - 5 ~  Kf in Br- solution; C, 1 0 - 6 ~  KI in Br- solution; D, 1 0 - 5 ~  KI in CI- 
solution; E, 1 0 - 6 ~  KI in C1- solution; when X is C1- or Br- 274. Reproduced 
by permission of the Society for Analytical Chenlistry from E. Pungor and 

K. Toth, Analyst, 95, 11 32 (1 970). 

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 design277. 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 agents278. 
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Since some of the theoretical approaches"-4 and some phenomena are 
not yet fully understood272, the classification of the types of ion-specific 
electrodes is stiil contradictory. However, according to their construction 
they can be divided into three main classes274: 

(i) 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 

0 1 2 3 4 5 6 7 

-log El-] 
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, 1 0 - 4 ~  Br- in 
C1- solution; C,  1 0 - 5 ~  Br- in C1- solution; D, 1 0 - 8 ~  Br- in C1- ~olu t ion~~ ' .  
Reproduced by permission of the Society for Analytical Chemistry from 

E. Pungor and K. Toth, Analyst, 99, 1132 (1970). 

(ii) Heterogetieozts menrbranes, 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"-4 have found a satisfactory way of immobilizing fine particles 
of precipitate In a coheretlt, si1icor.e rgbber matrix. 
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(iii) Ion-excharige mernbrane 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 chloride280 and chloride alone was studied28f. 

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 retio 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 membrane272. 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(iii), thorium(rv) and other 
rare earth precipitates were examined282. The response was found to be in 
the 10-2-104 M 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 purposes272. 
Among them, the iodide-selective electrode was studied in The 
single crystal rare earth fluoride electrodes284 have received a great deal of 
attention because of the difficulties present in fluoride determinations and 
the outstanding selectivity of these 286. 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 1 0 - 5 ~  and ;I useful 
non-Nerstian response at least at 10-6~, at the proper pH272. The useful 
pH range for measurements is limited by formation of hydrogen fluoride 
in the acidic region and the electrode response to the hydroxide in the 
alkaline region. The electrode was later modifiedzs7 for measurements of 
10 p1 samples. 

Of the several types of solid-state membrane electrodes for chloride, 
bromide and iodide the silver sulphide membrane electrode seems to be 
the most advantageous for analytical work. There are two versions of this 
type of electrode : the heterogeneous P u n g ~ r - t y p e ~ ~ ~ .  279 consisting of 
silver sulphide dispersed in silicone rubber, and the homogeneous type288 
sifiiilaz to a conveniioiial glass electrode, with its membianz 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 

Successive titration of chloride, bromide and iodide with silver 
nitrate using P u n g ~ r ? ~ ~  and homogeneous290 electrodes were performed. 

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

8. Hatide mixture analysis 
a. Some chemical separation schemes. The frequently used procedure of 

determining total Izalide followed by successive subtractions of single 
halide determinations accumulates the experimental errors of all the 
preceding determinations in the remainder. I t  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 
occuP9. 

For flioride the methods described in sections 11. 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 test310 (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 precipitation311. 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 consumed262. 

(1 9) 2 X- + HtOz + 2 H+ ~ - ~ r , r  X, + 2 HzO 

WJ O H  

(26) 

Bromide can be de ected after oxidation with sulphochromic mixtu e 
by the fuchsin-bkulphite method240 (Table 11) with no interference from 
chlorine or iodine, or after oxidation by permolybdic acid (chloride is 

* Iodine 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 
test312 (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 i s  deducted from the total halate value obtained 
after hypochlorite treatment, or from total halide minus chloride minus 
iodide244. 

Iodide is converted to iodine by fresh chioramine T (23) and detected 
by reaction with tetrabase313 (Table 1 I) or by the catalysis of reaction (18). 
Determination is done after oxidation to iodate by bromine according to 
reaction (1 5)244. 

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 potentiometrygo9. At a 
very early stageg1* 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 discussed315. 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-point3I5. 

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 ions316. 

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 nitrate26E or by potentiometry 
with a mixed titrant containing thorium and silver nitrate at a platinum 
electrode3I7. 

Amperometric titrations with silver nitrate with rotating platinum 
electrodeIG7 or at  a quiet mercury pool at +@I5 V were triedlgl. In  order 
to determine I- in presence of C1- and Br- it was found necessary to 
titrate I- in ammoniacal solution and then complete the determination of 
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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 used318 to determine mixtures of iodide and bromide or 
iodide and chloride with better accuracy than the argentometric titrations. 
Bronide-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 de:vices31D 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 titrationlm* 320* 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*5mg/s of 
hydrocarbons. The combustion gases ?re 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 An extensive 
bibliography of applications of this instrumentation is available322. 

Ago (anode) - Ag+ (solution) 4- e- (20) 

Ag+ (solution) + Hal- (solution) AgHal (precipitate) (21 1 
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Sample 

I 

Generutor cothode 
Gcnemla ooode 

Sensor electrode' 

I 
I _ I  cd Liquids 

(Recorder 

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 available3z3. It consists essentially 
of a device where the chromatography effluent is mixed with hydrogsn, 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 detecto1324 where the solution is measured. 
The system, which is capable of measuring halogen in the <lO-'g 
range325, is shown schematically in Figure 7. 

GLC 

resin 
Combustion furnace Waste 

Conductivity 

Dissolution 

Conduciivity 
cei i 

FIGURE 7. Electrolytic conductivity detector for automatic analysis of organic 
halidess23. By courtesy of Tracor Inc. 
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Ill. MOLECULAR ANALYSIS 
10s 

A. Distribution Properties 

1. Thin-layer chromatography 
This separation technique326 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 gePZG; 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 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 technique for the separation of olefinic compounds consists of 
brominating them during the chromatography development3j3. Thus, 
A5-3/3-hydroxysterols (33) are converted to the corresponding dibromides 
which migrate faster, while sterols with the double bond a t  another 
position remain near the e.g. small amounts of 5c~-cholestan-3j3-o1 
(34) could be detected in the presence of a large excess of cholesterol 

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

~~ ~~ 

Type of compound Visualization Reference 
reagents a 

Monohalogenated anilinesb 
Halogenated pyridines 
Halogenated bactericides 
Bromoureides" and their metabolites 
Chlorothiazide (27) and hydrochlorothiazide 

(28) derivativesd 
Lodinated amino acids (29a, b; 30a, b, c)  and 

derived hormones 
Bromosulphalein (31) and its metabolites 
Chlorinated pesticides 
Olefins after brornination 

329 
330 

1 33 1 
729 332-335 

334,336,337 

394 338-341 

338,342-344 
2,5,7,8,10-13 345-351 
10,14 348,352-357 

a Numbers refer to entry of Table 15. 
The 2, vdues foliow the sequence ortho > nieta >para, frequently found €or 

Used as hypnotics. 
Used as diuretics. 

non-polar substitumts in primary aromatic amines. 
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X 
0 0  
T 7  

0 0  
% 7  

NHzSo2~%JH Ho* CHzCHC02H I 

I v N H2 CI 

(30a; X = Y = H) 
(30b; X = I, Y = H) 
( 3 0 ~ ;  X = Y = I) 

(29a; X = I, Y = H) ti 
(29b; X = Y = I) 

Br 

HO 

(32) 

(35)s5. I i z  situ bromination may be helpful in separating saturated from 
unsaturated 3549 356 and sorbic acid (36) from benzoic acid used in 
foodstuffs=. 

Cumulative bibliography on the subject has been 

HO @&& HO H (34) HO \ (35) 

CH,CH=CHCH=CHCO,H 

(36) 

2. Gas chromatography 
a. The colu.wn. It is possible to identify an unknown by various 

r n e t h o d ~ ~ ~ ~ ~ ~ ~ ~ .  Studies were made of the principles that may guide the 
selection of stationary liquid phases, but the theory is not very accurate 
and is on!y 8 guidicg r ~ l e ~ ~ ~ .  Foi instance3G', fluoio 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. 
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TABLE 15. Visualizaticn reagents for organic halides" 

107 

No. Reagent Remarks Ref. 
____---_ 
1 

2 

3 

4 

5 

6 
7 

8 

9 

10 

1 1  

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 am) 

FeCI,+ K,[Fe(CN),] + AS203 

Brz, AgN03, fluorescein (12a), 
followed by U.V. irradiation 

Ce(SO,), + H2S04 
N,N-Dimet hyl-p-phenylene- 

diamine (10) followed by 
U.V. irradiation 

Diphenylamine + ZnCl, 
followed by heating 

Fluorescein (12a)-H 2O , 
Methyl yellow (32) followed 

by U.V. irradiation 
AgNO,, formaldehyde, 

followed by U.V. (sunlight) 
irradiation 

followed by U.V. irradiation 
AgN03, 2-phenoxyethanol, 

AgN03, HoOz followed by 
U.V. irradiation 

Antimony(1u) chloride 

Nuclear activation 

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

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) hydrocarbonsa 

Green spots after 1 min with 

Iodo 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 

cY,P-Dibromo compounds give 

Visualization by radio-autography 

background 

colour spots 

349 

358 

339 

192, 
359 

346 

346 
35 1 

3 60 

361 

3 62 

347 

350 

347 

352 

53 

A cornpiIation of visudization techniques is given in reference 349. 
Exposure to iodine vapours is more sensitive than this visualization procedure3". 
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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 p ~ r p o s e 3 ~ O t ~ ~ ~ .  

The interaction of chlorobenzene with various stationary phases was 
investigateds72. Both nematic and smectic liquid crystals were found t o  
have some discriminating capacity for the isomers of disubstituted ben- 
zenes including some halogenated corn pound^^^^^ 373. 

Aluminas modified by various inorganic compounds have proved to be 
useful in hydrocilrbon separations374. 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 compounds376. 

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

TABLE 16. Stationary phases useful for halogen compoundsa 

Maximum 
Stationary phase operational Recommended use 

temperature 
("C) 

Cibenzy! ether 
Dialkyl phthalates (semipclar) 
Silicone oils (non-polar) 
Igepol 880b 
Fluorosilicone oils (polar) 
Perfluorocarbons (freons) 

CarSowaxesc (polar) 
Apiezonsd (non-polarj 
Tricresyl phosphate" 

SO Chlorine compounds 
175 Chlorine compounds 
200 General use 
200 Aromatic chlorine compounds 
250 General use 

let through alkanes 
250 General use 
300 High-boiling compounds 

Retain fluorine compounds and 

Alkyl iodides 

From reference 375. 
Nonylphenoxypolyethyleneoxyethanol. From reference 64. 
Polyethyleneglycols. 

High molecular weight hydrocarbons. 

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 column367* 376. 

For example377, in a series of three columns, the first impregnated with 
neutral silver nitrate, the second with concentrated sulphuric acid and the 
third with discdium hydiGgeIi phosphate, reaction (22) takes place with 
sec-alkyl bromides (above 30" dso with t-alkyl broniidcsj in the first 
column, the olefin and nitric acid being removed in the second and third 

RCHCH,R' + AgN0,- RCH=CHR' + AgBr + HNO, (22) 
I 
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 ~ h r o m a t o g r a p h y ~ ~ ~ ~ 0 .  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. 

c. Detectors. Eiectron-capture detectors are responsive to organic halogen 
compounds and only a few other organic structures produce 8 response, 
e.g. nitro, cyano, polycyclic aromatic compounds3e7. These detectors have 
long been used in pesticide trace analysism1. The response of fluoro 
compounds is the lowest amo.ng 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, especialiy 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 derivatives383. Table 17 lists some examples of such derivatives. 

TABLE 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 

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

Amines, alcohols, phenols N- or U-chlorodifluoroacetyl 387 
Amino acid n-butyl esters N-trifluoroacetyl 386,388,389 
Amphetamine and ephedrines N-pentafluorobenzoyl 390 
Phenethylamine, N-perfluoroacyl and N-perfiuoro- 391,392 

phenols 

n-butyl esters 

catecholamines a1 k yl i dene 
Carbamate pesticides &'-Trifluoroacetyi 393 

0 0  
IJ I! 

RFCCH,CC(CHJ3 
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Flame ionization detectors call be modified so that they become 

especially sensitive to organic halogens (not fluorine), phosphorus, 
nitrogen, arsenic and sulphur compo~nds3~@~c with sensitivity in the 
nanogram region3''. This is accomplished by introducing an alkali salt in 
the detector. Several factors are important in determining the response 
of the alkali flame ionization detectors397~3~8: 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 

.* i .. : *..- .- 
*..- ...- ... 

*--.. Adjustable electrode 

Rb2S04 pellef 

2 3mm 

FIGURE 9. Alkali flame detector modification for attaining selective response 
with various hetero-elernent~~~~. Reproduced by permission of Elsevier 
Publishing Co. from S .  Lakota and W. A. Aue, J.  of Cliromntogr., 44, 472 

(1969). 

negative currents for chloro and bromo compounds, and positive cur- 
rents for iodo, nitrogen and phosphorus cornpounds when the gap between 
the electrode and the pellet is narrow. Figure 10 shows how the response 
for the various ekments 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 
11. D. 2, and the electrolytic conductivity detector in section 11. 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 
possibilities4o1. For coupling to slow-scanning instruments the interrupted 
elution gas chromatography technique has been d e ~ d o p e d ~ ~ l .  The most 

r 

10 - 

8 -  

In 6 -  s 
\ 

E- (c 

a 4 -  

2 -  

O t  

47-- P Nitrogen 

I - Electrode heiaht obove the oellet,mrn 

FIGURE 10. Effect of electrode height (in Figure 9) on the response of the 
alkali flame Reproduced by permission of‘ Elsevier Putdishing Co. 

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

important couple is a mass spectrometer (for example, reference 402) but 
other less expensive instruments have been applied, e.g. improved i.r. spectro- 
photometers equipped with long path cells403, U.V. spectrophotometers (for 
example, the alkyl iodides with less than six carbon atoms have been 
disting~ished~’~) and nuclear magnetic resonance spectroscopy with 
multiple scannin&O.*. 
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Chlorobenzene 
FIGURE 11. A typical chromatographic trace for a mixture of organic hdides 
using the alkali flame detector of Figure 9. The sign of the bromobenzene peak 
can be inverted by narrowing the electrode gap (Figure Reproduced by 
permission of EIsevier Publishing Co. from S .  Lakota and W. A. Aue, J. of 

Cliromntogr., 44, 472 (1969). 

3. Phase solubility titrations 
This technique405 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 
example4o6, mixtures of alcohols with bromobenzene, 1 ,Zdibromoethane, 

dichloromethane and ally1 bromide407 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 

* (+) and (-) denote the sign of the optical rotations under certain 
experimental conditions. 



114 Jacob Zabicky and Sarah Ehrlich-Rogozinski 

known to form a molecular and this can be interpreted as 
proof for their opposite configurations. Solid solutions are formed by 
(-))-2-chloro-2-phenylacetam~de (38) with ( + )-Zphenylpropionamide 
(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 nature40g. 

Quite generally, if a mixture of two similar compounds shows an i.r. 
~ p e c t r u m ~ ~ ~ * ~ l ~  or an X-ray diffraction pattern41143 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. Spectral Propertie,. 

Several types of spectra are dependent on the structure of the molecule 
as a whole. Inasmuch as these spectra reveal de!ai!s 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, bgt their usefulness decreases with increasing halogena- 
tion. This method is becoming more accessible t9  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 elsewhere414. 

(ii) Mass spectrometry gives a fingerprint of the organic molecule. This 
can be applied in pesticide residue analysism2# 415. The application to ele- 
mentary analysis is treated in section 11. 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 
state416. 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 105 
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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 
11. 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 idenijfication of specific organic compounds. Large 
collections of spectra are available and they are coupled with indices of the 
absorption b a n d ~ ~ l ~ ~ ~ l ~ .  Applications of i.r. spectroscopy to structure 
elucidation are found in section V. E. 

IV. FUNCTIQNAL 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 
orgFnic halides react slowly with yields lower than quantitative. Hence, 
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 
ana!ytical problem ir$o a new one. This is done to provide additional 
information leading to the solution of the original problem. 

The classical methods always aimed a t  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 reactions1* 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 
:jpe and should be helpful in discerning whether a certain chosen method 

5 
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TABLE 18. Reagents for derivatizing carbon-halogen compoundsa 

A .  Elementary reagents 
Chlorine : ox (205), (206) 
Copper: red (1 75) 
Devarda's alloy (Cu-Ai-Zn): 

Hydrogen: nhr (76), (86); red (154), Sulphur: nhre 

Lithium: redb (144), (169), (173); 

Lithium-sodium alloy: met (88) 
Magnesium : d2x (1 84), (1 97) ; 

Nickel : red" J nhr (76) 
Palladium: red (154), (177) 
Platinum : nhr (86) 
Sodium: redb (161), (170) 

Zinc: d2x (178)-(183); red (154), (159) 
Zinc-copper couples: d2x (195); 

red (174) 

(1571, (1581, (177) 

d2x (184) red (146)' (147) 

met (87), (89), (91)-(95), (97)' (93), 
(139), (184); redc#* (139), (167); 
dhx (167) 

B. Acids, oxides, liydroxides and alkoxides 
Anion exchange resins (OH- form) : 

C-c (65); dbx (106) 
Chlorosulphonic acid: nhr (207) 
Chromium trioxide: ox (198) 
Nitric acid: nhr' (208) 
Potnssium bicarbonate: dhrr (122) 
Potassium t-butoxide: dhx (loo), 

(101): (105), (127); red (172); 
ox (201) 

Potassium hydroxide: c-s (37); 
dhx (991, (1221, (123), (126); 
nSh (20, (32) 

ns (32) 

dhx (103) 

Silver oxide: c-c (119); dhx (114); 

Sodium 2-n-buiyicyclohexanolate : 

Sodium ethoxide: dhx (104) 
Sodium h:--rlroxide: c-c (26); CQ (33); 

Potassium carbonate: c-cg 
Potassium ethoxide: d h x g  (100) 
Potassiun 3-ethyl-3-pentoxide: 

c s  (35), (38); dhxg (99), (102); 
ns (25) 

dhx (100) 

C. Metal amides, carbonyls and hydrides 
Dicobalt octacarbonyl: c-c (96) Potassium amide: dhx (115); c c  (131) 
Lithium aluminium hydride: red (145) Sodamide: dhx (1 16)-(118), (128)- 
Lithium dicyclohexylamide: dhx (130) 

(1051, (197) Sodium hydride: nhr (46) 
Sodium borohydride: red (143) Lithium diethylamide: dhx (120) 

Nickel tetracarbonyl: red (141), (16@) 

D. Salts 
Ammonium thiocyanate: ns (85) 
Benzyltrimethylammonium red (1 57)-( 158) 

mesitoate: dhx (134) 
Calcium carbonate: dhx' 
Chromiurn(lr) salts: d2x (180, (187); 

Formaldehyde sodium sulphoxylate: 

Lead tetraacetate: c-o (43) 
Lithiurn bromide: dhx' 
Lithium carbonate: dhx (133) 
Magnesium iodide: nsf 
Mercury(@ halides : met (95) 

red (148)-(150), (156)' (187); 
C-c (187) 
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TnBLE 18 (CofZt.) 
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D. Salts (cant.) 
Potassium carbonate: dhxg 
Potassium iodide: nsL 
Potassium permanganate: nhr (37) 
Potassium persulphate: ox (202) 
Silver acetate: C - O  (44) 
Silver chromate: ox (198) 
Silver 3,5-dinitrobenzoate: c-o (40) 
Silver nitrate: &xi; ns (29)-(31) 
Silver nitrite: ns (79) 
Silver tetrafluoroborate: c-c (57); 

c-o (124); ns (124); ox (200) 
Silver p-toluenesulphonate : c-o (41) ; 
dhX' Zinc chloride: ns (24) 

Silver trifluoroacetate: ns (28) 

Sodium acetate: c-s (36); dhx (113) 
Sodium azide: ns (84), (86) 
Sodium bicarbonate: c-n (53); 

Sodium cyanide IIS (83) 
Sodium iodide: d2x (185); ns (74), 

Sodium nitrite: RS (79), (81) 
Sodium thiocarbonate: ns (39) 
Sodium thiosulphate: ns (77) 
Tallium(i) bromide: met (94); red (93) 
Tetraethylammonium chloride: dhx' 

dhxi; ox (42) 

(821, (83) 

E. Organometallic compounds 
Allylsodium: c-c (76) 
Butyllithium: dhx (165); red (165) 
Dimethylcopperlithium : c-c (69)-(71) 
Disodium naphthalene: d2x (189) 
Disodium phenanthrene : d2x (1 89) 
3-Lithio-l-(trimethylsilyl)propyne : 

Lithium acetylide : c-c (72) 
Lithium diphenylamide: dhx (105) 

Methyllithium: c-c (168); dbx (166), 

Methylmagnesium bromide: red (142) 
Phenyithionethyllithium : c-c (73) 
Sodium methylsulphinyl methide : 

Tri-m-butyltin hydride: red (I 40), 

(167); red (166)-(168) 

d2x (188); red (162)-(164) 

(155), (171); dhxg 
C-c (68) 

F. Aniines, amides, hetarenes and hydrazine derivatives 
Amines : c-n (54) 
2-Aminofluorenone: c-n (53) dhx (135) 
Ammonia: c-n (47), (49); nhr (203); Ethyl carbamate: c-n (57) 

Aniline: c-nm Hydrazine: nhr (27); redd 
Benzenesulphonamides (variously N-Phenylmorpholine: dhx (107) 

Phthalimides (variously substituted) : 

2,4-Dinitrophenylhydazine : 

11s (207) EthyI carbazate: dhx' 

substituted) : c-n' (52) 

red (52) Pyridine : dbxe* (1 12) 
Quinoline: dhx" (112) 
Saccharin : en" 

Benzenesulphonhydrazide : c-n (52); enn (55) 

t-Butylamine: dhx (108) 
s-Collidine : dhx" 
1,2-Diaminoethane: c-c (72) Semicarbazide: dhx' 
1,5-Diazabicyclo[4.3 .O]non-5-ene : Sulphonamides (variously 
dhx" substituted): enn (56) 

Dicyclohexylethylamine : dhx (1 09) 
N,N-Diethylaniline: dhx (107) 
Diisopropylethylamine: dhx (109) 

Tri-n-butylamine: dhx (1 37) 
Triethylamine: dhx (121), (125), (137) 
Tetraethylammonium chloride : 

N,N-Dimethylaniline: red (1 51) &Xi 
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TABLE 18 (cont.) 

G.  Organophosphorus cottlpowrcls 
Hexamethylphosphoric triamide : 

cc(72) ;  dhx ( I l l ) ,  (!30), (138) 
Hexamethylphosphorous triamide: 

C-P'' (62) 
Triethyl phosphate: c-n (53); dhx (53) 
Triethyl phosphite: c-pr (60); 

d2x (192) 

Triisopropyl phosphite: d2x (1 92) 
Trimethyl phosphite: dhx (1 10) 
Triphenylphosphine: c-pP (52), (58), 

(153); d2x (1S1); red (52), (152), 
(176) 

H. VItlr group clement compounds 
4,5-Dihydro-2-mercaptoimidazol~: 

Dimet'nylsulphonium methylide: red (157), (158) 

Ethylmercaptan : red (1 50) 
c-s* Fornialdehyde sodium sulptoxylate: 

c-c (75) 6-Nitro-2-mcrcaptobenzothiazole : 

(1 99)-(20l) Sodium methylsulphinylmethide: 
Dimethyl sulphoxide: ox (42), C-s (38) 

2,4-DinitrothiophenoI : c-s (37) 
Diphenyl selenide : d2x (1 90) 
Diphenyl telluride: d2x (190) 

d2x (188); red (162)-(164) 
Thiourea: c-s (34)-(36) 

I. Misce!lancous organic conlpoitnds 
Aryl isocyanates : c-c (89) 
Benzene: as (203) 
Benzoic acid: red (175) 
t-Butanol: red (172) 
Diethyl malonate: c-cp (66) 
Ethanol: d2x (193) 
Isopropenyl acetate: nhr (45) 
Methyl borate: e-be (91) 
Methyl fluorene-9-carboxylate: 

Phenol (variously substituted): 

Picric acid: firk. * (34) 
2-Pyridinecarboxaldehyde : nhr (48) 
Sodium 1,2-naphthoquinone-4- 

sulphonate: nhr (go), (85) 
Trimethyl borate: as (91) 

as (26); c-o (33) 

C-c (64) 

a Numbers refer to numbered reactions in this chapter. The following abbreviations 
are used: 
as: acomatic substitution; 
c-b: reaction leading to a C-R bond 

c-c: reaction leading to a C-C bond 

c-n: reaction leading to C-N bond 

to: reaction leading to a C-0 bond 

c-p: reaction leadinl: to a C-X? bond 

c-s reaction leading to a C-S bond 

formation; 

formation ; 

formation ; 

formation; 

formation ; 

formation; 

d2x: formation of an unsaturation or  a 
cycle at the expense of two halogen 
atoms; 

dhx: dehydrohalogenation; 
met: metallation; 
nhr: non-halogen reaction; 
ns: nucleophilic substitution; 
ox: oxidation; 
red: reduction, formation of a C-H 

bond at the expense of a C-halogen 
bond. 
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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 H aiides 
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 + Y-Z-R ___ > R-Z-R' + X- + Y +  (23) 

Aliphatic halogens ci to an unsaturated group are easily removed by 
solvolysis or nucleophilic reagents yielding alcohols, ethers, esters and 
other dezivatives. This allows determination of activated halides in the 
presence of simple alkyl or aryl halides whish arf 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 electrsnegative groups 
(see, for example, reference 420). Aryl halides become susceptible to facile 
nucleophilic substitution on introducing electronegative groups in the 
rin&2L, to the extent that they become useful as derivating reagents for 
the amines4,,. 

The kinetics and steric behaviour of displacement reactions5 have been 
extensively discussed for many types of halides and their application to 
analytical problems has been reviewed4=. 4zp, The reactions shown in 
section N. 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 

Mentioned in sections IV. B and IV. 

Mentioned in section IV. D. 1. 
Mentioned in section IV. D. 1. e. 
Mentioned in section IV. F. 2. 

f Mentioned in section IV. F. 1. 
Mentioned in section IV. C.  2.  
Mentioned in section IV. A. 1. 
Mentioned in section IV. C. 5. 

D. 1. c. 
j Mentioned in section IV. D. 2. a. 

Mentioned in section IV. A. 3. 
Mentioned in section IV. A. 4. 
Mentioned in section IV. A. 5. 
See Table 19. 
Mentioned in section IV. C. 1. 

p Usually followed by other reactions. 
Q Mentioned in section IV. A. 2. 



120 Jacob Zabicky and Sarah Ehrlich-Rogozinski 

acetaldehyde can be detected by the Rimini test (formation Gf blue-to- 
violet-coloured complexes with sodium nitroprusside (41) in the presence 
of amines affording a very sensitive detection test for such structures*2. 

> CH,CH=O znc1. 
X-CH,CH,-Y 

(X, Y = halogen, OR, NR,, SR) 

Na,[Fe(CN),NO] 

(41 1 

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 auorescent 
salicylaldazine (44) when salicylaldehyde is treated with hydrazine12. For 
example, chloral (42, X = C1) and bromal (42, X = Br) undergo these 
reactions. Optically active 1-bromo- 1 -chloro- 1 -fluoro-acetone yields opti- 
a l l y  active 1-bromo-1-chloro- I - f l~orornethane~~~.  

CX,CH=O + NaOH - CHX, + HC0,Na (25) 

(42) 

OH OH 

4- 3NaCI i- 2 H 2 0  (26) 
t Y H = O  

+ CHCI, + 3NaOH - 
2 t i C H = 0  + NH,NH, --+ 

(43) 

OH OH 

gem-Dibromides are hydrolysed to the ketones in the presence of silver 
trifluoroacetate (reaction 28)49s or a base such as potassium hydroxide427. 

Br 
m B r  CF,C02Ag/H,0, MeCN ~ mo 

Silver ions catalyse the Eydrclysis of the endo halogen in gem-dihalo- 
cyclopropanes bringing about a rearrangement (reaction 29)428. 
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Ally1 halides, soivolysed through a carbonium ion intermediate, 
undergo anionotropic rearrangements leading to mixtures of alcohols. 
The cis or trans configuration of the ally1 halide can be, nevertheless, 
partially preserved (reactions 30, 3 l)420. The stereochemistry of hydrolytic 

CH3\ / AgNO,/H,O CH3\ /H CH3, ,H 
> ,c=c\ ,C=Sb H,c=c\ CHZCI H +' -CH, H C H,O H + 

# CH3, 
,C-CH=CH, 

HO 

+ 
CH3, 

,C - C H =C H, 
HO 

displacements depends on the reagents used. A classic example4309 431 is 
shown in reaction (32). 

HO,CCH,CHCO,H H02CCHZCHCOZH 
I 

OH 
(46) 

I 
CI 

(45) 
KOH 

L-(45) - ~ - ( 4 6 )  
PCI, I 

J. PCI I 
~-(46) D-(45) 

KOH 

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 fcrmation of 
crystalline derivatives, or the further complexation of the aromatic ether 
with picric acid. Thus t r i i o d o p h e n ~ l ~ ~ ~ ,  p-hydroxybenzoic acid4%, p-hydro- 
xydiphenylamineM and p-naphtholl1. 1 4 9  l9 have been proposed for this 
purpose. 

> ROAr (33) 
NoOH 

R-X + HOAr 



122 

3. Thioethers and similar derivatives 
Alkyl halides combine with thiourea'l. 14*1*9435 to give S-alkylthio- 

uronium salts (47) which on addition of picric acid yield the corresponding 
picrates (48) (reaction 34). a-Haloketones yield with thiourea substituted 
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+ 
R+X + S=C, /NH2 EtOH,abs.. [ R-S-C, ,:=] 

NH, 
x- 

(47) 

I OH 

2-aminothiazoles (49) as shown in reaction (35)43G. Similarly, &-halo esters 
yield pseudohydantoins (50), with loss of the alcoholic moiety of the ester 
(reaction 36)437. 

(49) 

0 

' T'NH 

AcONa/EtOH 
"H2 O=C-OEt 

I 
CH,CI 4- S4'\ NH2 

(35) 

(36) 

(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 51 can be oxidized to the corresponding 
sulphone 52 (reaction 37)1491s* 
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AIkyl halides can be derivatized with 6-nitro-2-mercaptobenzothiazole 
(53) as shown in reaction (38). This reagent is recommended for di- 
halides14*1g*4100441. The picric acid complex of the thioether formed from 

(54) 

an alkyl halide and 4,5-dihydro-2-mercaptoimidazole (54) has been also 
proposed for der ivat i~at ion~~~.  

Alkyl halides heated with sodium thiocarbonate yield the corresponding 

S 

(39) R-CI + Na,CS,- RS-C-S-Na* - RSH 

t?iols (reaction 39)&. Dithioethers are formed from primary alkyl halides 
with thiosulphate (see reactions 77-78). 

ti E+ 

4. Ester formation 
3,5-Dinitrobenzoates are formed from alkyl iodides as shown in reaction 

(40), but results are unsatisfactory with alkyi chlorides and bromidesl4. 444. 

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)445. Secondary and tertiary alkyl halides yield olefins under the same 
conditions of esterificatiorP, unless the reaction is carried out at very low 
temperaturesu7. 

n-C,H,,--I + Ag03SC6H,CH3-p ___j n-C,Hj,O,SC,H,CH,-p (41) 

NaHCOJ 
DBfSO 

> n-C,H,,CHO n-C7H,,03SC,H,CH3-p 
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(reaction 43), and is better than silver acetate for this purpose44s. 
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Lead tetraacetate displaces bromine preferentially, forming acetates 

Silver acetate causes a substitution-rearrangement process on gem- 
dihalocyclopropanes yielding ally1 esters (reaction 44)1140. 

It is possible to convert an a-haloketone to the corresponding no1 ester 
without touching the halogen by treating either wih i s a ~ m ~ c n y l  acetate 
(reaction 45)l or with sodium hydride (reaction 46)4m. 

CHs 
I 

AcOC=CH 
RCCHBrR' - -5 RC=CB:R' 

I 
OAc 

II 
0 

(45) 

Nr.H/MeOH AcCl CeHSCCHBrC,H, [C,H,C=CBrC,H,l - C,H,C=CBrC,H, (46) 
I 
OAc 

I 
ONa 

II 
0 

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@) complex of the 
Schiff base with 2-pyridinecarboxaldehyde (reaction 48)lB28 ='. 

RCHCOZH RCHCOzH 
I I 
X NHZ 

F H=NC H RCOPH 

(47) 



3. Analysis of organic halogen compounds 125 

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)12. 

HCN + 3 NH,CI 

Cu? + 2CN- ---+ Cu,(CN), 

NHaIA 
CHX' It-C1, Br,; 

HX 
$- 2cu2+ - 

c 

Benzenesulphonhydrazide with certain heterocyclic halogen compounds 
yields the corresponding N-aryl derivative which, on heating with alkali, 
releases the reduced heterocyclic system (reaction 52)45f. Alternatively the 
same reduction can be carried out with triphenylphosphine (reaction 52). 

N exC' Y 

AH, NH2 

Alkyl and aryl bromides or iodides alkylate weakly basic amines in the 

Aromatic halides substituted with electronegative groups combine with 
presence of triethyi phosphate, as shown in reaction (53)434. 

primary and secondary a r n i n e ~ ~ ~ 1 ~  422 (reaction 54). 
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0 

(54) NHR2 

NO2 NO2 

A determination method for alicyi halides consists of reffuxing the sample 
in aniline for 3-30 min, depending on reactivity, and the anilinium salts 
being titrated with sodium niethoxide. Compounds 56-61 yielded quanti- 
tative results with the proposed procedure. On the other hand, arnyl 
bromide (62) showed a deviation slightly larger than 1% and cetyl bromide 
(63) failed to yield quantitative results, even after 1 h re flu^^^^. A modifica- 
tion for the higher aIkyl iodides has aIso been proposed453. 

CH,Cl 

C,H,CH,CI BrCH,CH,Br CH3(CH2)J 8 
N 0 2  

(59) (56) (57) (581 

C,H,CCH,Br (CH,),CHCH,CH,I CH,(CH,),Br CH,(CH,),,Br 
II 
0 (61) (62) (63) 

(W 

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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&,K+XR Y ($jN-R+Kx 
0 0 

R’S0,NNa 3- X-R - R1S02N-R 

Y 

R2 R2 
I 1 

TABLE 19. Lmides and sulphonamides recommended 
for derivatizing aIkyl halides 

Reagent 

3-Nitrophthalimide 
4-Nitrophthalimide 
Tetrachlorophthalimide 
Saccharin (64) 
p-Bromobenzenesulphon-p-anisidide 

p’roluenesulphotoluidides 
(6§, R1 = Br; Rz =p-OCH,)  

(65, R1 = CH,; R2 = 0-, rn-, p-CH,) 

Reference 

14,19,454 
14,19,455 
14,19,456 
14,457 
14,458 

14,459 

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)*0°. 

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 compounds1? 461 described for triphenylphosphine 
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in reactions (58-59) and the reductive dehalogenutions discussed in 
section IV. D. 2. a. The usual reactivity for the halides is I > Br> C1. 

Jacob Zabicky and Sarah Ehrlich-Rogozinski 

+ 
R'R'CH-X + F(CaH.J3 - R'R*CH-P(C,jH,), 

+ 
(58) 

L:ise - -+ R~R~C-P(C~H,), 

(66) 
+ 

R'R2E-P(C,H,), + O=CRJR' ____ > R'R2C=CR'R4 + OP(C,H,), (59) 

(66) 

Modifications of the Wittig reaction have been proposed involving the 
use of triethyl phosphite (reactions 60-6 1)"02* 4G3 or hexamethylphosphorous 

0 
+ II 

C,H,CH,CI + P(OEt), - C,H,CH,P(OEt),CI- A C,H,-CH,P(OEt), 

(60) 
0 
II MeO-/DMF 

C,H,CH,P(OEt), 3. C,H,CH=CHCH=O - C,H,CH=CHCH=CHC,H, (61) 

triamide (reactions 62-63)464. The latter reagent yields hexamethylphos- 
phoric triarnide (67) which is water-soluble. 

+ 
C,H,CH,Br + P(NMeZ:, - t C,H,CH,P(NMe,),Br- 

- +  (62) 

C,H,CHP(NMeJ, f C,H,CH=O - C6H,CH=CHC6H, + O=P(NMe,), (63) 

MeO- - C,H,CHP(NMe,), 
- +  

(67) 

8. C-Alkylation of carrbanions 

with alkyl halides (reaction 64)l4? 465. 

Methyl fluorene-9-carboxylate undergoes alkylation at the 9-position 

N-Substituted w-haloacylamides cyclize 
strong base ion exchange resins (reaction 

Resin OH- 
> 

R' NC H R2 R3 
O=CCH,CH2Br 

I 

to lactams in the presence of 
65)466. Ethyl malonate reacts 

m - 3 3  

0 
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with alkyl halides (reaction 66)467. This reaction may be followed for 
example by derivatizing with urea to a barbituric acid (reaction 67)4e8. 

,CO,Et 

CO2Et 
RCH, + NI42, NaOEt/EtOH abs. ,c=o - 

NH2 

Primary halides yield terminal acetylenes by reaction (68) with 3-lithio- 
1-(trimethylsilyl) p r ~ p y n e ~ ~ ~ .  

b + i E t a H  R-I + LiCH,C=CSi(CH,), - RCH,C=CSi(CH,), - RCH,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) respecti~sly4~~. 

(69) C,HJ > C,H,CH, 
Me,CuLi 

H Me,CuLi C6H5, ,./ 
,C=L, 

Br H ch', 

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 isomenzed to the non- 
terminal form (69) (reaction 72)471. 

HC"-CCHz CH, CH,CEC CH, 

H3 LICECH/NH,CH,CH,NH, &H3 
~ & C H 3  (72) 

OMSO 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 phenylthiomethyIlithium. 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 rnigration~~'~. 

n-C,,H,,I + C,H,SCH,Li+ - n-C,,H,,SC,H, (73) 

Dirnethyloxosulphonium methylide (70) yields acylcyclopropanes with 
a-halo carbonyl compounds (reaction 75)473. 

R-C=O 0 
R-C=O I1 

(70) 

R'-CH-X I 4- 3(CH,),S=CH2 ---+R1% (75) 

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 a-phenethol 
via a halogenated intermediate of known configuration, as shown in 
reaction (76)475. See also reactions (1 19-121, 131). 

PCI,/C,H,N, HCI CH,=CHCH,Na 
f CeHSCHCH, 

I 
CI 

C H CHCH, 
' 1  

(L) (0 )  

OH 

HJNi 
C H C H C H ,  

5~ 
C,jH,$HCH, 

kH,CH=CH, CH2CHZCHj 

(0 (L) 

9. Miscelianeous 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 propertiesl2plQ2* 476. 

0 0 
II II 

C,H,CCH,Br + Na,S,O, ___f Na[C,H,CCH,S,O~ + NaBr (77) 

(71 1 

0 0 0 
II It I I  

2 Na[C,H,CCH,S,OJ - C,H,CCH,SSCH,CC,H, + Na,SO, + SO2 (78) 
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Alkyl iodides treated with sodium nitrite yield the corresponding 
nitroalkanes (reaction 79). Methyl 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 The 
same method may be applied for the detection of monohaloacetic acids, 
as these yield nitromethane on heating with sodium nitrite (reaction 
8 1)i77. Silver nitrite is also effective in reaction (79) with primary halides478. 

R--I + NaNO, - R-NO, + NaI 

S0,Na C=NO,Na 

CH3NOZ+Q(JO 

0 0 
(72) 

(79) 

Na2S03 (80) 

XCH,CO,H + NaNO,-------t O,NCH,CO,H - CH,NO, + C 0 2  (81) 

AIkyl and aryI 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)4779-481. Sodium iodide 

R-Hal + MaI- R-I + NaHal (82) 

is a helpful catalyst in the conversion of benzyl chlorides to their corres- 
pondkg cyanides (reaction 83)482. 

z p-MeOC,H,CH,CN (83) 

The azide ion is similar to iodide, but usuafly inore effective, in dis- 
placing organic halogen (including iodine)483. An additional advantage is 
that the organic azido group may undergo thermal rearrangements and 
cyclizations involvirig other properly situated groups in the molecule483* 484, 

yielding derivatives with analytically useful properties, as in reaction 
(84)484. a-Haloacetic acids yield rhodanine (73) on treatment with am- 

NaIIVe,CO 
p-MeOC,H,CH,CI + NaCN 

CICH,CH,CH,C=N +I NaN, [N,CH,CH,CH,C~N] + c N k  (84) 
(H 1 N- NQ 

monium thiocyanate. The product reacts with 72 to give a blue-violet 
coloration (reaction 85)12. 
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Displacement by strong nucleophilic electrolytes usually invoives a 
Walden inversions. 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 c~-phenethylamine~~~ 
as shown in reaction (86). 

B. Displacement via Organometajlic 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 
alkyl or aryl halides with lithium, lithium-sodium alloys or butyllithium 
yields the corresponding lithio compound, e.g. as shown in reaction 
(88)l. 2. 

(87) R-X + Mg ____j R-MgX 

R-X 4- Li/Na > R-Li t. NaX (83) 

Among the derivatives recommended for organic halidesll. 149 l9 are 
conversions into anilides486s 487, toluides and cu-naphthalide~~~~. These are 
prepared by reacthg the organometallic intermediate with the correspond- 
ing aryl isocyanate, as shown in reaction (89). The anilides resulting from 
ally1 halides can be converted into crotonic anilides by treatment with acid 
(reaction 

0 
!I 

R-MgX + ArN=C=O ----+ RCNHAr (89) 

0 0 
ll 

(901 
I I  Hf 

CH,=CHCH,CNHAr - CH,CH=CHCNHAr 

Aromatic Grignard reagents may be converted into phenols by means 
of methyl borate (reaction 91)483. 

C,H,MgBr + B(OMe1, H+mso> C,H,B(OH), 1- (C,H,),BOH Hnoa > C,H,OH 

(91 1 
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Reformatsky-type reactions can be carried out with Mg instead of Zn 
if the r-butyl ester of the a-halo acid is used, e.g. reaction (92)480. 

CH, CH, 
I l.BIg/EtnO I 

I 
C,H,CCHzCO,BU-f (92) 

2. HI0 BrCH,CO,Bu-t + C,H,C=O 

OH 

Aryl Grignard reagents with no ortlzo substituents undergo high yield 
biaryl formation on treatment with thallium(r) bromide (reaction 93). 
Secondary alkyl Grignard reagents give a similar reaction in about 50% 
yield and primary alkyl or ortho substituted aryl Grignard reagents give 
dialkylthallium(~rr) bromides (reaction 94)490, or the analogous diaryl- 
thallium(m) compounds. 

(93) 

(94) 

Gther organometallic derivatives obtained via Grignard reagents are 
halomercury compounds (reaction 35), which have been recommended 
for identification purposesll. l4>l9. The organomercury halides can be 
further reacted in the presence of dicobalt octacarbonyl to yield a ketone 
(reaction 96)491. 

(95) 

TlBr 
2 p-CH,C,H,MgBr - p-CH,C,H,-C,H,CH,-p 

TlBr 
2 RCH,MgBr - (RCH,),TIBr 

R-MgX -+ HgX,- - - - - - -+  R-HgX + MgX, 

Cor(CO)./ 
THF 

2 RHsX - R,C=O + Hg[Co(CO),I, + COX, + CO (96) 

The stereochemistry of vzrious classes of halides is preserved when 
converted into organometallic derivatives and further reacted, thus 
allowing the establishment of useful correlations429~ 492. Vinyl halides 
preserve their cis or tram configuration on passing through an anionic 
form (e.g. Grignard reagents, reaction 97)4g3. Ally1 halides, on the other 

K 
,CH3 CH,CH=O H, ,CH3 

H, ,CH3 Mg , H, ,c=c, -> ,c=c 
\ ,c=c, 

CH,  Br C H 3  M g B r  CH3 H O C H C H ,  

(97) 
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hand, may undergo cationotropic rearrangements which have to be con- 
sidered when derivatizing via organometallic intermediates (e.g. reaction 
98)"*. Cyclopropyl halides also preserve their configuration on metallation 
with magnesium492. 

CH3 
I 

,~ CH,C-CH=CH* (98) 
I 

MgBr 

2 rdg CH3, P 
/H ,c=c CH3, 

c H3J= ' ~ c  H2 B r CH, 'C H, M g B r 

6. Elimination of ,+itfrogen 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 hafides 
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 t.he anti-Saytzeff products varies with the nature 
of the base, as shown in reaction 

(931 

(1 00) 

bnse (CH,),CBrCH,CH, - (CHJ,C=CHCH, 

base CH,CBrCH,CH, - CHZ=CCH,CH, 
I 
CH, 

I 
CH, 

t-BuOK, 72.5% 

Et,COK, 88.5% 

Debydrohalogenations with potassium t-butoxide proceed smoothly in 
diniethyl sulphoxide solvent, e.g. reaction (1 Ol)49g. 

f-BUOKIDMSO 

Good yields are obtained in the same solvent in dehydrochlorinations 
with sodium hydroxide or ethoxide (reaction 102)500. 
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Sodium 2-11-butylcyclohexanolate (74) is effective in dehydrohalo- 
genating compounds even in cases where potassium t-butoxide and 
lithium diethylamide (see below) fail, e.g. reaction ( 103)501. 

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

menthyf chloride (75) according to Saytzeff’s rule, while the anti-Saytzeff 
product 2-menthene (78) is produccd from the anomeric menthyl chloride 
(77)502. Similarly, the all-equatorial isomer of hexachlorocyclohexane 
(79), is by far the most resistant to alkaline s o l v o l y ~ i s ~ ~ ~ .  
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halogation reagent?’# *68p 
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The stereochemistry of the resulting olefins depends on the dehydro- 
iis &1)wn, for example, in reaction (1 05). 

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 f ~ i l c t i o n ~ ~ ~ .  

Amines and nitrogen-containing aromatic heterocycles can be used for 
effecting dehydrohalogenations. These are mild bases which need either 
hcrsh 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 ($O), s-collidine (81) and quinoline (82) 
has long been used for this purpose1. 
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N-Phenylmorpholine (83) acts like N,N-diethylaniline (84) but is purified 
more easily. They can both be used for aiiylic haiides (reaction 107)50B. A 
very effective dehydrohalogenating reagent is l,S’-diazabicyclo[4.3.0]non- 
5-ene (85)607. 

Me Me Me 

Other useful amine bases for alkyl halide dehydrohalogenation are 
t-butylamine (e.g. reaction 108 508), dicyclohexylethylamine, diisopropyl- 
ethylamine (e.g. reaction 109 509) and triethylaminel. a-Halokctones, on 
the other hand, are reduced in the presence of dialkylanilines (see section 
IV. D. 1. b). 

CCI,CH,CHB(OC,H,), t-BuNH1~ CCI,CH=CHB(OC,H,), (1 08) 
I 
Br 

(C&l)iNEt 

(1 09 I or i-Pr.W,t CHSCHZOCHCH, CH,CH,OCH=CH, 

Trimethyl phosphite 
xylene (reaction 1 

I 
CI 

catalyses dehydrohalogenation on reguxing in 

AcO 

Primary alkyl bromides undergo dehydrobromination on heating with 
hexamethylphosphoric triamide, yielding terminal alkenes (reaction 
1 I l)511. gem-Dihalocyclopropanes undergo elimination-rearrangement 

O-P(NhIe,) 
RCH,CH,-Br 9 RCH=CH2 
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via vinyl halide intermediates on heating with bases such as pyridine ($0) 
or quinoline (82)512*513, e.g. reaction (1 12)512. 

Refluxing uic-dibromides in the presence of ethanolic sodium acetate 
yields vinyl bromides (reaction 11 3)514. 

0 0 
It NaOAcl 

> C.H5CH=CCCH3 It EtOH 
C,H,CH -CH C CH, r e ~ u K  

I t  I 
Br Br Br 

Silver oxide converts allylic halides slowly into conjugated dienes 
(reaction 1 14)515. Alkali amides cause dehydrohalsgenations, but no 

Br 
excess should be used in order to avoid rearrangements (reaction 1 15)516. 

(1 15) 
K-m. C,H,CH-CH,Br > C,H,C=CH, 

I I 
CZH, C2H5 

vic-Dibromides are converted to the corresponding acetylenes (reaction 
1 16)517. Similarly, /3-haloethers also yield acetylenes (reactions 1 17518 and 
1 1 8519). 

NaNH* RCH-CH, > RC=CH 
I I  

Br Br 

> HC-COEt SaNHI, 
CICH,CH(OEt), 

NaNkI, 
HOCH,CH,CH,C =CH 

r / L C H , C I  0 

2. Cyclization of alkyl halides 
Unsaturated alkyl halides and halogenated compounds containing 

suitable functional groups dehydrohalogenate forniing cyclic compounds 
on treatment with various reagents. Homoallylic halides yield cyclo- 
propanes with silver oxide or potassium carbonate (reaction 1 19)52? 
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Lithium diethylamide has been used to cyclize acetylenic halides as shown 
in reaction (120)5211. Tri-n-butyltin hydride gives similar results522. 

C,H,C-C--fl (120) 
LiNEtJTHF 

C,H,C =CCH,CH,CH,CH,CH,Br 

Trietkylamke also is capable of causing cycloalkyl formation, if both 
the halogen and the departing proton are sufficiently activated, as in 
reaction (121)523 (see also section IV. A. 8). 

Br H3C CH, 
I 

(CH,)&-y(CH& NEt, ~ " . C ~ C H 3  (1 21 1 
HC(CN)* NC CN 

Halohydrins or their formates in the trans-diaxial conformation yield 
epoxidcs with bases (reaction 1 22)52p52G. The stereoselectivity of this 
reaction is high4=. Truns-diequatorial halohydrins may also undergo this 
c y ~ l i z a t i o n ~ ~ .  

(1 22) 

Halohydrins with the cis configuration yield carbonyl compounds 
(reaction 1 23)5"A~527. 

{fiBr __1 KOH {A (1 23) 

Silver tetrafluoroborate with alkyl halides can effect U-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 
(react ion 1 24)528. 

HZC-CH, 
1 I 

Br-CH, C-OC,H, 
// 

0' BF, 

Triethylamine may cause the lactonization of y-bromo acids (reaction 
1 25)529. 

..C02Me 

Br' C0,Me 

Et,N/MeOCH,CH,OMe 
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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 126530 and 127631*532). Reaction (127) is not, however, without 

I (1 26) 

 complication^^* 534. Trapping of allenes can be done in situ by conjugated 
cliene reagents such as 1,3-diphenylisobenzofurane (86)531* 532, as shown in 
reaction (127). 
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conc. KOHl 
MeOH.DhfF 

(C'H,),C=C-CH,-C=C(C,H,), - (C,H,),C=C=C=C=C(C,H,), 

Br 
I 
Br 

(86) (87) 
(88) 

Sodamide converts vinyl halides into acetylenes5" (reaction 128). 

(1 28) 
NaNH, 

C,H,,CH,C=CH, > C,H,,CH,C=CH 
I 
Br 

O n  the other hand, compounds with a 2-halo-3-amino-propene partial 
structure form aziridines with sodamide (reaction 1 2 9 p  

NaNH, 
CH,=C-CH,N I HEt H&- (1 29) 

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)5361s7. The 

Br NaNH,/OP(NMe,),, THF 
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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)638 or with other reagents such as 

O3qy 0 (1 31 1 

H,C’ “0 0 

mercaptatis, ace toni~r i le~~~3 5s7, or dienic systems, e.g. anthracene (87)539, 
tetraphenylcyclopentadienone (SS)Mo, with itself forming triphenylene 
(89)M1, as shown in reactions (132a-e). 

(132a) 

(132b) aCHzCN 
H 

A 

(132d) 

(132e) 
Q o  Trimerization 

(89) 

5. a-Haloearbony1 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 weak bases like sodium bicar- 
b ~ n a t e s ~ ~ . ~ ~ ,  lithium carbonate (reaction 1 33a5, see also reaction 201), or 

calcium carbonateMG and salts such as lithium bromide5", tetraethyl- 
ammonium chloridem or benzyltrimethylammonium mesitoate (90) 
(reaction 13454s). Reagent 90 effected the elimination from a cis con- 
formation under mild conditions, while the former weak bases usually 

ko, H,N N HC0,Et 

(91) (93) 

require a trans-diaxial conformation. Other similar reagents are hydrazine 
derivatives such as 2,4-dinitrophenylhydrazine (91), semicarbazide (92) 
and ethyl carbazate (93)550553 (reaction 135). 

0 

Br 

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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Amines are also capable of dehydrohalogenating a-haloketones and 
a-haloesters, e.g. tri-~z-butyiamine~~~ and triethylamine (reaction 1 37y56. 

Hexamethylphosphoric triamide dehydrohalogenates on heating both 
a-haloketones and a-halo esters as shown in reaction (138)557. Br-a' 0 OP(NMe,),, A (1 3) 

B. 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. 

1. Substitution of halogen by hydrogen 
a. AZkyZ halides. These can be reduced by magnesium in the presence of 

isopropanoP8. 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 (1 39) 
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Tri-n-butyltin hydride (reaction 1405j0, see also reactions 155 and 171) 
and nickel tetracarbonyl (reaction 1415", see also reaction 159) reduce 
halides without touching the skeleton structure. 

n-Bu,SnH 
n = 3,4; X = Br, CI 

(1 41 1 
Ni(C0). Bra Br 

Methylmagnesium bromide is capable of effecting non-stereospecific 
monodehalogenations in gem-dihalocyclopropanes (reaction 142501). 

Sodium borohydride in dimethyl sulphoxide reduces alkyl halides. 
Optically active t-alkyl halides produce a racemic compound, probably as 
shown in reaction (143)562. Lithium in t-butyl alcohol reduces alkyl 
halides leaving the skeleton intact (reaction 

(143) 

Alkyl halides can be reduced without touching less reactive halogens by 
means of lithium aluminium 
reagents or-bromohydrins yield 

hydride (reaction 145)'. With the same 
the 

(1 45) 
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Propargyl halides undergo a reduction with zinc-copper couple which 
is accompanied by rearrangement to aHenes (reaction 146)565, Bromoform 
yields acetylene on heating with zinc-copper couple (reaction 147)12. 
Carbon tetrachloride and tetrabromide give the same reactions but are 
less sensitivelz. 

m-cu CH,CHC=CCH,CH,OAc - CH,CH=C=CHCH,CH,OAc (146) 
I 
CI 

(1 47) 
Zn-m 2 CHBr, - C,H, -I- 3 ZnBr, 

Chromium(r1) salts are capable of reducing alkyl halides in high yieldssss, 
e.g. reaction (148). The course of the reaction may lead to dimerization 
(reaction 149). Bromohyarins 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 1 50)525* 5G7. 

(1 48) 
'XClO')r, NHaCBrmmileQ. DMF. 9 CH ,CH,CH , CH,CH,CH,Br 

;p} Cr(OAc),(S equiv.), EtSH ~ (1 50) 

Br 

b. a-Halo ketones and a-halo acids. These undergo many reactions 
which are impossible with ordinary alkyl halides. a-Bromo and a,a- 
dibromo ketones are reduced by dimethylaniline (reaction 1 51)568. 

0 0 
I I  I I  

(1 51 1 CqH,NMt$ p-BrC,H,CCH,CH , p-BrC,H,CCHCH, 
I 
Br 

Triphenylphosphine reduces secondary and tertiary a-haloketones 
(reaction 152)5s9. On the other hand, phenacyl halides yield quaternary 
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phosphonium salts (reaction 1 53)570. 

Jacob Zabicky and Sarah Ehrlich-Rogozinski 

+ 
ArCCH,Br P(C6H6)S> ArCCH,P(C,H,),Br- 

II 
0 

I I  
0 

Catalytic hydrogenatim of a-haloketones has to be carried out in the 
presence of a base such as triethylamine, in order to avoid catalyst 
p0isoning5~l. Catalytic reduction of a-chloro-a-phenylpropionic acid in the 
presence of palladium is carried out with inversion of configuration while 
reduction with nascent hydrogen preserves the configuration (reaction 

1 54y72. Tri-n-butyltin hydride effects dehalogenations without touching 
the skeleton structure (reaction 1 55)673. 

n-Bu,SnH 

Chromium(r1) salts can be used for stepwise reduction of a-bromoketones 
(reaction 1 56)574. 

Br 

Nascent hydrogen produced by zinc in acid solution or fomaldehyde 
sodium sulphoxylate (reaction 157) can lead to a-halocarbonyl reduc- 
tiod2P 575- This has been used for specific detection of chloral and bromal12, 

HOCH,SO,Na + H20 ~ > HOCH,SO,Na + 2 Ho (1 57) 

(1 58) 
HO 

CX,CH=O CH,CH=O $. 3 HX 

in which reduction (158) is followed by the Rimini test for aldehydes. 
y-Bromo-a,/3-unsaturated carbonyl compounds (ketones and esters) are 
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reduced and rearranged simultaneously to the corresponding P,y-unsatur- 
ated compound, with zinc in protonic solvents (reaction 1 59)576*677. 

r (CH,),C=CHCH,CO,Et (1 59) 
ZnlAcOII (CH ) CCH=CHCO,Et 

* I  
Br 

Nickel tetracarbonyl effects reductive dimerization of dxomoketones 
(reaction 160)678~ 57a, to yield /3-epoxyketones. 

c. gem-Dihafocycfopropanes. Various effective ways of performing 
reduction of such halogen atoms are known: lithium in t-butyl alcohol, 
soci;um 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 extert (reaction 161)449. 

Na/MeOHZ mcH: (3'"' ,.161) mcH2 
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 

0 0- 0 
II I II  

CH,SCH, + NaH ____f [CH,--S=CH, (--t CH,S-CH;-]Na+ + H, 

(94) (1 62) 

Br (94)jDMSO > e i r  

steric conditions allow, excess reagent brings about allene formation 
(reaction 164)449. 
6 
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Alkyllithium reagents convert gem-dihalocyclopropanes directly into 
allenes (reactions 165 and 166). In the case of bicyclo[n.l.O] compounds 
good results are obtained for n 2 6 (reaction 167)M9. Tetraalkyl-gem- 
dibromocyclopropanes yield with methyllithiurn bicyclo[l . 1 .O]butanes 
(reaction 168)"800. 

BuLi n-c6H13x - n-C,H,,CH=C=CH, 

CI CI 

CH3CHZ CH3CH2J + H3C--- 

d. Vinyl halides. Both lithium5*l and sodiumSB2 in t-butyl alcohol are 
capable of reducing vinyl halides without disrupting the skeleton; how- 
ever, some overhydrogenation and double-bond migration (reaction 169)583 

H3C 3 

CH30 OCH, 

'b H2C CH3 
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may occur. The cis or trans configuration of viilyl halides is preserved on 
reducing with sodium in liquid ammonia (reaction 170)GB4. 

Tributyltin hydride also leaves the skeleton untouched (reaction 
17 1)55% 585. 

CI CI 

(1 71 1 
Bu,SnH 

CI 

e. Aryl halides. Monodebromination or monodeiodination of vic- 
dihalides is performed by potassium t-butoxide (reaction 1 72)5ss. 

Lithium in t-butyl alcoho! is capable of dehalogenatizg polyhaloaro- 
inatic compounds (reaction 173)%’. 

’’@ Lilt-BuOH. THF, (1 73) 
CI 

Cl 

Halogenated anilines are reduced by Devarda’s alloy in alkali solution 
(reaction 1 74)G88. 

F?H2 F?H, 

6 Cu-At-Zn/H,O ,OH-, 

Aromatic nitro compounds are dehalogenated by copper powder in the 
presence of molten benzoic acid (reaction 175)589 and by hydrazine in the 
presence of Raney Magnesium in isopropanol is very effective in 
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dehalogenation~~~ (see a!so section IV. D. 1. a), but fluorobenzene is 
inert towards this reagent. 

Triphenylphosphine reduces halid.es ortho or para to phenol groups, the 
former being preferred (reaction 176)59? 

+Br i: E:zHs)3 6 
Br Br 

(1 76) -7 -I- 0=P(C6H5)3 + HBr 

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)592. 

HJPd-C, NaOAc, HOAc , 
CI 

2. Reductive eliminations 
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 trans- 
diaxial configuration (reactions 178-1 80)593-595; however, some instances 
of cis-halohydrin reduction are known596. These reductions have been 
widely applied in the steroid field597. Also j3-bromo ethers can be similarly 
reduced (reaction 181)598. Vinyl halides do not react under these conditions 
(e.g. reaction 182)582, but they may be reduced with zinc under conditions 
conducent to free radical formation (reaction 1 83)599. 

ZnlNeOH. 

CCI,-CCIF, ~ znclp > CCI,=CFp 
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Zn/AcOH C6H5, /H c=c 
H' 'C,H, 

OH 
eryfhro 

Znln-BuOH, 
Znc'l, 

CH,=CHCH,CHCH,Br > CH,=CHCH,CH=CH, 

OCZH, 
I 

(1 81 

Magnesium can cause dehalogenation in many types of vic-dihatides via 
Grignard intermediates. When the substrate is aromatic (reaction 1 84)539 

the resulting benzyne can be further trapped as shown in reactions 
(1 32a-e). Lithium reacts similarly to magnesium with aromatic &halidesM1. 

(ii) Reducing salts such as magnesium iodide600 and sodium iodide 
(reaction 1 85)601~ 602 also yield olefinic products. Only the trans-diaxial 
form of a steroid, (99, reactsGo3. 

Chromium@) salts are also useful reducing agents, both for tic-dihalides 
and bromohydrins (reaction 186)6@t. Reaction (187) shows that besides the 



1 52 Jacob Zabicky and Sarah Ehrlich-Rogozinski 

normal route leading to 96, bromine replacementw5 yielding 97 (cf. 
reaction 150) and rearrangement to 98605n60G also take place. 

(98) 

Sodium methylsulphinylmethide (94) is capable of dehdogenating vic- 
dibromides without touching other isolated alkyl halides (reaction 1 8S607, 
see also reactions 162-164). 

(iii) Disodium phenanthrene and &sodium naphthalene are useful in 
debrominating vic-dihalobenzocyclobutanes (reaction 1 S9)608n 609. 

(iv) Diphenyl selenide and diphenyl telluride can be used to dehalo- 
genate pic-dibromides (reaction I 9G)Sl0. The dibiOfi10 reagent obtained 
can be regenerated with bisulphite. 
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C,H,CH-CHCQ,H (c1n6)'se> C,H,CH=CI-lC0,H + (C,H,),SeBr, (190: 
I I  
Br Br 

(v) Triphenylphosphine acts in a way similar to reaction (190) to yield 
olefiiis with many classes of ~ i c - d i l i a l i d e s ~ ~ ~ ~ ~ ~  (e.g. reaction 191). 

0 0 
I I  I I  

CCI,CCI,CCCI,CCI, 2(C8H6'a?- CCI,=CCICCCI=CCI, + 2 (C,H,),PCI, (191) 

Triethyl phosphiteel4 and triisopropyl phosphite61G 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 structure614. 

> CH,=CHCN (1 92) 

(vi) uic-Dihalides are debrominated on heating in ethanol solvent 
(reaction 193)616. A faster reduction is attained in the presence of bases617. 

P(OEt)8 
BrCH,CHBrCN 

___, EtoH'A (193) 

0 0 0 0 

The stereoselectivity of various reducing agents mentioned above has 
been studied in the debromination of stilbene dibromides (reaction 
194)618. 

C6H5\ /H C6H5, /C6H5 
H,C=C,C f--- C H,CH-CHC,H, H,C=C, H (194) 

6 5  6 F s  s 
Br Br 

6. 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 1 9.5)G19. Dehalogenation of 1,4-dichloro-2-alkynes 

C,H,CHCH,CH, :t 95) 
I 1 

Br Br 
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leads to cumillenes (reaction 196)g20, and of 1,4-dichlor0-2-alkenes to 
1,3-butadienes (reaction 197)OZ1. 

I 
CI 

I 
CI 

E. Oxidation 

Only a few oxidative processes seem to have potential analytical value in 
organic halide analysis. Silver chromate oxidizes p-bromoethers to a- 
alkoxyketones (reaction 198)622. Dimethyl sulphoxide oxidizes sec-alkyl 
bromides to ketones (reaction 199)e23, and primary alkyl halides to 

DNSOI 

A 
NaHCol'? n-C,H,,Cli=O n-C,H, 3CHz-I 

aideliydes (reaction 200)624. Silver salts catalyse these oxidations. Dimethyl 
sulphoxide oxidizes cyclic a-bromoketones as shown in reaction (201)427. 

lodo compounds are capable of easy binding to organic radicaIs 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)e25. Steps (202-204) are applicable 
to a11 aromatic compounds contzining no 'reducing functional groups 
other than iodo. 
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Conversion to iodoso compounds (101) by reactions (205-206) has been 
proposed f m  identification of aromatic iodo compounds62s. The process 
involves the intermcdiate formation of aryl iodochlorides (iodoarexe 
dichlorides, IOQ). 

Ar-I + CI,-------t Ar-ICI, (205) 

(206 1 Ar-ICI, + 2 NaOH > Ar-10 4- 2 NaCl + H,O 

(100) (1 01 1 

F. Miscellaneous Reactions 

1. Aryi halides 
Reaction with chlorosulphonic acid azords sulphonyl chlorides which 

are converted to the corresponding sulphonamides on treatment with 
ammonia (reaction 207)11-14*1g*627. When X = I in reaction (207) ring 
chlorination also takes place. Fluorobenzene, iodobenzene, o-dichloro- 
benzene and o-bromochlorobenzene all yield sulphones with chlorosul- 
phonic acid at 50". 

> p-XC,H,SO,CI NHa > p-XC,H,SO,NH, (207) 
CISOtH 

XC,H, 

Nitration affords useful derivatives for identification purposes (reaction 

CI CI CI CI 

@-& 'Wo2 (208) 
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2. Polyhalogenated cornpounds 
Strong heating of polyhalogenated organic compounds (cg. CClJ on 

finely powdered solids such as SiO,, SnO,, Tho,, etc. brings about 
liberation of free halogenlD2 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 sulphur628. 
Polychlorinated compounds containing a few bromine atoms and no 
hydrogen are brominating apents under photolytic conditions62*. Benzylic 
or allylic hydrogens are dLplaced 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)630. 
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+ BrCI,CCCI,Br d '" 0 -I- CI,C=CCI, + HBr (209) 

Polyhalogenated aromatic compounds yield a colour reaction cin treat- 
ment with pyridine and aqueous alkali (the Fujiwara reactionG"). Various 
modifications have been proposed both for submicro scale detection12 and 
d e t e r r n i n a t i ~ n ~ ~ ~ * ~ ~  of such compounds. The presence of two or three 
geminal halogen atoms seems to be a necessary, though not sufficient, 
condition for the reaction to take place. 

V. FUNCTIONAL ANALYSIS BY PHYSICAL METHO5S 

A. Acid-Base Properties of Halogenated Carboxylic Acids and Amines 

Experimentally it is easy to obtain good PI<& values of most organic 
acids or amines, and the difference defined according to equation (210) 

APKa = PG-P&,,,, (210) 

(where P K ~ , ~ , , ~  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 ApKa increases with 
the degree of substitution in the order H < I  < Brw C1< F, and diminishes 
on increasing the distance between the carboxylic group and the substitu- 
tion site (Table ?,O). 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- 
sponding 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 
acidsa 

Number APL* 
No. Reference pKn,ref of w 

compound halogen F c1 Br I 
atoms 

9 

CH,CO,H 4.76 1 

CHSCHaCOZH 4.88 1 

CH,CHzCHZCOzK 4-82 1 

CH3CH,CH,CHZCOZH 4.86 1 
CH, H 
\ /  
c=c 4-69 3 
/ \  

2 
3 

3 

3 

H COzH 

-2.19 -1.89 -1.87 -1.59 
-3.52 -3.47 
-4.63 -4.11 

- 1.86 

- 0.66 

-0.85 -0.88 -0.79 

-0.30 --Om23 -0.18 

-0.16 -0.14 -0.09 

- 1.51 

a From references 634 and 635. 
From equation (210). 

TABLE 21. Effects of halogenatiou on the acidity of 
aromatic compoundss3~~ 

Awna 
Substituent 

ortho meta para 

A .  Substitution in benzoic acid (p& 4.20) 
F - 0.93 - 0.33 - 0.06 
c 1  - 1.26 - 0.37 - 0.21 
Br - 1.35 - 0.39 - 0.20 
I - 1.34 - 0.34 
CF? - 0.41 

B. Substitution in phenol (pKn 9.95) 
F - 1.14 - 0.67 0.0 
c1 - 1-47 - 0.93 - 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 - 0.06 
C l  - 1.96 - 1.26 - 0.77 
Br - 1-98 - 1.07 - 0.67 
CF3 - 1.09 - 2.01 

a 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 orrho 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 meta-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 orrho 
and 4-09 for the mera p r o d u ~ t ~ ~ ~ , ~ ~ ~ .  

Br 

(yJNH2 OqNH2 
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 SN2, S,l 
and free-radical chain reactionsGmn039 (reactions 21 1, 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 electrodea0, while at mercury 
electrodes the reductions are usually two-electron processes (see below). 

R-X + e- -- X- + R' - further reactions (213) 

The most satisfactory mechanism seems to be a free radical one that 
incorporates some &-like features. Reactions (214-216) show the reduc- 
tion of benzyl halides to toluene with concurrent formation of dibenzyl- 
mercurya1. Benzyl chloride also yields bibenzyl from coupling of free 

Hg + C , H , C H , X A  X- + C,i-l,CH,Hg' 
A -- C,H,CH,Hg+ + e- + X- (214) 

(21 5) 

(21 6) 

C,H,CH,Hg' + e -  ~ > C,H,CH; + Hg 

2 C,H,CH,Iig' ~ (CsHsCWzHS + Hg 
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radicals (reaction 21 7)'jGI2. At very negative potentials benzyl bromide in 
DMF in the presence of carbon dioxide produces sinall yields of phenyl- 
acetic acid from the benzyl anion (reaction 217)643. The fact that Lenzyl 

- 
C- C,H,CH,X + e- - X- + CEHSCH; - C,H,CH, / CGH,CH; 1 CO,/DMF (217) 

C,H,CH,CH,C,H, C,H,CH,CO; 

chlcride, reduced in aqueous lithium chloride solution at  potentials inore 
negative than E6 (half-wave potential), shows only one electron transfer, 
isexplained 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, 

[C,H,CH,CI~ F CI- 4 C,H,CH;------, further reactions (218) 

(105) 

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 potentialsa2. 

Ally1 and propargyl halides (but not benzhydryl bromideG4s) behave 
like benzyl halidesGM. &15. The polarography of organic halides has been 
r e v i e ~ e d ~ ~ ~ ~ ~ ~ ~ ~ ,  and a compilation of literature from 1922 to 1955 has 
appeareds51. 

2. Alkyl halides 
The ease of reduction of alkyl halides parallels the relative leaving-group 

ability of the anion in SN2 reactions, namely I > Br > C1. Also parallel to the 
sN2 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+G52. The reduction of t-butyl 
bromide is easy (S,I-like mechanism, see -reaction 212)G53. I-Methyl-1- 
halocyclopropanes have been reduced with various extents of configura- 
tion retentionGM. 

Cyclopentyl bromide is easily reduced but not cyclohexyl bromide. 
Even more diffisult to reduce are cyclopropyl, cycIobutyl and neopentyl 
(106) bromidesG53. 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)G55. 
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BrCH,CH,CH,CH,Br BrCH,CH,CH,CH,: - 4- Br-- (219) 

(220) 

The steric behaviour of polarographic reduction parallels in many cases 
the one observed for s,I and sN2 reactions, in spite of their near equi- 
valence in p~ la rography~~~ .  Thus exo-norbornyl bromide (107) is reduced 
more readily than endo-norbornyl bromide (108). 

BrCH,CH,CH,CH,:- 4- H+ - BrCH,CH,CH,CH, 

Q B r  4 H  

CH3 I 

I 
CH3 H 

CH,CCH,Br 

Br 

(106) (107) (1 08) 

In r-butylcyclohexyl halides the r-butyl group holds the conformation 
b e d ,  and therefore 109 is reduced as readily as cyclohexyl bromide, 
while 110, with the equatorial halogen, is reduced only with difficulty65e. 

Br H 

Bridge-head halides such as 111-113 will undergo reduction with in- 
creasing difficulty in that order, as the carbonium ions obtainabk by an 
SN1-like mechanism become more and more strained. Compound 114, on 

(W (112) (113) (114) 

the other hand, is easily reduced, probably due to the inductive effect of 
the phenyl groups on the t-alkyl site657. It was concluded, however, from 
Hammett plots for benzyl brcmides in dimethylformamide and aceto- 
nitrile, that their polarographic reduction is not an S,l-like reactionG5*. 
Hammett plots in protic media were also studied659. 

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-electron process above E$ and a one-electron process 
below E t G 0 .  
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3. gem-Polyhalides 

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 Ei 
of the second one is that of 
chloroform 

Carbon tetrabromide 
Benzotrifluoride Several electrons consumed. Nature 

of products not established 
Trichloroacetic acid One two-electron wave 
Tribromoacetic acid Three two-electron waves corres- 

ponding to a stepwise reduction 
to acetic acid 

2,2,2-Trichloroethanol One two-electron wave reduction 
to 2,2-dichloroethanol 

Ring-alkylated trichloro- One one-electron reduction to a 
acetanilides dichloroacetanilide followed by 

two two-electron reductions to an 
acetanilide 

Two two-electron reductions tc an 
acetanilides acetanilide 

Several products may be obtained 
hexachlorocyclopentadiene 

Analogous to carbon tetrachloride 

Ring-alkyIated dichloro- 

Pesticides derived from 

Perfluorocyclohexenones Four-electron reduction to the 

7,7-Dihalo[4.1.O]Sicyclo- Non-stereospecific two-electron re- 

1,1,1,2-Tetrachlnro-2,2-bis (p- Two-electron reduction to DDD 

phenol (reaction 221) 

hep tanes duction 

chlorophenyl) ethane (115) (116) 

@-CIC,H,),CICCI, @-ClC,H,),C=CCI, 
(115) (116) 

661 

661 
662 

663 
664 

665 

666 

666 

667 

668 

669 

675 

The trifluorometliyl group does not ordinarily undergo reduction unless 
it is attached to a benzene ring, preferably substituted with electronegative 
groups6G2. Geminal difluoromethyl groups undergo reduction as shown in 
reaction (221) for polyfiuorocyclohexenones66s. 

F* z e -  -F- i+F H+ ~ FJd$F 2 c-  -2 F- !=$F 

rNHR 

b 
7 
I 

NHR NHR 

(221) 
F F  

F NHR 
F 

F F  F F  
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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)G70. 
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An axial halogen is more easily reduced in cyclohexane systemsG71. 
Among the isomers of hexachlorocyclohexane the most difficult one to 
reduce is the so-called j?-isomer of benzene hexachloride, because of its 
all-equatoria! conformation (79)G72, while an isomer containing a pair of 
geminal chlorine atoms is more readily reducedG71. 

Some examples of polarographic reductions of uic-dihalides are shown 
in Table 23. The reductions are not stereospecific as shown in reaction 
(223), but ineso 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 

Limonene tetrabromide (117) Four-electron reduction to limonene 674 
(118) 

Diethyl rneso-2,3-dibromo- Two-electron reduction to diethyl 676 

Diethyl dl-2,3-dibromosuc- Two-electron reduction to diethyl 676 

2,3-Dibromobutane-l,4-diol Two-electron reduction to 2-butene- 677 
1 ,Cdiol 

Pesticides derived from Several products are obtained 667 

Perchloro-lY5-hexadiene Two-electron reduction to per- 678 

cyclohexanes 

succinate (119) fumarate (120) 

cinate (121) fumarate (120) 

hexachlorocyclopent adiene 

chloro-l,3,5-hexatriene 

"" Br 

OBr 
6 H B r  
/ \  

H3C CH,Br 
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Br . .  Rr 
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The polarographic reduction of telo-dihalides has been explored. 
IJnder favourable steric conditions cyclic cc-mpounds are formed but 
reductions and rearrangements may also take place (reactions 224- 
226)079. 

3r c H? 

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 reductioncs0. 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 radicalmls GB2. Some reduction processes are summarized in Table 24. 
Various Hammett plots for halobenzenes were studiedG5** 
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TABLE 24. Polarographic reduction of some aromatic halides 

Compound Remarks Reference 

Bromopyridines 
Chloropyridines 
Halopyrimidines 

Iodoni trobznzenes 
In-Chloronitrobenzene 
p-Fluoronitrobenzene 
m-Dibromobenzene 

o-Dibromobenzene 
Iodobenzenes 
o-Bromochlorobenzene 
Iodobenzoic acids 
Iodoanilines 
p-CI-, m-Br- and p-  

Bromobenzophenone 

Two-electron reduction 
Two-electron reduction 
Complicated mechanisms conducent to 

dehalogenation and further reduction 
Two one-electron waves in DNF 
No halide loss 
No halide loss 
Two two-electron waves corresponding 

to a stepwise reduction to benzene 
One four-electron reduction 
One-electron reduction, ra te-determining 
Benzyne formation 
pH-dependent reduction 
pH-dependent reduction 
Three one-electron reduction steps to 

benzophenone in D M F  

684 
684 
685 

681,682 
681 
68 1 
686 

686 
687,688 
686 
689 
689 
690 

6. Vinyl halides 
Similarly to aryl halides these compounds are more difficult to reduce 

than alkyl halides. trans-l,2-Dihaloethylenes may undergo acetylene- 
forming elimination, (reaction 227) while the cis isomer undergoes a 

2 e-,  2 HC HC=-CCN fast 3 CHz=C H C N 

(2283 

two-step halide reduction (reaction 22816". 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 

Bromomaleic acid (124)” 692 
Dihalo ethylenes Two-electron reduction to an 693,694 

3-Chloro-2-phenylacrylo- Two two-electron steps reduction 695 

Dibromoolefins Two-electron reduction to acetylenes 691 

1,1,4,4-Tetraphenyl-2,3- Two-electron reduction to a 696,697 

Triphenylbronioethylene Two-electron reduction in dimethyl 698 

fumarate (123) 

ethylene 

nitrile (125) to 2-phenylpropionitrile 

(cf. reaction 227) 

dihalobutadienes (126) cumulene (127) 

formamide. The resulting tri- 
phenylethylene may be reduced 
further to triphenylethane 

the presence or absecce of pro- 
tonic donors 

1-Chloro- and 1-bromo-3- Various mechanisms, depending on 644,699 
methyl-l,2-butadiene (128) 

Pesticides derived from hexa- Several products are obtained 667 
chlorocyclopentadiene 

a Bromomaleic acid and its esters lose configuration partially and undergo 
dimerization: 

Br-C-CO,H H-C-CO,H H-C-CO,H 

> I I  + I1 
H-C-CO,H HO,C-C-H 

II 
H -C-CO,H 

(1 24) HO,C CO,H 
I 
u-CHCO,H 

I + HO,CCH=C-”- 

Br-C-C0,Et 
II 

H-C-CO,Et CICH=CCN 
II I 

I I  
x x  (‘127) 

I 
X 
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7. a-Halo acids 

in reIation (229)7009 701. 
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The ease of reduction of three a-bromo acids was found to be as shown 

CH3 CH, H 
I I I 

CH3-C-C0,H > H--C-CO,H > H-C-CO,H 
I I I 

(229) 

Br Br Br 

The E, value for organic halides is generally pH iudependent702* ‘03. How- 
ever, compounds containing groups affected by pH near the halogen, such 
as a-bromoalkanoic acids7”, iodoacetic acid, iodobenzoic acids705 and 
iodoanilines6*9, 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). 

> x- + R~HCO,H A RCH,CO, (230) 

The reduction of optically active 2-phenyl-2-chloropropionic acid 

e-+H+ 
RCHXCO, - 

yielded an optically active product of inverted conf ig~ra t ion~~~.  

8. Activated halides 

Halogen atoms a to carbonyl, nitro or nitroso groups are yery easily 
reduced in two-electron steps. The reduction of a-halo ketones is pH 
independent and resembles SNZ displacementsa9. Some exazpIes of 
reductions of these compounds are summarized in Table 26. 

2 e-,  H+ 

(231 1 

CH,CCH, (232) CHSCCH, - -+ X- i- CH,CHCH, 7 
X 

I 2 e-. H + 

X = CI, Br I 
N=O 

1 II  
N=O NOH 
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ABr 2 8- ,  low pH H+ 

‘NOp 5~ 
CrjH&CH _7 CHC=CHNO, e. CHC=CHNO, 

5 1  
OH 0- 

TABLE 26. Polarographic reduction of some activated organic halides 

Compound Remarks Reference --- 
Phenacyl bromide (129) Two two-electron reduction steps, 709 

a-Haloacetones Some contradictory results were 707 

the second one corresponding to 
acetophenone reduction 

found on reducing di- and mono- 
haloacetones 

a-Bromocamphor (130) Two-electron reduction to camphor 674 
2-Chlorocyclohexanone Two-electron reduction (reaction 708 

Pentabromoacetone Three two-electron waves, appar- 710 
23 1) 

ently due to reduction of dibro- 
moacetic acid and bromoform 

(see Table 22) into which penta- 
brornoacetone is hydrolysed 

trans-4-t-Butyl-2-chlorocyclo- Two-electron reduction to the 71 1 
hexanone (131) ketone. Reduction easier than 

that of 132 with Eh equal to 
that of 2-chlorocyclohexanone 
(reaction 231) 

ketone; more difficult than re- 
duction of 131 , 

cis-4-t-Butyl-2-chlorocyclo- Two-electron reduction to the 71 1 
hexanone (132) 

a-Halo aldehyde:; 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 71 3 

to reaction (232) 
a-Bromo-a-nitroacetophenone Two-electron reduction according 714 

to reaction (233) 
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C. Mass Spectrometry 

In section 11. 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 in/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%. 
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+ 
M + e-- M' + 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--Er > R-Cl> R-F, in accord- 
ance with the ionization potentials that decrease in the reverse order: 
R-I< ... c R-F715. The abundance of the Xf ion decreasing in the 
order I+ > Brf > C1+ > Ff, is in accord with the electron affinity of these 
elements716. When R increases the molecular ion [R-XI' tends to 
disappear717. 

The molecular ion of alkyl halides can undergo a-cleavage of two types 
(reactions 235a, b) and halogen radical loss (reaction 235c). a-Cleavages 
are most favoured with fluorides and their importance decreases in the 
order F > C l > B r > I .  On the other hand, halogen radical loss is usually 
preferred over a-cleavage and its importance increases with the atomic 
number of the 

+ 

4. 
> R-CH=X+ +--+ R-CH-X (235a) 

+ 
H 
I 

R ' H-C-Xt CH,=X+ t-> CH,-X (235b) -I' (mle 14 -I- X) 

(235c) 

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)'173 'I9. Branching at the a-site drastically reduces the inten- 
sity of this peak and increases that of the M-HX peak7'*. 
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(133, m/e 56 + X) 

Among the lower secondary alkyl chlorides the tendency to lose C1' is 
nearly equal to that of losing HCI, while in similar tertiary alkyl chlorides 
the tendency to lose C1' is prevalent. The general tendency in alkyl 
fluorides and chlorides is to lose hydrogen halide. This need not be, 
however, a 1,2-eliminati0n~~~. The ions obtained from such eliminations 
show the homologous series of fractionations, similar to that of the 
corresponding a1ka11es~~~. 

The decomposition pattern of an alkyl halide depends on the rest of the 
molecule. For example, the molecular ions of both the e m  (134) and endo 
(135) isomers of 5-chloronorbornene undergo a retro-Diels-Alder reaction 
(237)721. The ex0 (136) and endo (137) isomers of norbornyl bromide, on 
the other hand, undergo typical alkyl halide fragmentations (reaction 
238)722. 

-X' > 

-kH,Br. 

(239) 



170 Jacob Zabicky and Sarah Ehrlich-Rogozinski 

The benzyl cation (or an isomer) is produced from benzyl halides by 
halogen elimination (reaction 239)723* 724. The analogous cation is also 
produced from side-chain halogenated allcyl 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 labelled oxygen (reaction 241)725. 

o CH,Br f - 1 3 ~ -  1 I 

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 process723. The C-F 
bond in aromatic fluorides is also more stable than in other types of 
fluorides723* 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, elimination727, and variously 
substituted chlorobenzenes undergo carbon scrambling before CI' 

3. Polyhaiogenated cornpounds 

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 
structurei29, e.g. in fluorine compounds CFZ (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: (nz/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)303730 for 

a,a,a-trifluorotoluene, while fluorinated benzenes lose CF, or CHF, 731. 

The most abundant peak of perfluoroparaffins is CF: ( m / e  69) which is 
also strong in other compounds containing the CF, group. The CF+ ion 
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(m/e 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 molecules732. The M-CF, peak is also important in com- 
poilnds containing the CF, The presence of unsaturations such 
as double or triple bonds in a fluorocarbon molecule tends to stabilize the 
molecular ion and to give stronger m-olecular peaks. The mass spectra of 
fluorocarbons, perfluoro fatty acids and fluorinated ketones have been 
reviewed7=. 

As with paraffins, in the case of fluorocarbons the series of ions of 
formula CnF2n+l is such that each of these ions is the most abundant 
among those containing IZ carbon atoms. The only exception is the 
M -  CF, peak, of formula CnF2n-1. 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 SiF: (m/e 85)734. Fluorocarbon 
compounds can be used for calibration of the mass scale of mass spectro- 
meters7=. 

The mass spectra of polychlorinated ferrocenes have been discussed122. 

D. Dipole Moments 

The negative bond moments of the C-halogen bonds (C-F 1.51, 
C-CI 1.56, C-3r 1-48, C--I 1-29) and other groups can be used in 
estimating the dipole moment of a structure735. Such estimates may be 
helpful for verifying structural assignments after the dipole moment has 
been determined experimentally3* 4s735 and a few examples of such applica- 
tions follow. 

The dipole moment of 1,Zdibromoethane ( N 1 ~ ) ’ ~ ~  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. 

The most stable comformations of the two diasteroisomers of stilbene 
dichloride, namely those where the plienyl groups are unri to each other, 
should have dipole moments nil for the ineso 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 . 7 5 ~  and could therefore be assigned the meso and dl con- 
figurations respectively7s7. 

Compounds of formula CX,, where X is a non-linear, freely rotating 
substituent wil1 have a dipole moment of 2p, where is the component 
of the dipole moment of the group in the direction of the rotation axis; 
for example, methyl orthocarbonate, C(BCH,),, p 0 . 8 ~ ~  and pentaery- 
thrityl nitrate, C(CH,ONO,),, p 2.0~.  Pentaerytkrityl halides [C(CH,X),, 
X = C1, Br, I] have, on the other hand, a nil p value, which was interpreted 
as the absence of free rotation in these  compound^^^*^^^. 

Vinylidene dihalides of cis configuration show kigh dipole moments 
while those of truns configuration are either nil or low, depending on the 
other substituents. For example for cis-CHX=CHX the dipole moments 
are: X = C1, 1.89~; X = Br, 1.35~; X = I, 0.75~'~~. 

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 considered735. Correlations between dipole moments 
and properties of the OH groups were observed in halogenated phenols740. 
The conformations of 4-halocyclohexanones were studied. in parallel by 
dipole moment measurements and n.m.r. spec t ro~copy~~.  

E, klltravioiet Spectra 
Introduction of an a-substituent in a cyclohexanone system causes a 

wavelength shift in the 280nm absorption Sand of cyclohexanone, as 
shown in Table 27. By this method it was found that the equilibrium of 

TABLE 27. EfYects of a-substituents on 
the 280 nm absorption band of cycIo- 

h e ~ a n o n e ~ ~ ~ *  743 

A L d n m )  
or-Substituent 

Axial Equatorial 

F74.1 -16 -0 
c1 22 -7 
Br 28 - 5  
OH 17 - 12 
OZCCH, 10 - 5  

a-halocyclohexanone was displaced to the axial halogen conformation 
(I42b, R = H) but the equatorial halogen conformation (142a, R = CH,) 
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was preferred if a methyl group cis to the halogen was introduced in 
position 4 (reaction 243)'". 

(142a) (142b) 

F. Optical Properties of Asymmetric Compounds 
1. Optical rotation 

Measurements of optical rotations both at a fixed wavelength (given as 
specific rotations [a],, or molecular rotations [MID)* or over a wavelength 
rang!: (0.r.d. curves, [MI 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 sub~ti tuents '~~ 

Substituent Atomic Substituent Atomic 
refraction" refraction a 

I 
Br 
SH 
CI 
c=c 
C=N 
c=c 
C,H, 

13.954 CO,H 3-379 (4-680) 
8.741 CH, 2.591 
7.729 NH2 2.282 
5.844 OH 1.518 
3.580 (7.159) H 1.028 
3-580 (5.459) D 1.004 
3.379 (6.757) F 0.81 
3.379 

a The values for polyatomic groups are given as measured at their point of attach- 
ment. The refractions of z group as a whole are given in parentheses. 

rotations are strongly dependent. It should be noticed in Table 28 that I, 
Br and CI are among the strongest groups while F is the weakest. 

Brewster developed a series of useful rules for correlating the absolute 
cofiguration of a compound with its optical rotation. A molecule with 

* The rollD values are optical rotations per unit concentration expressed in a 
g/1 basis, under a certain experimental set up; [MID values are defined as 
[aID x molecular weight according to certain authors or [ah x molecular 
weight/100 according to The [MI values of 0.r.d. are calculated per 
mole/l unit. 
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one asymmetric centre, represented as Cabcd, 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 
I43 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 cases746. 

dextrorotation levorotation 
(+I 

(145) 
(143) (1 44) 

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 compound747. Thus, for 
example7@, 2-chlorobutane can be in three conformations (247-149), of 

H3C@., H :@.-I3 ;@:, 
H H CH, 

(147) (1 48) (1 49) 

which 148, with a methyl staggered between methyl and chlorine, should 

A[Mj = & 160JR,R, ( 2 4 )  
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 [MI = $(170-60°) = 55* is 
supported by the experimental value of 36". 

[MI = 160(JR,,,, R, - JR, Rc, + JRC, 4 3  - REI 

r MI = I ~o(JR,,, R, - JR, R,, + JR,, R~~~ - J R ~ ~ ~  R, 

+ 4% RaIo - RII3 = - 60 (245) 

+ R,, - R ,  A,,,) = 1 70 (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 compounds749 and to endo- 
cyclic unsaturated compound~~~o.  

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 example751, of the three isomers of a-(iodo- 
phen0xy)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 diEerent approach is now being developed in which the [MI ,  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 a and b vary with the carbon skeleton of the com- 
pound762. 

[MID = aCRD+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 0.r.d. 
curves753. The amplitude of the peak is nearly doubled for an a-axial 
substituent and the sign of the Cotton effect can be inverted by introducing 
an a-halo group. The latter phenomenon depends on whether the a-axial 
haloketone attains one or other of the configurations 150 or 151754*765. 
a-Fluoroketones do not exhibit this effect because of the low atomic 
refraction of fluorine. Deviations from these rules due to boat conforma- 
tions are discussed elsewhere4. 

O F  X X 

Positive Negative 
Cotton effcct Cotton effect 

(1 50) (151) 

Various applications of the a-haloketone rules have been made : 
(i) If on a-halogenation the Cotton effect is reversed the halogen is 

axial. Jf the sign is not reversed but the amplitude has increased and the 
peak maximum is bathochromically shifted the halogen is also axial75G. 

(ii) If an a-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 example76e, 
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 a!!ernative position 7. 

(1 52) 

(iii) If both location and conformation of the halogen are known the 
absolute configuration of the haloketone and keione may be deduced. 
For example756* 757, trans-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 Y 

(1 53) (1 54) 

The structure involving the keto group need not be a rigid one if further 
information or assumptions are introduced. Thus, for example758, if it is 
assumed that the electron-rich centres N and 0 of an amino and a keto 
group in the same molecule will repel each other while the N+ of an 
ammonium group will attract the ketonic 0, thec 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 

759, a 2-chloro-5-methyl-cyclohexanone was isolated from the 
chlorination of (+)-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 (trans) and 159s  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 coi2ormation. These solvent effects on the pre- 
ferred conformation have been observed also in 2-bromocyclohexanone7Go. 
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TABLE 29. Cotton effects for the two enantiomorphs of 3- 

benzoyl-3-chloro-1 -methylpiperidine76s 

177 

Solvent N-0 Conformations and sign of Cotton 
interaction effect 

Negative (cf. 151) Positive (cf. 150) 

CH3 
k H  

Aqueous Attrrsction 

acid &$ECl CI 

C6H5 

Positive (cf. 150) Negative (cf. 151) 

11 
CI 
(151) 

I1 CI 11. 

Also open-chain ketones can sometimes assume a preferred conformation. 
Thus for example753, in 17a-bromo-3/3-acetoxy-5a-pregnan-20-one the 
Cotton effect is negative pointing to l6la with the carbonyl directed away 
from Co,, as the preferred conformation, while the non-halogenated 
steroid has a positive Cotton effect and conformation 161b. 
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(1 61 a) (?Glib) 

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 extents27* 29n 7G1-763. 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" Correlationb Reference 

2 X-Hal, 

3 CH,=CHX 

1 CH3X (a) v(C-X) and force constant of 
H-X stretching 

(b) v(C-X) and C-X distance 
(c) v*(C-X) and electronega- 

(d) See items 4(b) and 6(a) 
(a) Vibrational frequencies of XBr,, 

to XCI, and of XI,, to XBr,, 
where X is a polyvalent element 

(a) v(CH,=, wagging) and various 
u substituent constants 

(b) v(CH,=, wagging) and v(CH, 
ou t  of plane) of XC=CH com- 
pounds 

tivity of X 

4 HC=CXc (a) See item 3(b) 
(b) v(C-C) and C-X force con- 

(a) C=N stretching intensity and 

(a) v(C=N) and C-X force con- 

(a) v ( 0 H )  and X Hamrnett u COR- 

(b) v(0H) and pK, 
(c) OH stretching intensity and X 

(d) OH stretching intensity and 

stant in CH3-X 

X Hammett u constants 

stant in CH3-X 

stants 

5 N~C-C,H,-X 

6 N=C-XC 

7 HO-CeH4-X 

Hammett (T constants 

PK2 

763 

763 
764 

765 

766 

767 

768 

769,770 

771-776 

771-776 
771-776 

771-776 
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TABLE 30 (cont.) 

Type of compounda . Correlation* Reference 

8 HOZC-C0M.j-X (a) 

9 HO,C-Rx (4 

10 XCH2CHzY; X,Y=Br, (a) 
CI, F 

11  XCHzCHzCN (a) 

12 X2C=CXz; X = F ,  C1, Br, (a) 

13 H,C=CX,; X = F ,  C1, Br (a) 

I 

v(OH, non-associated) in non- 777,778 
aqueous solvents and p K ,  
v(OH), non-associated) in non- 778,779 
aqueous solvents and pKa 
v(C-X) and dielectric constant 780 
of solvent 
u(C--X) and dielectric constant 780 
of solvent 
v(CX,, bending) and changes in 781 
electronic and geometric struc- 
ture of the molecule 
As in item 12 

a X are various substituents, halogens included. Rs are halogenated aliphatic 

* The correlations are usually linear, v's are stretching frequencies, uniess indicated 
radicals. 

otherwise. 
See Table 3 1. 

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. 

1. C-haiogen vibrations 

The C--I bands occur at 500-600cm-l, those of C-Br in solution 
near 560 and 650 cm-l, C-Cl at 600-800 cm-l (usually in a more restricted 
region, say 700-750cm-l) and C-F in the 1000-1400cni-1 region (in 
simple compounds a very strong band appears in the 1000-llOOcm-l 
region)z9. 

In cyclohexane systems axial halogen has lower frequency than equa- 
torial halogeE, e.g. axial C1 688 cm-l, equatorial C1 742cm-l, axial 
Br 550-590 cm-I and equatorial Er 700-750 ~ m - l ~ ~ .  The GF, group 
presents bands at  1325-1365 and 730-745 cm-l 29. Halogenated aromatic 
compounds present characreristic substitution patterns iE the 1100 cm-I 
region7s2. Two rotamers of 4-halo-1 -butenes were recognized from the 
analysis of C-halogen stretching frequencies783. 
7 
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2. Alkyl halides 
The C-H stretching frequencies are raised by fluoro SubstituentP, e.g. 

for R,CHF, v(C--H) 3000cm-l (R, is a peduoroalkyl group). The 
symmetrical deformation frequencies of CH,-X are raised for F 
(1475 cm-l) and lowered for C1 (1355cm-l), Br (1305cm-l) and I 
(1252 cm-l) relative to a hydrocarbon (1370-1380 ~ r n - 9 ~ ~ ~ .  

Jacob Zabicky and Sarah Ehrlich-Rogozinski 

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 > C l > B r > I ,  usually with F much 
higher than H and C1 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). 

Peduorination 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=O stretching bands are observed on introducing one a-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 
&-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=O frequency than the axial form, and a parallel effect is observed for 
the C-CI stretching 786. 

Perfluorination of one or both alkyl radicals attached to a carbonyl 
group causes a substantial rise in the C=O stretching frequency, e.g., 

RC(=O)R’ (1700-1725 cm-1)762 < R,C(=O)R‘ (1770 cm-l)zs 

< R,C(=O)RL (1785 ~ m - ~ ) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  

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-I) of olefins 

and their perfluoro  analogue^^^^ 763 

Structureu Perhydrogenated Pelfluorinated 

\ 0  ,c=c, 

/ RC=C, 
I 

RC=CR 
\ I  

/ 
R,C=C, 

I I 

1 623b 1 872b 

1640-1 645 1800 

1635-1 675 1735 

1640-1 660 1750 

i 685 1789 

1686 1754 

1685 1740 

(I The empty bonds are to be filled with H or F atoms and R represents accordingly 

b Determined by Raman spectroscopy. 
an alkyl or a perfhoroalkyl radical. 

halogenation in the enolic form (Pa), with the C=O and C-halogen 
bonds pointing away from each other'". 

a-Halogenation of aldehydes raises the C=O stretching frequencies but 
no double bands appear due to rotational is0rners~8~, as was the case with 
a-haloketones. This may be due to free rotation in u-haloaldehydes which 
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0 0  o-."'O II II 
0 0  
II II 

CIi,CCH,CCH3 C,jH,CH2CCH2CHCH2C6H, II I 

(1 62) (1 63) R/c\c//c\ R 
I 
X 

(1 64) 

183 

disappears in a-haloketones or a-haloacyl halides (e.g. CF3C(=O)F)700. 
Evidence for rotational isomerism in dihaloacetaldehydes was found from 
i.r. and Raman spectra7g1 and from n.rn.r. spectra792. 

5. Halogenated alcohols and phenols 

&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 16!P3- 793-7g5. The Av value observed for the two bands increases 
from nearly 0 for F to 95 cm-: 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 
IS cm-l is observed in i ~ o o c t a n e ~ ~ ~ .  The proportion of hydrogen-bonded 
OH is the largest for F and decreases gradually with the Etomic number 
of the halogen. For example, 2-chloroethanol presents O--H stretching 
bands at 3365cm-l of the gauche, hydrogenSonded rotamer and at 
3500 cm-1 of the trans, free OH rotamer. The presence of a non-hydrogen- 
bonded gauche rotame: in relatively low concentrations could be also 
recognized707. Perfluoroalkyl carbinols (R&H,OH) show the O-H 
stretching band at  frequencies as low as 3300 cm-120. See also Table 30. 

6. Halogenated carboxylic acids and derivat- fes 
a. Free carboxyZ groups. Under ordinary resolution, halogenated 

carboxylic acids show only one C=O stretching band for the monomeric 
form and one for the dimeric form, both of which increase in frequency 
with increasing halogenation. a-Chloro fatty acids have the C=O band at 
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1720-1740 ~m-170~. A study of fluoroacetic acid with high resolution 
showed five C=O stretching bands, two of monomeric rotamers and 
three of dimeric r ~ t a r n e r s ~ ~ ~ * ~ ~ .  Apparently no hydrogen bonding of the 
type depicted in 167 occurs in o-halobenzoic a ~ i d s ~ ~ ~ # ~ ~ ~ .  Perfluoro car- 
boxyIic acids present their C=O stretching frequencies at 1775 cm-l 
while the ordinary saturated fatty acids have this band at  1700-1725 
cm-l 29. See also Table 30. 

b. Curboxylates. The carboxylate anion has two stretching frequencies 
(vsym, v,J which do not vary much with unsubstituted radicals, be they 
alkyl, aryl or vinyl. However, with other substituents big variations are 
observedso1. 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 vsym frequencies are always lower than vas and 
their ordea does not parallel that of vm. The vn8 and vsYm frequencies of 
X-COT are ordered as shown in relations (249) and (250) respectively. 

(249) I f-Bu (1551 cm-l) c E t  c Me (1583 crn-') = CH,I c CH,Br -= CH,CI 

= CH,CN < CHBr, < CH,F c CHCI, 

< CBr,(1659 cm-') < CCI, < CF, (1689 cm-') 

(250) 

CBr, (I=, 1355 cm-') < CCI, c CHBr, c CH,CN c CH,I < CHCI, 

< CH,Br c CH,CI < Me (1413 cm-l) < Et 

c CF, - CH,F(l448 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 Ranian spectra of aqueous solutions7o3. 

c. Esters and thioesters. a-Halogenated esters behave similarly to 
a-halogenated ketones, with a high frequency C=O stretching band for 
the eclipsed C-halogen C=O bonds and a low frequency baud for the 
gauche conformation. In a-fluoro esters the cis conformation is slightly 
more stable than the gauche forms0w105. The gauche conformation of 
a-halo thioloesters (XCH,C(=O)SR or X,CHC(=O)SR) has the highest 
C=O stretching frequenciesso0. 

d. Acyl halides. a-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 or-hal~genation~~~. 
Mono- and dihaloacetyl chlorides were found to be in two rotational 
states in the vapour and liquid  phase^*^^^^^*. Further details on the i.r. 
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spectra of these compounds are treated elsewhere in the Ftimtional 
Groups seriessos. 

e. Amides and tiiioamides. No change in the C=O stretching fre- 
quencies of an amide is observed on introducing one a-halogen. On 
secor,d 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 a-chloroacetamide has 
the same C=O stretching frequency as acetamide, dichloroacetamide 
shows a frequency increase by 21 cm-l and incipient doubling of band, 
and trichloroacetamide shows a further rising of ! 0 cm-l 810. 

The N-H stretching frequencies of fatty acid amides shift to lower 
frequencies and higher intensities on introduction of one a-halogen. On 
further halogenation the frequency rises although not to the original level 
and the intensity remains There is probably competition 
between intramolecular hydrogen bonding and the intermolecuiar type 
common in amides814. 

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 t h i o a m i d e ~ ) ~ ~ ~ .  

X = CI, Br 

v(NH) 3325-3340 cm-l v(NH) 3240-3300 cm-' 
v(OH) 2600-2800 cm-l v(0H)  3320-3430 cm-' 
~ ( € 3 )  1490-1536 cm-l v(B)  151 8-1 555 cm-' 

7. Halogenated acetylenes and cyanogen halides 

The CEC and C=N stretching frequencies in compounds X-CECH 
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 C1 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-l) of 
acetylenes and nitriles of formula X-C=CI-I 

iind X-CEN" 
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~ 

F 3355b 
c1 3340b 
Br 332Sb 
I 3320" 
Me 3320 
Et 3320 
FCH 3322 
ClCH2 3315 
BrCH, 3315 
ICH 2 3315 

2 2 S b  2290 
21 l o b  2214 
208Sb 2200 
207Sb 2175 
21 30 2255 
2121 
2145 
2132 
2126 
2128 

From references 763, 768 and 816-818. 
In gaseous state. 

8. Nitro-halo compounds 
The N=O stretching frequencies (va8, v,&) in compounds of general 

formula XCH,-N02 change according to the nature of X as shown in 
relation (252) for vag and relation (253) for v8,,,m819~820. 

C - N < OR < CI < F 

N N OR < CI < F <  C 

H. Nuclear Magnetic Resonance 

halides. The information available may be of various types : 

the halogen. 

This method is extremely useful for the structural elucidation of organic 

(i) Variation of the chemical shift of protons in the neighbourhood of 

(ii) Splitting of bands due to asymmetry introduced on halogenation. 
(iii) §pin-spin coupling of lH with nearby 19F nuclei. 
(iv) 19F magnetic resonance spectra. 
(v) Coupiing constants of various magnetically active nuclei and 

Many textbooks and reviews on this type of s p e ~ t r o s c o p y ~ ~ ~ ~ ~ 1 - 8 2 ~  and 
satellite spectra. 

useful compilations of actual examples826 have appeared. 

1. 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. 

TABLZ 34. Typical chemical shifts (6p.p.m.) of the protons in 
alkyl halides" 

Pi-oton types X = F c1 Br I 

CH3-X 4.25 3.05 2-70 2.15 
C-CHS-X 4.50 3.45 3-40 3-15 
C 

CH-X 4.80 4.05 4.10 4.25 

CH3-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  2-15 1 a95 1 -90 2.10 

\ 

C/ 

\ 

/ 
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 Z ,  and 2, are the 
corresponding shielding constants taken from Table 35 27*827. The results 
me ody 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-CH2--Y 37, 827 

Substituent z Substituent Z 

-c=c 1.32 -CF2 1.21 
- 

-c=c 1 - 4 4  -CF3 1.14 
-CH3 0.47 - Br 2-33 
- CoH5 I .85 - c1 2-53 

-1 1-82 
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TABLE 36. Examples of chemical shifts (8 p.p.m.) 
of methylene groups 

Compound Calculated" Observedb 

CH ,= CHCH2CI 4.08 4.08 
CH,=CHCH,Br 3.88 3.93 
CH2=CHCHnI 3.37 3-87 
CH3CH2C1 3.23 3.57 
CH,CH,Br 3.03 3-43 
CH3CF,CH2C1 3.97 3-63 

a From data in Table 35, according to equation (254). 
In chloroform solution, from reference 826. 

6(CH& = 0-23 +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)833. The Z 
values for various substituer,ts appear in Table 37. These calculations are 
only approximate as is shown in Table 38, with an estimated standard 

&(olefink H) = 5-28 +Z,,,,+Z,,+Z,,,,, (255) 

TABLE 37. Shielding constants (p.p.m.) for ethylene substituents, 
for the estimation of chemical shifts of ethylenic protons833 

-H 0 0 0 
-alkyl 0.44 -0.26 -0.29 
-alkyl (ring)" 0.71 - 0.33 - 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 
- c 1  1 *oo 0.19 0.03 
- Br 1.04 0.40 0.55 
- C H  ,C1 0.72 0-12 0.07 
- C H  ,Br 0.72 0.12 0.07 
-CH,I 0.67 -0.02 - 0.07 

The double bond is part of the ring. 
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T A ~ L S  38. Examples of chemical shifts of olefinic protons 
(6 P.P.rn.1 
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Compound Proton Catculated" Observedb 

5.95 6.02c 

5.75 5-62" 

5-43 5.42 

HA, ,CHzBr 
c=c, 

HB' Br 

HA, ,CHZCI r^ 

HA, ,CH3 ,c=c, 

I B  5.54 5.59 
HB /c=c,cl 

5.57 5.52" 

5.39 533c  

5.40 - 5-32 
5-35 -5.12 
6.00 - 6.05 

5.26 5.1 5 
5.21 5.05 

{: 
{% 

HB ,c=c\Hc {! 5-95 5.93 

HE Br 

HA, ,CH,Br 
HB /C'kHC 

HA, ,CHzi 

A 5.73 5-71 H3C, ,CI 
H,cyC=C\H" 

/HA A 6.12 5.93 CIH,C, 

H &I 

7.03 7.10 

6.69 6.75 

HA, ,Br 
/c=c\HB 

5 6  

a From data jn Table 37 according to equation (225). 

" 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 communication by Dr. L. F. Johnson of Varian Associates). 

In chloroform solution, from reference S26. 

deviation of _+ 0.15 p.p.m.a3. Various effects observed in the n.m.r. 
spectra of halogenated olefins were reviewed elsewhere in this series*=. 
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 p a r t i c u k ~ + ~ ~ s .  
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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 arc not coupled with too many protons it is 
possible to assign with ease the various multiplets of the spectrum822. For 
example, (1,2-dibromoethyl)ben~e~ne (168), a molecule in which the 
a-carbon is asymmetric, shows in its spxtrum a multiplet near 8 4 p.p.m., 
corresponding to the protons on the /3-carbon, and a multiplet near 
6 5 p.p.m., of the proton on the a-carbon. The schematic representation 
and assignments of these multiplets appear in Figure 12. 

Jacob Zabicky and Sarah Ehrlich-Rogozinski 

I 

'C H 'CH, 

FIGURE 12. Splitting of the aliphatic proton signal of a,/3-dibromoethyl- 
benzene. Spectrum determined in chloroform-d soIution with tetramethyl- 
silane as internal referenceB20. 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 ~ h a p t e ? ~ ~ ,  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-di~hloropentane~'*~-~~~, which exists in two con- 
figurations, racernic and meso. 
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Under [he assumption that staggered conformations are to bz 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 stzlistically important. These con- 
formations are 169 and 170. In both conformations the two methylene 

(1 69) (170) 

protons are isosteric. If it is assumed that the J coupling but ween two 
vicinal protons depends on whether they are trans (JJ or gauche (J,) to 
each other, then the I-acemic forms will give rise to two coupling constants, 
one for protons A and B (equation 256) and one for protons A' and 3 
(equatioa 257), in which both forms 369 and 170 intervene, owing to their 
fast rate of interconversion. The coefficients x1 and x2 represent respec- 
tively the proportions of forms 169 and 170 iii the mixture. On subtracting 

JAB = x ~ J , + x ~  J, (256) 

,IAqB, = -u, Jg + x2 J1 (257) 

JAB-J*B' = ( X . L - X 1 ) ( J g - 4 )  (258) 

equation (256) from (257), equation (258) entices, showing that one 
doublet should be obtained only in the case when x, = x2, and two 
doLblets 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-tetrachloro-perfluoro- 
pentanem, 2,4-dibromopentanesz and other non-halogen substituted 
pentanes822. 

b, Macromolecules. The ideas developed above regarding the spectra of 
2,4dichloropentane can be extended to high polymerss22* 839. 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 

(1 71 1 
syndiotactic 

(172) 

atactic 

(173) 

have the structure of one of the racenzic 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  6 2.04 p.p.m. attri- 
buted to the racemic metnyleoes and the second one centred at 2-22 p.p.m. 
for the mesu methylenesM5 (the triplets arise from splitting by two adjacent 
CClH protons). Characteristic bands are also shown for the CClH protons, 
at 64-29 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 
chlorornethine groups. However, frequency analyses of longer sequences 
have also been carried 846. The n.m.r. spectrum of polytrifluoro- 
chloroethylene has been studiedsM. 

3. 13C 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 b,, -ome 
more accessible, with the newer instrumentation and because of the wide 
range of values they cover (about 350 p.p.m.)*22*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-I3C is more 
shielded than methane-13C8&. The 13C magnetic resonance spectra of 
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chlorinated ethanes and ethylenes has been studied849 and stereochemical 
assignments similar to those of section V. 14.2. a have been made, based 
on 13C magnetic resonance spectras50. 

Of more immediate application are the satellite spectra arising from 
13C-lH 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 JCH are nearly propcntional to this 
value, as shown in equation (259), where pcn is the percentage of s 
character of the bonds51 (see, however, reference 852). For compounds of 

pcH = 0*20J,, (259) 
general formula CHXYZ the value of Jcn is an additive function of the 
s u b s t i t ~ e n t s ~ ~ ~ .  The sign of J1sclH is positivesa and that of JlsCleF is nega- 
tive and its valuz is about 250 Hz8”. Bilinear correlations between JcH 
and i3e3C) or 8(lH) have been observed for methane derivatives CH,-X, 
with the halides forming a separate 

4. ‘H-19F spin-spin coupling 
Coupling between protons and fluorine nuclei can be observed in the 

ordinary prGton 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 CHF2Z structure with electronegative 2 
groups85G. Vicinal couplings tend to follow a Karplus behaviour similar to 
that of ordinary lH-lH couplings, but substituents may cause large 
variations in the JHF 831*856-858. H-F couplings can be established 
through 3 4  carbon-carbon links and also through space as will be 
discussed below. 

it was found that 
H-F couplings are established if the vector anchored on C and directed 
2long the C-F bond intersects the vector anchored on C and directed 
along the pertinent C-H bond. This has been called the coiwerging 
vector r ~ Z e 8 ~ ~ ~ ~ ~ .  For example the 6P-fluoro steroid I74 shows splitting 
of the signal belonging to C(191H3, as these protons fulfil the rule on freely 
rotating around the C(l,,-C(l,, 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(19,H3 splitting is observed, 
due to the coupling with F A  while FB cannot afford such ~ o u p l i n $ ~ ~ .  
Studies on the long range couplings of F-F and F-H are now in 
progressso3~ 8M. 

N,N-Dimethyl-o-fluorobenzamide (977) shows H-F coupling with 
one of the methyl groups, as these are non-equivalent, due to restricted 

In a series of studies OR fluorinated 
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&' 
c H3 
I e' 

J 
(9 75) (1 76) 

rotation around the amidic C--N bond805. N,N-Dimethyltrifluoro- 
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 prevalenPs. 

(In) (178) (179) 

The H-I= couplings in aromatic compounds are strongest for ortho 
protons (- 6-10 Hz), somewhat weaker for nzeta protons (- 6-8 Hz) and 
weakest for para protons (- 2 to + 2 H z ) ~ ~ ~ .  

5. 19F Magnetic resonance 
The n.m.r. spectra of fluorinated compounds have been reviewedazz* 

Chemical shifts are usually measured in the 6 scale, in p.p.m., with respect 
to trifluoroacetic acid used as an external reference. The @ scale has been 
proposed, using CC1,F both as reference and solvent, and it is designated 
as a* after extrapolation to infinite dilution. For fluorocarbons and their 
halogen derivatives equation (260) holdsez3. 

6 = a* - 76.5 (260) 

The 6 values of organic fluoro compounds vary in the range of - 150 to 
+150p.p.m. with respect to CF3C0,H. The lower fields, from 100 to 
150 p.p.m. correspond to fluorine-containing groups such as -C(=O)F, 
-C(=S)F and -SO,F. However, nearly all other fluorinated groups 
appear upfield from 0 p . ~ . m . ~ ~ ' .  

I t  is hard to correlate chemical shifts with the usual deshielding pro- 
perties of substituents. For example, the chemical shifts of trifluoromeithyl 
halides increase with the electronegativity of the halogen, from @* 
5 p.p.rn. for CF3-I to 69p.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 sanie time the chemical shifts of the trifli x o -  
methyl groups in these compounds follow the opposite order, from @* 
757 p.p.m. for the 2-iodo derivative up to 82.8 p.p.m. for 
perfluoropropanes”. 

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 compounds8G7. The chemical shifts and coupling 
constants of some perfluorovinyl compounds have been studied8G8. 

19F-19F spin-spin couplings are important not only in vicinal nuclei but 
even at a distance with 3-4 intervening carbon a t ~ m ~ ~ ~ ~ ~ ~ ~ ~ .  The coupling 
between geminal fluorine atoms has been measured in many compounds 
and was found to have very high J values, e.g. 254 Hz for perfluorocyclo- 
hexanes69. 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 coupling870. 
This statement has been criticized, howeveP1. 872. The sign of the through- 
space F-F couplings has been determined in various compounds873. 

lBF 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 confarmations, as compared to 
1H spectra. Such studies have been reported for fluoroethaness7* and 
fluoro~yclohexanes~~~~ 831. 

Applications of 19F magnetic resonance in the analysis of hydroxylic 
compounds have been reported: mixtures of 0- and p-alkylphenols are 
placed in trifluoroacetic anhydride for 5-24 h and the I9F spectrum in 
trifluoroacetic acid solution is determined. All esters present distinct 8 
values with the ortho isomer at  -5-17 Hz downfield from the para 
isomer. Quantitative determinations of such ortho-para mixtures can also 
be perf0rmed8~~. The optical purity of alkan-2-01s was similarly determined 
by first preparing the L-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 D,L diasteroisomer, by 1-5-25 Hz 876. 

ROH + C,H,-CHCO,H ~ > C,H,CHCO,R z C,H,CHCO,R (261) 
(CF,CO),O 

I 
O,CCF, 

I 
OH 

I 
OH 

1. Nuclear Quadrupole Resonance 
Of the ‘organic’ elements listed in Table 6, those with nuclear spin 

1 2 1  possess a nuclear quadrupole moment. Nearly all these nuclides 
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show only one resonance frequency u while lZ71 and I7O 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 orgznic com- 
pounds in the form of a polycrystalline solid at low temperatures. The 
resonance frequencies u are proportional to a quantity called the molecular 
quadrupole coupling corrstant and denoted as e2Qq (some authors use eQq). 
The proportionality constant is a function of I.  The resonance frequencies 
for halogen compounds are for the case I =  4 as shown in equation (262) 
and the two frequencies for I =  4 as shown in equations (263) and (264). 
The q factor is the electrical field gradient in the z direction of the principal 
axis system of the resonating nucleus, and it is produced by the eleclron 

cloud surrounding the nucleus. The asymmetry parameter 7 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 ezQq value is 2 measure of the ionic character of the C-halogen 
bond and is given usually as the resonance frequency u. The 17 value, on 
the other hand, is a measure of the double-bond character of this bond. 
Only for I2'I can the vzlues of both e2Qq and 7 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 spectrs or molecular beam spectra. 

The subject of nuclear quadrupole spectroscopy and its applications has 
been dealt with in detail e l ~ e w h e r e ~ ~ ~ * ~ ~ ~ .  

It happens that the pure nuclear quadrupole spectra of organic halides, 
especially chlorides, have been extensively studied. The resonance fre- 
quencies of C1, 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 
~~ - ~ ~~ 

RCH2Cl 

R*R2RR3CCl 
Organic chlorides and 

bromides 

V(RCH,~~C~)  - v(Et3T1) vs Taft's a* 

v = 32.5 + 1*019(a: + a: + a:) _+ 0-35 
(V/vo)Br vs (v/vo)Cl 

coiistants (see next entry) 

v(RBr) - v(MeBr) u(RC1) - v(MeC1) 
v(MeC1) 

ps v(MeBr) . 
Organic chlorides and (V/VO)I vs (./Vo>ci 

iodides 
v(R1) - v(MeI) vs v(RC1) - v( MeCl) 

v(Me1) v( MeCI) 
CH4-nCllL ( 1 2  = 172,3,4) (v/vo) vs tt 

CHF,-,Cl, (n = 1,2,3) (vlvo) vs n 
CFL-,CI, (12 = 1,2,3,4) (vlvo) vs I 1  

Chlorinated cyclopropanes v irs effective electronegativity at the 

Alkyl iodides v vs half-wave potentials in polaro- 

Aryl and alkenyl chlorides v and r]  values vs double-bond char- 

X-C=N, X-C=CCH3, v vs C-X bond length for X = 35C1, 

halogenated carbon 

graphic reduction 

acter of C--35Cl 

X--CH=CHz and 81Br 1271 
9 

X-CHZCHs 
Substituted chlorobenzenes v(Ar3T1) = %826 + 1.0240 
Substituted bromobenzenes v(ArelBr) = 227.19 + 8.1 80 

v(Ars1Br) = 226.932 + 7.6930 i: 2.98 
Substituted iodobenzenes ~ ( A r ' ~ ~ 1 )  = 267.0 + 1.4240 

v and 7 values vs double-bond char- 

v vs half-wave potentials in polaro- 

(v/vo) vs n 

acter of C--p"71 

graphic reduction 
C,H,-,Cl, (n = 1, . . ,6)b 

(V/Vo) = (V/vO)C,H,Cl+ 1 '3oflo + 0.45t~rn 
+ @25tt, 

RSiCla v = 18.919+0.4570* k0.099 
R W R ~ S ~ C ~  

R1R2R3GeCl 

v = 16649 + 0*399(0: + 02 + 0:) 
v = 17.420 + 0*937(a,* + 02+ + a:) 

_+ 0.128 

878 

8 79 
878 

878 

880-883 
880-883 
880-883 
884 

885 

886 

886 

887 
888,889 

889 
889 

885 

890 
891 

878 
878 

878 

a v values in MHz.vo is the frequency of the element in its atomic form. a and u* are 

no, N, and n9 are the number of chlorine atoms at positions ortho, iizeta and para 
Hammett and Taft substituent coastants. 

relative to the pertinent chlorine atom, and may have the values 0, 1 or 2. 
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1 GVTRQDUCBIQN 

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 
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energy. Collision between an electron and a gaseous molecule can result 
in one of several processes (1)-(3) of which (Ij is normally the most 
important at electron energies much above the ionization potential. Whzn 
a molecular ion is first forrped fragmentation may occur with or without 
rearrangement. Rearrangement can also lead to radical ions, i.e. [F,]+' or  
[FJ-' and non-radical neutral fragments in processes (1) and (2). 

M+' + 2e 

(1 1 
/ \  

M + e  F:+F;+2e 

/ M-' \ 
M + e  - F ; + F ;  

M+e---------t F;+F:+e (3) 

Ionization by light and subsequent study either of the ions produced 
(photoionization spectroscopy)l or of the energy of the electrons produced 
(photoelectron spectroscopy)2 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)314 proposes that upon electron impact 
molecular ions with a variable excess internal energy ( E )  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 theory4 
gives equation (4) for the rate [k(E)] of such a fragmentation. In this v is a 

k(E)  = Y(l -Eo/E)N-l (4) 
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 
reduced5 or  modifiedG. 

Since in a conventional electron impact mass spectrometer the spectrum 
is produced by expelling the ions from the ionizing region (source) about 

s, observable 
fragmentation only occurs if k(E)> lo5 s-l. This implies that for a given 
E3 a minimum excess energy (E,) is necessary for the ions to fragment in 
the source and a slightly lower energy ( E d  for the ions to fragment before 
collection. This approach is shown in the (arbitrary) graph of N(E), the 

s after formation and collecting them after about 
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number of molecular ions with ail excess energy in the rarlge E to EfdE 
(Figure 1) against E. The area under this curve to the left of the line 
E = Em represents the intensity of the molecular ion, the area under the 
curve and between E = Em and E = E, represents the intensity of the 
so-called metastable ions breaking down in flight7. Extending McLafYerty’s 
approach7 there is an energy Ed such that the intensity of the molecular 
and all the primary fragment ions is represented by the area under the 

FIGURE 1. Arbitrary graph of N(E) v(E). 

curve bounded by E< Ed. The metastable ions can often be used to identify 
some of the precursorss 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 a and by then in those 
parent ions where E& > E >  Eg fragmentation can only give a. Competition 
can occur only in those ions where E >  EL and this requires that vb > va 
(see equation 4). In ions where E a E L  frequency factors have more 
influence on the abundances of the two ions9. 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)/(b) increases with decreasing electron voltage then 
E:<E,b. This does not necessarily imply that, if b is formed by a direct 
cleavage reaction, then a must be formed by a rearrangement, since direct 
cleavage reactions could have quite different frequency factors. Experi- 
mentally, it is often, but not always, foundl0ll1 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 
neighbouriiig group par ticipation12*13. However, this criterion cannot be 
regarded as unequivocal. 

In order to determine E, and Em the ionization potential of the molecule 
[i(M)] and the appearance potential (A[F,+]) of either the normal or 
metastable form of the ion [Fl]+ must be deteminedl4. 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 Eln15. 

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, = AHf[F+]+AH@Ieutral 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) = AHf[M+'] - AHf(M) (6) 

the reaction has a high frequemy 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 shift7. If the reaction is not the fastest, then for it to be 
observed E, must be larger than E, and again E, will be appreciable. This 
is known as a competitive shift7. 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 determinedEa*bY use of equation 15) 
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 . 

11. DATA SELECTION, PRESENTATiON AND EZRORS 

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 monohaloalkanes16 and the mon~halo-aromatics~~, 
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unless otherwise specified, the in/c valucs versus intensity data have been 
taken from the work of McLafferty. For the polyhaloalkanes the data of 
McCarthyl* have been used, supplemented where necessary by data from 
compilations which give the eight19 or ten20 most intense peaks. Where 
more than one spectrum of a compound was available, the results were 
averaged in terms of the total ion currenl carried by each ion, but spectra 
containing spurious peaks weie 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 stbted. Variations of 5 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- 
tions19B20 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 
Ionization and appearance potential data were taken from the compila- 

tion of Franklin and coworkers21 unless otherwise indicated by references. 
When several reasonably similar values for these (or for AH<s for ions) 
were recorded, these were averaged, otherwise a n  attempt was made to  
decide on a ‘best’ value. Ionization potentials determined by electron 
impact on the same machine for a series of reiated compounds are probably 
accurate, relative to each other, to k 0.05 eV (eV = electron volts) and 
appearance potentials to +Om2 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 Sinke22. 

111. T H E  MASS SPECTRA O F  T H E  HALOALKANES 

A. Nature of the Ground State of the Molecular Ions 

haloalkanes and the corresponding alkanes are given in Table I .  
The electron impact ionization potentials of the normal primary mono- 
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By examination of the photoionization curves of alkyl bromides and 
alkyl iodides Hashmall and Hei lbro~iner~~ and Cocksey and coworkersn4, 
respectiveIy, 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 compcrison with the ionization potentials of the corresponding 

TABLE 1. The ionization potentials of some n-alkanes and ) I -  

haloalkanes (R-Y)d 

Y 
R -  

C1" Bra I" H F" 

Me 11.2 10.5 9-55 12.9 12.8 
Et 11.0 10.3 9-35 11.6 12.7 
Pr 10.8 10.2 9.20 11.1 12.2 
BU 10.6 10.1 9.20 10.6" 11.7 
Am 1 0 ~ 8 ~  10.1 9-20 10.45'' - 

These agree well with the photoionization data of Hashmall and HeilbronnerZ3 
(Y = Br), Cocksey and coworkers24 (Y = I) and Watanabe and coworkersz5 (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, whcse photo- 
ionization ionization potential is 12.50 e V e .  

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 
coworkers24 imply that the lone-pair ionization potential is the lowest, 
but Krauss and coworkers26 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 fluorides2* and found tha,t they 
can be represented by equation (7) where x ( ~ - ~ ,  depends only on the 

halide and pR 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 (aJn 

gives a straight line except for methyl iodide. This would suggest a different 
chargc location in the iodides. Linear extrapolation against ai of the 
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ionization potentials of the chioride 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. 

show that the ionization potentials of 
the secondary and tertiary halides arc 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 

The photoionization 

TABLE 2. Ionization potentials (in eV) of molecules of the type 
CXnY4-n 

0 11.47 10-50 12.90 12-90 12-90 
1 11-77 10.70 13.07 11-28 10.53 
2 12.31 10.90 13.29 11-35 10.49 
3 12.91 11-85 14.77 11.42 10.51 
4 1 5.0Od 1 500d 1 50Od 1 1 *5OC 1050 

a Photoionization data. 
Photoionization dzta, reference 28. 
Photoionization data, reference 29. 
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 stabiIization in the neutral molecule due to partial back- 
bonding between this element and the carbon. 

0. fragmentation Processes in the Haloalkanes 

Three primary fragmentation processes (S), (9) and (10) are observed. 
The relative intensity of the ions depends on the nature and number of 
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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 oilier techniques has been made of the ions 
corresponding to (Sa) 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 alkjrl halides (R1R2R3C-X) 

X = Fa 

Fragmentation R R 

x = C1" 
Ion or 

~~ 

Me Et Pr Bu Me Et Pr Bu 

(MI 47 5 I V.S. 74 42 3 0.2 
(84 
(9) 

(lob) (R' # H) - 15 3 2 8 3 1 
(lOb)(R1= H) 41 54 0.1 - 7 2 -  - 

6 1 1 1 12 16 4 1 
4 10 17 - 16 40 38 

1 16 12 
- 

- 35 21 - - 
- 

1 0 4  

Total 94 79 53 41 93 85 66 52 

X = Br X = I  

(MI 63 60 19 7 60 56 26 18 
(W 15 16 40 26 7 20 38 33 

4 4 1 22 8 5 2 
1 1 

(8b) 
(9) 

1 1 
UOa) 
(lob) (R1 # H) - 
(lOb)(R1=H) 13 - - 

Total 95 8 0  66 38 97 8 4  71 55 

- - 3 3 
2 1 
1 1 

- - 
- - - - - - 
- - - 

- - - 8 -  

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 n-propyl and n-butyl chloride the observed values32 
are too low to fit direct cleavage according to equation (5) and have been 
interpreted by Baldwin and coworkers32 as evidence for rearrangement. 
These low values seem to be due to zn experimental artifact since 50% of 
the ion current at in/e 43 and 60% of the ion current at m/e 57, respectively, 

TABLE 4. Energetic data for processes (Sa) and (9) (eV) in normal primary 
alkyl halides (R'R2R3C-XY 

X = F" x = C1" X = Br8 x = I" 

A (84  A (9)b (8a) (9) (gal (9)" (W 
R 

- Me 14.5 (1.6) - 2.3 2.2 - 2.8 
Et 13.3 10.7 1.3 0.35 1.2 1.0 1-7 1-8 
Pr 13-2 10.8 1-3" 0.30 1-1 1.0 1.2 2.0 
BU 13.4 11-2 1.4" 0.40 1.1 0.6 1.2 1.8 

- 

Calculated appearance potentials except for methyl fluoride where the value in the 
brackets is the E6. 

Calculated on the assumption that the hydrogen lost is on the carbon rcmotest 
from the carbon carrying the fluorine, assuming Green's arguments are correct33 
(see section 111. B). 

Calculated (see section 111. B). 
Calculated zssuining 1,3-elimination; see section 111. B. 
EB values. 
For process (8b) in the methyl halides the EB values arc X = CI, 5.3, Br, 4.2 and 

I, 3.8 eV34. 

are due to the lac1 isotope of the ion at  in/e 42 and 56. In both cases this 
has a lower appearance potentiala2 and, as shown by Baldwin and co- 
workers in a similar case32, this will lower the observed appearance 
potential for the alkyl ions. I n  some long-chain alkyl bromides and 
iodides evidence has been produced for the isomerization of the [M-X]+ 
ions before subsequent fragmentationa5. This suggests but does not 
require isomerization before or during the formation of these ions. 

In the case of process (9), Duffield and coworkersaG have shown by 
labelling that mainly 1,3-elimination occurs in the case of n-butyl chloride 
and that in the case of I-chloropentane about 85% of the elimination is 
1,3 and the rest is 1,4. For iz-butyl fluoride, l73-elirninatisn accounts for 
40% and 1,4 for 50%; in I-hexyl fluoride 1,4-elimination accounts for 22% 
at 70 eV and 31% at 12 eV, whereas l75-e1imination accounts for 76% at 
70 eV and 63% at 12 eVa7. In the case of n-propyl chloride AH,[&H,]+' 
is 244 kcal/mole which agrees weli with the AH, cf the cyclopropane 
cation (245 I<cal/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 1-butene. For the methylcyclopropyl cation AHf 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 thst  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, AHf 
values of 222 (X = C1) 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 1-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 ethylcyclopropyl 
and methylcyclobutyl cations are not available for comparison. 

The work of Green and coworkers33 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 90% of the elimination was 1,3 but that at  electron voltages 
near the appearance potential the preferred conformation far elimination 
corresponds to the more stable &-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 

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 suggestion36 of Dufield and cowoikers 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-1-chloride, the observed ly4-elimination involves a 
secondary hydrogen. The frequency factor will of course be lower for a 
Iy4-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 
(1,3y 1,4 or  13 )  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-elirnination here. Although the 
larger transition states observed foi 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, lY3-elimination to calculate E, values 
for (9) in the case of the alkyl bromides and iodides (Table 4). 

Green and coworkersm also showed that in cyclohexyl chloride 1,4- 
elimination is about twice as favourable as 1,3-elimination and that both 
processes are probably 100% cis-eliminations. 

I t  is interesting to note that in the corresponding unimolecular gas- 
phase c!imination from alkyl chlorides there is no evidence for anything 
other than 1,2-eliminati0n~~. 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 (lOa) and (lob) are summarized 
in Table 5 and vary considerably from source to sourcep1. 

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 (1Oa) and the low appearance potential for process 
(9). The relative importance of the [M-HI+ 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-HI+ ion in methyl 
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 heal of formation of an ethyl catioii is considerably less than a methyl 
and so process (1Oa) becomes important here and for similar reasons in 
the butyl compound. Similarly in the chlorides the increase in importance 
of process (iOa) presumably is related to the fact that in this reaction alone 

TABLE 5. Es or appearance potentials (eV) for fragmentations (1Oa) and 
(lob) for primary alkyl halides (R-X)' 

X = F" x = Clb X = Brb x = p 

(lOa)c (lob)" (10a). (lob)" (10a). (lob)" (1Oa)E 

3-55 Med," - 0.6 - 2.1 
Et 12.6 12.2 4-9 2.4 6.6 3.8 6.95 4.45 
Pr 11.35 12.05 1.6 2.5 4.1 3.2 2.2 2.7 
Bu 10.9 12-1 1.1 2.5 2.1 2.1 2 2  2-3 

- 2.5 - 

Except for MeF these are calculated appearance potentials; for MeF this is an 

For the propyl and butyl compounds these are calculated E8 values. 

For the methyl halides the data of Hamill and ~ o w o r k e r s ~ ~ , ~ ~  agree reasonably 

No intensities for the [HI+ ion are available, therefore the corresponding E, 

Es value. 

a This is for the loss of an alkyl group when R > Me. 

well with the above values for E,. 

values were not calculated. 
f All values are EB values imless otherwise mentioned. 

the E, value 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 iodide, 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 12- 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 (Sa) slightly 
does not affect the intensity of the corresponding ion. This may reflect a 
deep valley in the N(E)  versus E curves for the molecular ions at  this 
point ( E =  EJ.  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 (lob). This gives the 
same ion as ethyI fluoride, but the ejection of a methyl group in this case 



4. Mass spectrometry and the carboil-halogen bond 235 

rather than a hydrogen should lower the appearance potential by about 
1 eV. A similar depression ccmpared t o  the ethyl compound is calculsited 
for process (Sa). 

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 low3? 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" 

R 

it-Pr 
i-Pr 
11-Bu 
S-BU 
i-Bu 
t-BU 

x = CP 

Process 

(M) (8a) (9) (lOa>.(lOb>' 

3 4 40 16 3 
14 42 2 0-5 16 
0.2 1 38 12 0.4 
0-1 20 23  1 - 5  16 
0.2 1.5 3 3.6 4 
0.0 35 2 0-7 22 

.- 

- 

X = BrC x = I d  

Process Process 

19 40 1 
20 44 2.5 

7 26 0.5 
0.1 40 1.5 
3 33 2 
0.1 48 5 

26 38 5 
17 37 6 
18 33 2 
16 41 2 
15 38 2 
2 42 5 

a Data are available only for ti-butjrl fluoride and n-propyl and isopropyl fluoride. 
For the former two see Table 3, for the latter the only primary fragmentations are 
(lob), 68 and (lOa), 1.5; the molecular ion intensity is 0.6.) 

Process (8b) is negligible. 
CProcess (9) varies from 1 to 3, (1Oa) is negligible except in the case of i-butyl 

bromide (12) and s-butyl bromide (19); however, in the latter case the ion at m/e 29 
corresponding to (loa) could be formed from m/e 57 (8a) by the loss of ethylene. 

Process (9)'s intensity varies between 0.3 and 2, (10a) is only important in the 
isopropyl compound (1). 

a Intensities for processes (10a) and (lob) 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 t o  the decrease in E, for the most 
facile process @a) t o  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 occurz3 are the same. In the case of iso-butyl bromide E, for 
process (10a) is 1.4 eV (calc.) :vhich compared with E, for process @a), 
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 
(lob) ([M-C,H,]+, [M-Me]+, respectively) become important. In the case 
of isobutyl chloride the calculated E, for (1Oa) 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 
(IOa)  predominates and that (Sa) and (9) are still observable, nor that the 
molecular ion intensity is very low. The observed appearance potential for 
process (9)32 gives the same AH, for [C,H,]+' as in the 12-butyl compound, 
suggesting Iy3-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)-E&M-Y), 
are given in Table 7. In the case of n = 1, in comparison with the mono- 
halodkanes, this ratio is very small considering the AE, values. There are: 

TABLE 7. E,(M-F)-E,(M-Y) (AE, eV) and (M-Y)/(M-F) ratios for CY,,F,, 
compounds 

~ 

Y = c1 Y = Br Y = H  
n/(4-n) 

E, (M-CI)/(M-F) Es (M-Br)/(M-F) Es (M-H)/(M-F) 

0-33 2.3 2-7" 2.8" 4.0" 1.8 0.5" 
1.0 0.3" 10.0 - 16.0 
3.0 0.8-1.5 39.0b - 25.0 1 .O" 2-7d.a 

0.9 - 

a Reference 41. 
See Tables 4 and 5. 
Calculated. 

Reference 42. 
Reference 18. 

two possible explanations for this. The first is that these react!ons occur 
from isolated states, i.e. that interconversion of all the electronic states 
initially formed is not possible. This is against the principles of QET (see 
Introduction). The second is that frequency statistical control is important 
in  the 70 eV spectra. The observation that AE, decreases with increasing 
n, but that the intensity ratio increases approximately linearly with 
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?z/(4-n) also seems to rule out energetic control of these fragmentations. 
This approximately linear increase does suggest statistical control rather 
than isolated electronic states. 

Similar effects are seen in the case of the compounds CF,BrH and 
CFBr,H as well as in the corresponding chlorine compounds. In the 
monochloro compound the intensity ratio (M-Cl)/(M-F) is 6, but E8 is 
2.4eVm. In all these compounds the [M-XI+ and [M-Y]+ ions carry a 
large portion of the total ion current so their recorded intensities are a 
semi-quantitative guide to the relative amounts of these ions formed. 

The polyhaloethanes behave in a similar way bot5 to the monohalo- 
ethanes and the polyhalomethanes. Not surprisingly the [M-HX]+' ions 
are gradually replaced by [M-XY]+' ions (Y = X or another halogen) as 
the number of hydrogens decreases. In contrast to the monohaloethanes 
the competing direct cleavage reactions @a) and (10a) -t- (lob) [ = (lo)] 
seem to be controlled by the same factors as in the polyhalomethanes since 
the ratio @a)/( 10) remains virtually constant in the perflucrochloroethanes 
(Table 8). In the case of perfluoroethane if the intensity ratio were to be 
explained in terms of the OE, then a smaller difference between A[M-F]+ 
and A[CF$] than that recorded (1.75-1-3 eV)44*45 would be expected. 
With the exception of (CHCI,), and CHCl,CH, the same ratio in the 

TABLE 8. Some intensity data for the perfluorochloroethanes" 

Compound : C,F, CF2CICF3bs (CF,Cl), CCI,FCF3C CF3CC13" 

26-6 2-2 7.0" 

Compound : CC1,FCF,CIc (CCl,F)2 CCI,CF,Cl C,CI, 

a For (CCI,F)2 the percentage of these ions is 60, in all other cases > 70. 
This molecule seems to fragment in an unexpected fashion, only one spectrum is 

available1*. 
' Data from reference 18. 
d n < m .  

For values of A[CFj-]-A[CCI,+] see text. 
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polychloroethanes is also reasonably constant (Table 9). In the isomeric 
pairs containing the same number of chlorines it is noticeable that the 
ratio (8a)/(lO) is lower in the isomer in which t1.e chlorines are more 
evenly distributed between the two carbon atoms. Further, except in the 
dichloro compounds, the sum of the intensities of (Sa) and (10) in each 

TABLE 9. Some intensity" and EB (eV) data for the polychloroethanes 

Compound (8a)/(10) (gal (M-CI) (10) (CH,C~.~.,_,)/(CH,CI,.,_,)* AE,' 

32 
36 
8 

38 29 

52 
7 

48 
16 

44 
46 
68 
29 
29 
13 
14 
7 

10 

0.3 

0.1 
0.08 
0.2 

0.3 
0-05 

0.6 
0-6d (1.7)" 

In all cases except (CH,CI), the sum of the intensities of (Sa), (10) and the mole- 
cular ion is 65 or greater. 

b n < r n .  

* AEs calculated from data in reference 46. 

V A[CCl,f], reference 21 ; A[CHCI,I-] calculated frim data in refercnce 46. 

Reference 16. 

Obs., reference 47. 
f AEs = A[CH,CI,f-,]-A[CH,,Cl~-~J. 

pair is reasonably constant, which would be expected if these two were 
the main, competing primary fragmentations. In the case of 1 ,Zdichloro- 
ethane the [M-Cl]+ ion in the 1,l-isomer is replaced by the [M-HCI]+ ion 
(intensity 35). 

In the monohaloalkanes the more intense of the ions formed by 
processes (lOa) and (lob) when R1 was zn alkyl group was shov;n to be 
the one for which the appearance potential was lower (Tables 3 and 5). 
This also seems to be the case in l,l,l-trifluoroethane where A[CH$]- 
AfCFQ] = 1 - 1  eV and (CF3)/(CH3) = 9. In the perfluorochloroethanes no 
experimental appearance potential data are availablc but, depending on the 
value chosen46 for AHf[CF,]+, A[CFQ] - A[CCli] lies between 0.3 and 
1.3 eV, for CF,CCl,. Judging by other thermodynamic data when X = F 
in an ion of the type [CX,&-,,]+ the difference between the heats of 
formation of this ion and the corresponding radical is greater than in the 
case where X = C1. Hence from equation (5) the appearance potential of 
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this type of ion with more fluorines in will be higher. This is in keeping 
with the intensity ratios in Table 8. In the case of the polychloroethanes 
complete thermodynamic data are available although AH, values for 
[CH2Cl]+ and [CHCl,]+ are not very reliable4*. Here the calculated 
appearance potential differences and the intensity ratios (Table 9) fit the 
general picture. 

In polyhaloethanes containing bromine among the other halogens the 
intensity ratio (M-Br)/(lO) is larger than the ratio (M-X)/(IO) in the com- 
pounds where the bromine(s) are replaced by chlorine(s) or fluorine(s) 
('1'2Sle 10). This is not surprising since EJM-Br]+ might be expected to be 
lower (see Tables 4 and 7) than that for the loss of chlorine or fluorine. 
Also, as far as can be seen from the data for the monohaloalkanes (Table 5) 
the substitution of bromine for chlorine increases E, for process (lo), 
perhaps due to a competitive shift effect' rather than an appreciable chafige 
in bond energy. 

TABLE 10. Effects of substitution of chlorine or fluorine by 
bromine on the ratio (8a)/(lO) in polyhaloethanes 

Molecule 

X Y  
CFZXCFZY CFClXCFClY CHZCICHZX 

Br Br 0.20 4 18 
0.55" 0.5 0-5 a c1 

F F  0.45 0-55". 
C1 F 0.03"* 0.5 0.5 

- 

" Dara from reference 18. 
This compound seems to fragment in an unusual way, see footnote b, Table 8. 

The formation of ions of the type {CXYZ'If in which a substituent 
from one of the carbons (see equation 11) has interchanged with one on 

CXYZ--CX'Y'Z'~+' - CXYZl'f (11) 

the other carbon atom is also noticeablels. Thus in 1 ,I-dichlorotetra- 
fluoroethane the intensity of the ion CF,C1 (Z' = CI) is 16 and io general 
this rearrangement seems most marked in those molecules containing 
fluorine and/or chlorine and less than three hydrogens. These reactions 
presumably occur since the activation energ)' for the rearrangement is 
lower than for the direct cleavage reaction. Thus although this rearrange- 
ment (equation 11) must have a lower frequency factor than the direct 
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cleavage reaction, there will be a certain portion of the molecular ions in 
which the rate constant for the rearrangement will be faster than for 
cleavage and the rearranged molecular ions will then have enough energy 
to fragment. 

Where appearance potential data have been determined these ions 
produced by rearrangement have higher E, values. These values are of 
course the sum of the energies required for rearrangement and fragmenta- 
tion if these two processes are separate. Thus the higher E, values such as 
those recorded by Steele and Stone48 do not necessarily invalidate the 
preceding argument. Steele and Stone found in the case of l,l,l-tri- 
f l ~ o r o e t h a n e ~ ~  that A[CF:] = 13.9 eV, A[CHi] = 15.0 eV, but A[CH,F+] 
= 15-9 eV. In the case of trifluoromethylethanern A[C,H,+] = 12.8 eV and 
A[CH$] = 14.8 eV whereas for the rearrangement ions [CF,H]+ and 
[CH,F]+ the appearance potentials are 15.9 and 15-7 eV respectively. 
Calculation of AH,[CF,]f from its appearance potential in the case of 
1,1, I-trifluoroethane gives a value of 108 kcal/mole which lies between the 
high and low values for this ion46. This indicates that the ion is formed 
with excess energy. This could be either due to  a competitive shift7 (see 
Introduction) caused by the rearrangement reaction or due" to the fact 
that the [CF,]+ ion is planar whereas in the paraffin the fluorines of the 
CF, radical are not. Similarly AH,[CH,]+ is high in this case but this 
could be caused by a competitive shift' (set: Introduction) due to the 
easier formation (lower E,) of the [CF,]+ cation without the need to invoke 
the rearrangement as a competitor. 

This rearrangement could proceed via the intermediate shown below 
and a similar bridged ion has been postulated by P e ~ h i n e ~ ~  to explain his 

observations in some vicinal dibromoalkancs. Thus in the case of racemic 
(I ' )  and meso (m) 2,3-dibromobutanes Pechine found that49 (M)9,J(M)r was 
0-61 and virtually independent of electron voltage. If at low excess energies 
backside attack by one bromine to displace the other occurred (see below) 

R2, ..' 6 r, .. ..R2 

Br" ..c--CkR' I 
R' 

consideration of steric crowding in the transition state suggests that E, 
for the loss of bromine would be higher for the racemic mixture than the 

* Suggested by a referee. 
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nieso compound, since the transition state in the iatter would have a lower 
AH? and there is no difference in the heats of formation of the molecules. 
This essentia! invariance of the relative molecular ion intensities is inore 
characteristic of a frequency factor effect. However, examination of 
Pechine’s data shows that the intensity ratios (M-Br)m/(M-Br)T and 
(M-Br), + (M-HBr,),/(M-Br),+ (M-HBr,), increase with decreasing elec- 
tron voltage which is consistent with his proposal9. In these and the cyclic 
compounds discussed below the presence of metastables shows that the 
[M-HBr,]+ ion is formed from the [M-Br]+ ion (see Introduction). 
Pechine also showed that, in the cis- and trans-l,2-dibromocyclopentanes 
and the corresponding cyclohexanes, (M)J(IM)~ are 5 arid 23 respectively 
and independent of electron voltage. More convincingly, the similar 
intensity ratios as described above for the butanes, where now the deno- 
minator consists of the intensities of the ions in the trans compounds, 
decrease slightly with decreasing electron voltage. This would be consistent 
with some anchimeric assistance by backside attack of the second bromine 
in the trans compounds, where the stereochemistry is correct. Here and 
elsewhere the low frequency factor for the anchimerically assisted reaction 
will probably rule it out except in those ions whose excess energy is just 
above E,. 

These ideas can be used to try to rationalize some of the observations 
in the case of the ethanes. Mention has already been made of the difference 
in behaviour of 1,l- and lY2-dichloroethane. In  the case of the corre- 
sponding bromine compounds, although the intensities of the [M-Br]+ 
ions are similar, the molecular ion intensity in the 1,l-compound is 17, 
but in the 1,Zcompound onIy 1.5. This can be correlated with a much 
larger [M-HBr,]+ ion in the spectrum of the latter. This would very 
tentatively suggest that anchimeric assistance could be occurring in the 
1 ,2-compound. In the dichloro compounds the intensities of the molecular 
ions are very similar but in the 1,2-compound, the intense [M-Cl]+ ion 
obserked for the 1,l- compound is replaced by an [M-HCl]+’ ion. Now 
this cannot be explained by anchimeric assistance and the mass spectra of 
the 1’2-dichlorocyclopentanes 2nd 11exanes~~ show no evidence for the 
occurrence of anchimeric assistance. Any slight differences in the cyclo- 
hexane spectra have been attributed to neutral molecule enthalpy 
differences51. This difference in the behaviour of the chlorine substituent 
compared with bromine may be due to one or both of the following 
factors. (i) Chlorine is less able to donate electrons to the reaction site 
on the neighbouring carbon due to their being more tightly bound and 
closer to the nucleus33. (ii) However, as in aromatic substitution, when an 
electron deficiency develops on the carbon to which it is attached it may 
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be able to donate electrons to it. The latter would assist the formation 
of the [M-Cl]+ ion in the 1,l-dichloro compound and in its isomer it 
would help the stretching of the hydrogen bond necessary for the formation 
of the [M-HCl]+' ion. 

C. Intensities of the Molecular Ions 

In the monohaloalkanes the intensities of the molecular ions were 
correlated (see section 111. B) with the magnitude of the lowest estimated 
or observed E,. P, similar correlation can be made in the polyhalornethanes 
where the intensity of the molecular ion (Table 11) decreases with increas- 
ing halogenation. Thus in the case of carbon tetrachloride and bromide 

TABLE 1 1 .  Intensities of the molecular ions of poly- 
halomethanes (CXnH4-,J 

I1 = 4 I1 = 3 n = 2  n = 1  

- 1.0 X 
F 0.00 1.0 5 50 
c1 0.00 1.0 38 63 
Br 0.00 1.3 48 59 

I 42 55 I 

- 

- 

- spectra not available in compilations*8-z0. The niolecular ion of methane has 
an intensity of 47. 

the calculated appearance potential for the [M-X]+ ion is below the 
probable electron impact ionization potential. In  the case of the tetra- 
fluoride the observed appearance potential for the [M-F]+ ion is about 
0.3 eV above the apparent spectroscopic ionization potentia131; the latter 
are, however, often a little lower than the electron impact ionization 
potentials. Walter and coworkers suggest52, from examination of the 
[M-F]+ ionization efficiency curve, that this ion is formed by direct dis- 
sociation. In the trihalo compounds A[CF$] = 14.7 eVU and is the 
same as the lowest ionization process detected in the photoionization 
experiments28. A similar situation exists for A[CCl$] in the case of 
c h l o r ~ f o r m ~ ~  and for A[CBrg] (calculated) in the case of bromoform. 

In the dilialo compounds A[CHF$] is essentially the same46 as the ioniza- 
tion potential (see Table 2). In the dichloro and dibromo compounds 
E,(M-X) is 0.9 and 0.7 eV re~pectively~~. The calculated value in the case 
of the di-iodo compound, estimating the heat of formation of this com- 
pound, is about 0.6 eV. 



4. Mass spectrometry and !he carbon-halogen bond 243 

Since all these are direct cleavage reactions with high frequency factors 
the correlation is obvious. This result is rather odd in view of the bond 
energies in the ground state of the neutral molecules which increase in the 
order I < Br -= C1< F. In qualitative terms, due to the electron-attracting 
ability of the halogens, the environment becomes increasingly more 
electron-demanding as more halogens are added to the same carbon. 
Thus the tendency increases to fragment to give a cation where the charge 
is located partially on a trivaierlt carbon, as opposed to being delocalized 
over the halogens in the molecular ion. This is naturally more marked with 
fluorine than with the other halogens. A similar explanation was used in 
the case of the monohaloalkanes. 

IV. THE HALOETWYLENES 

A. The Nature of the Molecular Ions 

From the ionization potentials (Table 12) it can be seen that the replace- 
ment of hydrogen by halogen lowers the ionization potential from that of 
ethylene (10.6eV). From this and the fact that the ionization potentials 

TABLE 12. The electron impact ionization potentials of haloolefins (C,X,H,-,) 
I 

- 10.45 Fb 10.10 10.30 10.45 - 
c1 9.50 9-45 9-80 9-65 9-65 10.00 
Br - 3-30 - 9.45 9-45 9-80 

a No data are available for the iodoethylenes. 
Data from reference 54. 

for the corresponding alkyl halides are also higher it seems that the 
molecular ion is best represented as having the charge delocalized over 
the carbons and halcgen(s)=* 55. Lake and coworkers5G have determined 
the vertical ionization potentials of CF,CHCl (10.00 eV), CF,CFCl 
(10.14 ev) and CF,CCl, (9.84 eV) and reached a similar conclusion. 

B. Fragmentation Patterns 
In general the E, values for these compounds are higher than in the 

corresponding ethanes and this is consistent with the much higher inten- 
sities (20-50) observed for the molecular ions. 

The simple cleavage reactions resulting in the formation of the [M-F]+ 
and [M-HI+ ions in the fluoroethylenes have been investigated in detail by 

9 
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Lifshitz and Long5Is5' and by Jenningss8. Thc E, values for these and 
other haloethylenes are given in Table 13. 

TABLE 13. E, values (eV) for the [M-Xl+ and [M-HI+ ions formed from some 
haloethylenes 

~ 

Compound: C2F4 C2F3H CH,CF, C2H3F 

Radical F F F €3 F H 
Es 5.9 5.8 4.4 6.2 3.9 3.6 

Compound: cis-(CHCl), trmts-(CHCl), cis-(CHBr), tt-~rzs-(CHBr)~ 

Radicalb c1 c1 Br Br 
E, 2-65 2.8 1 -95 2.2 

a For the fluorine compounds the values are from reference 54. 
1.e. radical lost. 

The E, data in the 1,l-difluoroethylene combined with the ratio 
(M-F)/(M-H) = 0.5 suggests that here frequency factor control is opera- 
ting. In the mixed chlorofluoro compounds (Table 14) the intensity ratios 
are also consistent with statistical frequency factor control. The situation 

TABLE 14. (M-Cl)/(M-F) intensity ratios in some chlorofluoroethylenes 

Gcmpoucd : C,F,C! CHC!CFI CFHCFCI CFHCHCl CHClCFCl 

Ratio 0-5 1 5 2.5 > 6  

Compound: CFHCC12 C2Cl,F 

Ratio > 6  > 10 

is not so clear with some of the bromine-containing ethylenes. Only an 
[M-Br]+ ion is observed in the spectra of CF,CClBr, CF,CBr,, 
CFClCFBr, CClBrCCI, and CFHCFBr but in CFHCFBr the intensity 
ratio (M-Br)/(M-F) is 2 and in CHBrCCl, the (M-Br)/(M-C1) ratio is 5.  

These compounds also fragment by the expulsion of hydrogen halides. 
The E, values for the monofluoro-, 1 , 1-difluoro- and trifluoro-ethylenes are 
3-2, 4.0 and 4.5 eV respectively and these are considerably above the 
calculated values5** 579 =. About half of this is due to the ion being formed 
with release of kinetic energysa, presumably generated due to the low 
bonding radius of fluorine not allowing complete hydrogen-fluorine bond 
formation in the transition state33. The possibility of the rest being due to 
a kinetic shift' has been ruled out in the case of monofluoroethylene by 
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Jenningsm. The explanation could lie in a competitive shift7 since these E, 
values are near those observed for the direct cleavage reactions. Also 
some of the excess energy could be carried away by the neutral fragment. 
In the two 1 ,Zdichloroethylenes EJM-HCI]+' is the same (3.6 eV) being 
about 0.8 eV higher than the calculated value, presumably for one or more 
of the reasons suggested for the fluorine compounds. The fact that this ion 
occurs in the trans compound and that the E, values are the same for 
both suggests that free rotation around thc sarbon-carbon bonci can occur 
in the riiolecuiar ion, in agreement with its proposed structure. Although 
the energetic data are not available in the corresponding fluorine com- 
pounds, the similarity of the spectra, particularly the metastable ion 
intensities", suggests the same situation in these compounds*. 

Direct cleavage of the carbon-carbon bond to give ions of the type 
[CXY]+' often occurs. Thus the ion [CF,]+' comes from all the poly- 
fluoroethylene molecular ions as shown by the presence of metastable 
ionsm, although its intensity is very small in some cases. In the tetrafluoro 
compound it comes also from the [M-F]+ ion and in the trifluoro com- 
pound from the rearrangemerit ion [CHF,]+. The latter ion and its 
counterpart [CX]+ come not only from the molecular ion but other ions 
as well in the case of the fl~oroethylenes~~. These rearrangement ions are 
mainly noticeable in the fluorine-containing compounds and as far as the 
data are available and reliable, their absence or presence seems to be 
governed by energetic factors. Thus in 1,l-difluoroethylene E,[CH,F]+ is 
0-3 eV higher than EJM-F]+ and the former ion is observed. However, 
the ca!culated E, for the [CHF,:+ ion in this compound is 0.8 eV higher 
than for the [M-F]+ ion and this ion is not observed. The combination of 
higher E, and lower frequency factor is presumably responsible for this. 
In the case of 1,l-dichloroethylene the corresponding difference in E, 
values for the formation of the [CH,Cl]+ ion would be about 3-5 eV and 
it is not surprising that this ion is not observed. Thus where the data are 
known the spectra of these compounds can be rationalized. 

V. INFLUENCE OF REMOTE Z-ELECTRONS ON 
THE FRAGMENTATION O F  CAR5SN-HALOGEN B O N D S  

Remote in this context means that the halogen is not attached to a carbon 
of the r-electron system in the neutral molecules. The case of the benzyl 
halides is more conveniently discussed elsewhere (sectior, VI. C).  

* The basis of this and other statements about the 1,2-difluoro-compounds 
rests on Jenning's comments that the spectra of these moIecules and the meta- 
stables are very similar to the l , l -comp~und~~.  The author gives no details. 
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In the case where the n-electrons are associated with a simple double 
bond in the neutral molecule the phenomenon of double-bond migration 
under electron impact complicates the issue50. In the case of propene this 
has been shown to involve 1,2- and 1,3-hydrogen shifts, but not to demand 
the equivalence of the three carbonsG0. The similarity of the spectra of the 
1-, 2- and 3-monohalopropenes (Table 15) suggests considerable sub- 
stituent migration such as occurs in the haloethanes and haloethylenes. 

TABLE 15. The intensities of some selected ions in the mass spectra of the 
monohalopropenes" 

Position of 2-F 3-F l-C1 2-C1 3-C1 1-Br 2-Br 3-Br 
halogen 

~~ 

20 23 23 26 19 22 27 16 
(M-W 4 3 38 39 42 45 37 48 
(MI 

(M-HnX) 17 1 1  23 21 23 23 22 24 

When allowance is made for the intensity of the [M-HI+ ion in the 2-fluoro 
compound (36) and the 3-fhoro (40) it can be seen that in all cases these ions con- 
stitute more than 75% of the total. 

The abseme of energetic data precludes any more detailed discussion but 
the problem of double-bond migration and/or substituent migration makes 
the interpretation of the results in the other cases more difficult. 

Tomer and coworkers12 have examined the possibility of anchimeric 
assistance by n-electrons in the case of 4-bromo-l-butene and 5-bromo-l- 
pentene. In these compounds E,[M-Br]+ is 0.7 and 0.6 eV respectively, 
which although apparently lower than the values in Table 4, for the loss of 
bromine from alkyl bromides, is in fact probably the same within experi- 
mental error. The magnitude of error in determination of E, values by 
different groups in the case of alkyl bromides is typified by a recent value 
for E,[M-Br]f for ethyl bromide of 0-6 eV O1 compared with the value 
given in Table 4. Thus it does not seem necessary to invoke anchimeric 
assistance in this case. Tomer and coworkerP have also examined the 
spectra of some ring-substituted 5-bromo-2-phenyl-2-pentenes in which 
the major primary fragment ions are [M-Br]+ and [M-CH,Br]f. In all 
cases the ratio (M-Br)/(M-Br) + (M-CH,Br) increases with decreasing 
electron voltage, showing that Es[M-3r]+ is the iower. This is not unex- 
pected since this is the case in most of the alkyl bromides (Tables 4 and 5)  
and a similar observation has been made in the case of the bromo butene 
and pentene mentioned above, where Es[M-CH,Br]+ is about 2.6 eV. 
In these compounds the metastable intensity for the [M-Br]+ ion, except 
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in thep-methoxy compound, is always larger than that for the [M-CH,Br]+ 
ion. This can be taken as indication, but is not proof (see Introduction), of 
the fact that rearrangement occurs in the formation of the [M-Br]+ ion. 
Finally, where observed, the loss of C4H, from the [M-Br]+ ion must 
involve a rearrangement, requiring complete hydrogen scrambIingl2 in 
the case of the parent compound. Whether this occurs before G r  after the 
expulsion of bromine is not known. As the authors conclude, the pos- 
sibility of anchimeric assistance cannot be ruled out, but the evidence is 
not conclusive. 

in the endo and em-5-X-2-norbornenes (X = C1 or Br) E,[M-X]+ is the 
same for both isomers (X = C1, 1.9 eV 62; X = Br, 0-95 eV 12). Thus any 
anchimeric assistance cannot amount to more than a few kcal/mole. 
For X = Br in both isomers the intensity of the [M-Br]+ ion increases 
relative to that of the other primary fragmentation, the retro-Diels-Alder 
reactions9, on decreasing the electron voltage. The measured appearance 
potentials for these reactions are the same within experimental error. 
Torner and cowoikers12 conclude on the basis of the E, values that 
anchimeric assistance occurs here in both isomers but the fact that the 
(M-Br)/(retro-Diels-Alder ion) intensity is lower in the endo compound is 
due to a lower frequency factor in this case. This they consider to be due 
to a twisting of the double bond necessary in the endo compound to permit 
anchimeric assistance. This conclusion seems open to three criticisms : the 
first is that the E, values for [M-Brlf are no lower than in the alkyl bromides 
(Table 4). I t  could be argued, following a suggestion of Cooks and co- 
w o r k e r ~ ~ ~ ,  that this comparison may not be valid here since in the 
norbornenes the charge is not located on the bromine in the ground state 
as it is in the alkyl bromides. However, if the ionization potential of the 
lone pair of the bromine atom in the norbornenes is the same as in the 
alkyl bromides then the comparable E, would be nearly zero since 
A([M-Br]+) is 10.1 eV (Table 1). 

Secondly, if the double bond has to be twisted in the endo compound 
this should result in an increase in E, for the loss of bromine compared 
with the e m  compound. This is not observed. 

Thirdly, by analogy with the gas-phase retro-Diels-Alder reactions of 
cyclohexene, 4-methyl- and 4-~inyl-cyclohexene~~, this reaction of the 
molecular ions should have a very high frequency factor. That the [M-Br]+ 
ion, with a similar appearance potential, competes with this reaction 
implies that it must have a high frequency factor. The only explanation 
for the difference in intensities seems that in the ex0 compound the product 
is stabilized by bond formation after loss of bromine. The absence of a 
complete spectrum makes this point difficult to check. In the chlorine 
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compounds the intensities of the [M-Cl]+ ions are smaller and probably 
no anchimeric assistance occurs here since the (M-Cl)/(M) ratios are 
similar in both compounds. 

A similar observation, aithough its precise significance is not clear, is 
that of De Jongh and coworkersG5. They find that the ratio (M-Br)/(M) in 
exo-norbornyl bromide is ten times that in the endo compound when 70 eV 
electrons are used. From photoionizatioil studies the same ratio is 13-6 
times higher in the exo compound. The authors suggest that, in the latter 
case, the exciting line corresponds to 10-2eV but this seems too low. 
Bunton and PescoGG have examined the spectra of some methylated 
norbornyl chlorides. In the case of is0 (exo) bornyl chloride the (M-Cl)/(M) 
ratio is about twice as large as that in the endo isomer (bornyl chloride), 
but in the case of or-fenchyl chioride this ratio is about half that in the 
erzdo isomer (/3-fenchyl chloride). Thus a similarity in behaviour between 
the saturated and unsaturated anologues i s  observed. 

Shapiro and JenkinsI3 have examined the possibility of participation of 
the benzene ring in the loss of bromine from 2-phenylethyl bromide and 
ring-substituted analogues. This was prompted by the observation of 
McLafferty that the intensity of the [M-Br]+ ion was larger in this com- 
pound than in the case of 3-phenylpropyl bromide1'. In all the compounds 
studied13 it was found that the intensity of the [M-Br]+ ion relative to the 
other primary fragment ion [M-CH,Br]+ increased by a factor of between 
2 and 16, depending on the substituent, when the electron voltage was 
dropped from 22 to 10 or 11 eV. This shows, as expected from the 
E,[M-Br]+ and E,[M-CH,Br]+ values in Tables 4 and 5, that 
E,[M-CH,Br]+ > E,[M-Br]+. This is also in keeping with the results for 
4-bromo-1-butene and 5-bromo-1 -pentene discussed above. Further, 
GrutzmacherG1 has shown that E,[M-Br]+ is the same for the 3-phenyl- 
propyl and 2-phenylethyl compounds (1 -1 eV) and higher than the value 
he determined (06eV) for EJM-Br]+ in ethyl bromide. In the case of 
some of the substituted compounds Grutzmacher has shown that, whereas 
the ionization potential depends on the substituent, the appearance 
potential for the [M-Br]+ ion is almost independent of it (Table 16). This 

TABLE 16. Ionization potentials of and A([h/I-Br]+) for some ring-substituted 
2-phenylethyl bromides 

Substituent p-NOz p-C1 ??z-CI H p-Me0 m-Me0 p-NH, 

I(M) (eV) 9.6 8.8 9.1 9.0 8.2 8-5 7.8 
A([M-Br]+) (eV) 10.3 10.1 10.3 10.1 10.1 9.9 10.1 
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he interprets as showing that in the iM-Br]+ ion the charge is isolated 
from the phenyl ring, whereas in the molecular ion the ionization potentials 
correspond to  the charge being located on the phenyl residue. The sug- 
gestion of Cooks and coworkersG3 that the reactive state of the molecule 
is  that in which the charge in the molecular ion is located on the bromine, 
runs into the same objections as in the case of the norbornenyl bromides. 
It also dces not explain why, if the phenyl ring is involved, it does not 
change the appearance potentials more dramatically. 

GrutzmacherG1 also points out that at  all electron voltages the ratio 
(M-Br)/(M) is the same for any pair of ineta and para isomers, which is 
consistent with non-involvement of the phenyl residue. The observation 
by GrutzmacherG1 and Nibbering and de BoerG7 that the hydrogens ir, the 
[M-Br]+ ion are completely randomized before expulsion of acetylene 
does not tell us whether this occurs before or after the formation of the 
[M-Br]+ ion. Although the metastable intensity for the [M-Br]+ ion is 
always larger than that for the [M-CH,Br]+ ion this is also not conclusive 
evidence for phenyl participation. Grutzmacher rationalizes the original 
observation of the relatively low intensity of the [M-Br]+ ion in the 
3-phenylpropyl bromide by pointing out that, unlike the case of the 
2-phenylethyl compound, cleavage of the [M-Br]+ ion to give m/e 91 is 
favourable. A metastable confirms this reaction in the 3-propyl com- 
pound only and the intensity of this ion is much higher in this compound 
compared with the 2-ethyl compound. The intensities of the molecular 
ions in the two compounds are similar, which again argues against a 
difference in behaviour. Finally in the 3-phenylpropyl bromide the forma- 
tion of an [M-C,H,]+’ ionG8 shows phenyl participation in this case and 
generally (see section VI. D) five-membered ring ion formation70 seems 
more important than four-membered ring ion formation in this type of 
compound. 

Two cases of neighbouring-group participation involving the expulsion 
of ii iiaiogen seem to have been proven and one is discussed in section 
VI. D. Shapiro and Tomerll have shown that in the case of P-bromoethyl 
benzoate the [M-Br]+ ion probably has a cyclic structure. Labelling the 
carbonyl group with la0 and measuring the metastable intensity for the 

transition [M-Br]+ to m/e 107 (C,H,180) and to m/e 105 (C,H,W) gave 
the result that these two intensities were equal. This implies that the two 
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oxygens have become equivalent, which is most easily explained by the 
formation of the [M-Br]+ ion according to (12). In this case there seems 
no reason for bond formation to occur after the loss of bromine since 
the bond would have to be broken again before further fragmentation and 
this mechanism would have a lower frequency factor and probably a 
higher E,. Other data and deductions similar to those in the case of 
2-phenylethyl bromide were also presented. For the same reasons these in 
themselves are not convincing, but since they occur in this well-documented 
case, they support the arguments of Shapiro and coworkers in the other 
cases13# 13. 

VI. AROMATIC AND BENZYLIC HALIDES 

A. Nature of Molecular Ions of Haiobenzenes and Benzyl Halides 

The ionization potentials for benzene and the monohalo compounds 
are given in Table 17. Both the electron impact and photoionization 
data show the same trend. A graph of the electron impact ionization 

TABLE 17. Ionization potentials (eV) of benzene and the monohalobenzenes 

Su bst i tuent F Cl Br I H 

I(M) Electron impact" 9.75 9.55 9.45 9.0s 9.70 
I(M) Photoionizationb 9.18 9.03 8.95 8-68 9-25 

a Taken from reference 69 these agree well with the data in reference 70. 
Reference 7 1. 

potentials against Taft's inductive constant (u~)~' gives a straight line in 
agreement with the idea of charge localization on the benzene ring in the 
ground state of the molecular ion. Further, the lone pair ionization poten- 
tials have also been detected'l. A similar situation presumably exists in the 
benzyl halides where the ionization potentials are X = C1, 9.2 eV; X = Br, 
8-9 eV and X = I, 8-8 eV, very similar to the halo toluene^^^. 

5. Primary Fragmentations of Aromatic Halides 

Apart from fluorcbenzene, which also loses hydrogen, the major 
primary fragmentation in these compounds is the loss of the halogen and 
the E, values for this are given in Table 18. \Vith the exception of the E, 
value for bromine these values agree well with the bond energies in the 
neutral molecule. In these compounds, since the charge is not located 
near the carbon-halogen bond, its bond energy is likely to be similar in 
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TABLE 18. Es Valuesa for the [M-YI-' ion formed from, and (C-Y) bond 
energies in, compounds of the structure C6H5Y in eV 

~~ ~ 

Y = H  Y = F  Y = C 1  Y = B r  Y = I  

EB 4.4 4.75 3.6 2.5 2.4 
Bond energy (C-Y)b 4.4 4.P 3.7 3.1 2.5 

a These are the minimum E6 valuea reported21* 'O; for higher values see reference 21. 
Reference 72. 
Reference 73. 

the molecular ion and molecule. This agreement would suggest that the 
loss of hydrogen and halogen was a direct cleavage reaction. The E, 
value of 2.5 eV 70 for bromobenzene may be a little low in view of the good 
agreement observed between bond energies and E, values in other cases. 
A direct cleavage reaction would also be in keeping with the similarity in 
the ratio (M-X)/(M) in various aromatic halides. Thus for the four 
aromatic residues phenyl, 1- and 2-naphthyl and 2-biphenyl, for a given 
halogm, a maximum variation by a factor of 2 is observed17. 

Brown74 has determined E, values for the loss of chlorine from a series 
of meta- and para-substituted chlorobenzenes. The differences between 
isomers in each isomeric pair range between 0.05 and 0.15 eV. These 
differences are hardly experimentally significant, and Brown suggests that 
this is consistent with rearrangement involving the loss of positional 
identity. However, as Brown himself points out, it is not clear what 
difference would be expected if direct cleavage occurred. On the basis of 
Brown's evidence, with one exception, there is no definite conclusion to be 
drawn. 

Brown also remarked74 on the very low E, values for the loss of chlorine 
from meta- and para-chlorotoluene and suggested that this was probably 
due to ring-expansion to the cycloheptatriene ring system before frag- 
mentation. Yeo and Williams70 have studied all the halotoluenes except the 
fluoro compounds and determined E, values for the [M-X]+ ions. These 
values (X = C1, 2-8 eV; X = Br, 2-4 eV and X = I, 2.4 eV) are indepen- 
dent of the position of substitution. Comparison of the values for the 
chlorotoluenes with that for chlorobenzene suggests that in the toluenes 
ring-expansion to  the cycloheptatriene ring system occurs before or during 
the loss of chlorine. In the case of bromine and iodine these values agree 
well with the values determined by the authors70 for the loss of halogen in 
the monohalobenzenes (Table IS) and they conclude that in this case 
direct cleavage occurs. Analysis of the peak intensities in the halotoluenes 
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compared with the halobenzenes and the benzyl halides shows that the 
chlorotoluenes resemble benzyl chloride, but that in the other cases they 
resemble the halobenzenes. The authors consider that these figures imply 
that E, for this ring isomerization lies between 2.4 and 2.8 eV. This would 
imply an E, of 0.4 eV for the loss of chlorine from the cycloheptatriene, 
which seeins rather low and suggests that this may be a concerted elimina- 
tion and expansion. An alternative explanation will be discussed below. 

One other curious point which may be related to  this is the observation 
that for the halobenzenes the intensities of the molecular ions decrease in 
the order F> C1> Br>I,  whereas a different order is observed (Table 19) 
in the alkyl-substituted halobenzenes. If ring-expansion occurs only in 

TABLE 19. Intensities of the molecular ions of corn- 
pounds of the type p-RCGH,Y 

R Y = F  Y = C 1  Y = B r  Y = I  Y = H  

H 75 61 55 50 50  
Me 28 2.5 42 50 3 1  

15 Et 18 10 25 - 

the fluoro and chloro compounds this would lower the E, values in these 
compounds for the loss of hydrogen (R = Me)* and methyl (R = Et)*. 
This is based on the figures for E,[M-H]+ in toluene? (ca. 1-5 eV) and for 
E,[M-Me]+ in ethylbenzene? (ca. 2-4 eV). Both these reactions are 
energetically at least as favourable as the loss of bromine and iodine from 
the corresponding halotoluenes. The lower frequency factor in the case 
of the ring-expansion reaction may well be why it does not occur in thcse 
compounds. However, in the case of the fluoro and chloro compounds 
the higher Es values for the loss of the halogen and for the loss of a methyl 
group from the aromatic ring without ring-expansion allow this ring- 
expansion to occur. Thus more of the molecular ions will have enough 
energy to fragment in the fluoro and chloro compounds. The low E, value 
for the loss of hydrogen from toluene implies that the lower limit of 
2.4 eV for the ring-expansion reaction suggested by Yeo and Williams70 
is too high, essentially due to a kinetic shift effect' due to the low frequency 

*There is a marked increase in the intensity of the [M-HI+ ions in the 
chloro and fluoro toluenes and the [M-CH,]+ ions in the chloro and fluoro 
ethylbenzenes compared with these ions in the corresponding bromine and 
iodine compounds. 

t Ring-expansion is known to occur in toluene and ethylbenzene. 
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factor, combined with a competitive shift' because of the relatively easy 
loss of the bromine or iodine atom. This would result in a somewhat 
higher value for the energy required for the loss of chlorine from the 
rearranged chlorotoluenes than that of 0-4 eV deduced from the work of 
Yeo and Williams70. 

C. Fragmentation of Benzyl Halides 

The major fragmentation in these compounds is the loss of the halogen 
atom but it is not clear whether this occurs before, during or after ring- 
expansion. Using the data considered by L~ss ing '~  to be th: most reliable 
for the heats of formation of the tropylium and benzyl cations, the 
appearance potentials for the loss of the halogen by direct cleavage and 
for rearrangement before or during loss can be calculated. These are 
compared with the observed values in Table 20. In the case of the iodine 

TABLE 20. Comparison of observed and calculated A([M-XI+) values in 
benzyl halides 

X A([C,H,]+)" A([CcjH5CHJ+)b Photo- Obs.d Obs." 
ionization" 

CI 11-20 11.75 11 -60 10-6 10-4 
Br 9.15 9.55 9.40 9- 1 9-7 
I 8.80 9.15 9.20 9.2 9-3 

a Calculated on the basis of formation of tropylium ion before or on fragmentation. 
Calculated on thc basis of direct cleavage. 
Calculated using the result of L o ~ s i n g ~ ~ ,  determined by photoionization, that 

AH, is the same for the tropylium and benzyl cation. L o s ~ i n g ~ ~  considers that this 
result may not be correct. 

Reference 70. 
Reference 76. 

compounds, since the observed values are in reasonable agreement with 
that calculated for the formation of the benzyl cation and since this 
reaction would have a higher frequency factor, direct cleavage seems the 
most likely route. In the case of the bromide the values suggest a preference 
at  excess energies just above EJM-Br]+ for ring-expansion. The observed 
results in the chloro compound are most puzzling, being lower than those 
calculated either for direct cleavage or ring-expansion. Meyerson and 
 coworker^'^ have shown that in benzyl chloride the loss of acetylene from 
the [M-CI]+ ion occurs after hydrogen randomization in the [M-Cl]+ ion. 
This is consistent with, but not proof of, ring-expansion before or during 
chlorine loss. 
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Tait and coworkers77 have determined the differences in A([M-XI+) for 
the meta and para isomers of the type RC6H4CH,X in order to investigate 
this problem. I t  has been shown experimentally that the carbon-halogen 
bond energy in such pairs does not differ by more than 2 kcal/mole and so 
equation (13) is a good approximation to the difference in appearance 
potentials for the [M-XI+ ion, if the benzyl radicals are formed77. The 
ionization potentials of the substituted benzyl radicals have been deter- 
mined or estimated78 and thus the validity or otherwise of equation (13) 
can be determined. For X = F and R = Me or F the observed difference in 

A([M-X]+)m - A([M-Xj+)p = I(RCsH4CH;)m - I(RC,H,CH;)p (13) 

appearance potentials was zero, within experimental error, whereas the 
difference in the ionization potentials of the corresponding radicals was 
0-2+0-06 and 0.4+0.16 respectively. While the value for R = F may be 
just experimentally significant and suggests ring-expansion, the value for 
R = Me allows no decision to be made. In the case where R = M e 0  and 
X = C1 the observed difference in appearance potentials of 1.15 A 0.1 eV 
is in good agreement with the estimated difference in ionization potentials 
of 1-00+0-1 eV and thus suggests direct cleavage. In general, if ring- 
expansion occurred, loss of positional identity is imagined to occur due to 
rapid hydrogen shifts and hence the difference in appearance potentials 
should. be zero. Thus the result for R = Me does not rule out ring-expan- 
sion, whereas it is definitely ruled out for R = MeO. 

Nibbering and coworkers67* 7* have examined the structure of the decom- 
posing [M-Brj+ ion in the case of I-phenylethyl bromide. By the use of 
deuterium labelling it has been shown that the loss of acetylene from this 
ion to give in/e 79 occurs after al! the hydrogens have become scrambled67. 
However, the 13C results79 although complex show that simple (26 to C ,  
ring-expansion does not occur. A partial analysis of their results is given 
in Table 21. The [C6H7]+ ion comes from the [M-Br]+ ion as shown by the 

TABLE 21. Partial analysis of the 13C labelling results for d3G, 
/313G and a,/P3C2 1-phenylethyl bromide 

~ ~~~~ 

Ion formulae C6H5 C,H, C6H7 
Position of label a 1 3  f f B  01 s 4 
% Total retention" 73 51 100 63 33 32  23 

of label 

For the '*CZ no figures can be calculated for complete retention in the [C6HJ2+* 
and [C6Hs]+ ions. 
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presence of a metastable. The 70 eV data for this ion fit a combination of 
two nechanisms, one being direct loss of the side-chain carbons and one 
in which all the carbon atoms become equivalent, perhaps involving the 
formation of an eight-membered ring. The a:W15 @13C; and E , ~ ' ~ C ,  com- 
pounds labelling resuIts give the same fraction (0.43) for the complete 
carbon randomization reaction. The 15 eV spectra are not reliable, since 
the unlabelled compound shows that 6% of the tctal ion current in the C,  
region is due to the [CeH5]+ ion but there is no trace of this ion nor its 
13C, analogue in the spectra of the singly labelled compounds. This sug- 
gests that the voltage scale has not been calibrated correctly. In the meta- 
stable spectra the fraction of complete randomization rises, as expected, to 
0.60 in the singly labelled compounds and 0-65 in the doubly labelled 
compound. This variation is probably within the experimental error in 
measuring metastable intensities. 

There is no metastable evidence as to the origin of the [C,H,]+' ion but 
the observation of 100% label retention in the case of the a:l3G compound 
rules out direct loss of the side-chain carbons in its formation. The 
observation of approximately two-thirds label retention only in the Pl3G 
compound rules out an  expansion to  a C-7 ring followed by the loss of a C ,  
unit involving only the carbon atoms of the original phenyl group. The 
only simple mechanism which may explain the results is shown below 
and would result in a 70:< label retention in the j?13C, compound if the 
carbon atoms are completely randomized in the seven-membered ring, i.e. 
the (a:)C-(P)C bond being broken. 

The labelling results for the [C,H5]+ ion, whose origin is unknown, can 
be explained on the basis of two inechanisms: (i) direct cleavage, and 
(ii) a similar rearrangement to that postulated for the [c&&]+' ion. The 
percentaee loss of label in the d3C1 and @13C, compounds gives values of 
27 and 33% respectively for the direct cleavage reaction. On this com- 
bination of mechanisms the loss of label in the a:,P13Cz compound should 
be ca. 30%. The experimental results are such that all that can be said is 
that this value lies between 20-27%, which makes the hypothesis just 
acceptable. 

The purpose of this detailed analysis is to show that in no case is the 
structure of the decomposing [M-Br]+ ion one which involves the incor- 
poration of the a: carbon in a seven-membered ring, and hence by analogy 
that this does not occur in the case of benzyl bromide. This has already 
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been ruled out in the case of the formation of the [C,H,]f' ions. In the 
case of the [C,H5]+ ions partial involvement of this mechanism would 
require equal or greater retention of the label in the /Il3C, compound than 
in the d3C1 compound, assuming the other mechanism was direct cleavage 
or expansion to  a C-8 ring. In the case of the [CoH,]f ion the similarity 
of retention of label in the monolabelled compounds could be explained 
by a mixture of a direct cleavage reaction and expansion to a C-7 ring 
involving the a carbon. This would require that the (a)C-@)C bond 
was not broken, i.e. no expulsion of the side-chain atoms as part of an  
acetylene unit. This would require that the percentage total label retention 
in the cr,/313C, was the same as in the monolabelled compounds, which is not 
the case, and therefore this mechanism can be ruled out. 

D. Meighbouring Group Participation in Exputsion of Aromatic Halogens 

Baldwin and coworkers69*80 have examined the spectra of sGme ring- 
substituted halophenyl-ureas, thioureas, acetanilides and thioacetanilides. 
On the basis of the much higher intensities of the [M-XI+ ions in the o r i h  
compounds compared with the meta and para compounds and the lower 
E, values (Table 22) compared with the halobenzenes (Table 18), the 

TABLE 22. EJM-XI+ in compounds of the type a-XCIIH4NHC(Y)Z 

Compound X = F  X=C1 X = B r  X = I  

b 

b 
Acetanilide (Y = 0, Z = CH,)" 0.85 0.85 0.85 
Halophenylurea (Y = 0, Z = HN,) 0.90 0.90 0.85 
Thioacetanilide (Y = S, Z = CH,) 1-20 0.60 0.45 0.40 
Halophenylthiourea (Y = S, Z = NH,) 1.40 0.45 0.30 0.20 

These values agree with those determined by Benezra and Burseysl except for 

Ion inteasity too  small to  be measured. 
X = I when: they find E, = 0.60 eV. 

authors concluded that a five-membered ring ion is f a m e d  during the 
expulsion of the halogen. The absence of any noticeable difference in the 
behaviour of the monohaloanilines rules out a three-membered ring and a 
more detailed analysis suggests the most likely structure in all cases 

H 
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involves the ion above. Similar ions are formed in the halophenyl guani- 
dinesa2 and in other aromatic  compound^^^. The formation of a six- 
membered ring ion in the case of o-chlorobenzylthiourea69 has also been 
demonstrated and the absence of any difference between the spectra of 
o- and p-chlorobenzylaminesM shows in this case the lack of formation of a 
four-membered ring ion. 

VII. NEGATIVE ION FQRMAllON (PROCESS 2) 

Since in this case the formation of negative ions often does not involve a 
metastable molecular ion, rearrangement processes are not so often 
observed and ions corresponding to simple bond cleavage on electron 
impact are mainly formed in the primary process. The thermodynamic 
relationship (14), in which EJR-] is the electron affinity of [R-] and E, 

any excess energy, governs fragmentation according to equation (2) of a 
molecule R1 - R2. EJRl-1 is defined by equation (1 5) and the bond energy 

(15) 

A [RI-] = E(R1 - R2) - E,[R'-] J- E, (14) 

E,[R1-] = AHf(R1) - AH,(R1-) 

of the neutral molecule is E(R1- R2). Although relatively few electron 
affinities are known those for the halogens are F, 3.50 eV; C1, 3-61 eV; 
Br, 3-MeV and I, 3.07eVa5. As pointed out by Blaunstein and 
ChristophorousG, except for X = F E(R-X) < E,[x]- and hence if E, is 
small A[X-] = 0. This indeed seems to be the case in the chloromethanes 
where A[Cl-] = 0.038 eV and similar results have been found for other 
halomethanes not containing fluorinea5. For compounds of the type 
C,H2,+,Br for n = 1, 10 A[&-] = 0.0 and when 2 S n  <6  it is 0.1 eV. It 
was suggested that the formation of the [Brl- ion proceeds from a short- 
lived (10-13 s) molecular ion. 

A variety of fluorine-containing compounds have been examined and 
the appearance potential data for some alkyl fluorides are summarized 
in Table 23. Similar values for A[F-] have been observed for larger 
molecules45. 

As can be seen, these ions are formed in many cases with excess energy. 
In the case of carbon tetrafluoride this seems to be associated with the 
Cl;, moietysg. However, the semi-quantitative prediction obtained by 
using equation (14), i.e. that only in the case of IF]- or [CF3]- formation 
should the appearance potentials be much above zero, is confirmed 
(E,[CFg] = 1-8). This has also been confirmed in the case of trifluoro- 
chloromethane and dichlorodifluoromethanes6 where A [F-] = 3.8 and 
1-5 eV respectively, but A[@l-] is effectively zero. Many other processes 
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producing [F]- have been detected in the case of fluoroform, l,l,l-tri- 
fluoroethaneEE and carbon tetrafluorideED and Tor the formation of [CF,]- 
from perfluoroethaneE8. These could correspond to the molecules dis- 
integrating into two or more neutral fragments as well as the ion, perhaps 
by a multi-step process. 

TABLE 23. Lowest A[F-] and A[CF;] values (eV) for some fluorocarbons 

Compound A[F-] E(C-FY Ex' A[CF;] E(C-Y)h Ex' 

- - - CHF," 2.00 5-459 0.7 
CF4b. = 4.70 8.15 2-50 5-40 7.2 1.65 - - - - CF,CH," 1-50 4.95 
CF3CF3"s ' 1-70 5.15 - 1-60 3.4 -0 .8  
CF3C,F6dp ' 1.35 4.8 - 2.00 3.8 - 

a Reference 88. 
Reference 89. 
Reference 86 gives A[F-] = 0.3 eV which seems too low. 
Reference 90. 
Higher values are given in reference 45. 
Calculated using equation (14) and electron affinity values from reference 89. 
E(C-F) calculated. 
Y = F or C as appropriate. 
Calculated from thermal bond energies. 

- means no independent values for E(C-F) available. 

In the case of some other perfluoro compounds Naff and coworkersQ1 
have found that the maximum cross-section for the attachment of an 
electron is at  0.05 eV. These authors suggest that there are two states of 
the molecular ions with half-lives of about and 10 45 s. This cross- 
section with a maximum at 0.05 eV must correspond t o  the long-lived 
ion since Bibby and Cartergz have shown in the case of some of these 
compounds that A[F-] = 1-7 eV. On the time scale of a normal-'mass 
spectrometer decompositions after 

Naff and coworkers find that the eV for maximum electron attachment 
in benzene is 1-55 and on fluorination it decreases until reaching 0.00 for 
1,2,3,4-tetrafluorobenzene and pentafluoroben~ene~l. For substituted 
chlorobenzenes and chlorobenzene the calculated value of A[CI-] using 
14 is 0-1 eV, if E(C-CI) (3.7 eV) for chlorobenzene is used. The observed 
values for chlorobenzene and o-chlorotoluene are 0.30 and 0.35 eV, 
suggesting a reaction with a small E, whereas for all the dichloro com- 
pounds and monobromo- and. monoiodo-benzene A[X-] = 0.00 eVg2. 
This is the result to be expected for the last two compounds on the basis 
of equation (14). The behaviour of chlorobenzene under these circum- 
stances has been discussed theoretically by Clarke and Coulson94. 

s are not detected. 
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V111. ION PAIR FORMATION (PROCESS 3) 

The major study in the case of the alkyl halides in this field is that of 
Hamill and c ~ w o r k e r s ~ * * ~ ~ .  They used a specially designed source which 
removes much of the effect of the energy spread in a beam of electrons 
produced by heating a metal filament. A more detailed discussion of this 
source is given in Field and Franklin's book1*. The effect of this source is 
to make any breaks in the curve of ion current against electron voltage 
more distinct. The authors then34~40 assign the breaks in ihese curves 
(ionization eaciency curves) to one of the three processes (l), (2) or (3) 
by comparing the eVs a: which these breaks occur with appearance 
potentials calculated by using equations (5), (14) and (16) and zssuming 
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A[Fi] = AH,(F-)+AHf(FJ+-AH,(M) + Ex (16) 
that Ex = 0 in all cases. Apart from observing ground-state processes, 
breaks in the curves due to the formation of excited alkyl or halide ions 
were also observed. The data for the ground-state processes are given in 
Table 24. As can be seen in the case of n-propyl bromide and iodide the 

TABLE 24. Grocnd-state apyearance 40 for [Rf] formation from 
R-X by an ion pair mechanism (equation 3) 

~ 

R = CK, R = CZH5 Ii = n-Pr R = i-Pr 

Obs. Calc. Obs. Calc. Obs. Calc. Obs. Calc. 
X 

c1 9.8 9.8 8-5 8-6 -- 7-7 7-6 
7.3 Br 10-7" 9-5 8.2 8.3 7.8 8-3 
6.9 I 9.1 9.2 8.8 7.5 7.2 7.9 

- 
- 
- 

See text. 

observed appearance potentials suggest a partial isomerization to the 
isopropyl cation. 

Within experimental error the difference between the observed value 
for A[Me+] from methyl bromide and the calculated value corresponds 
to the energy required to excite [Me]+ to its first excited state. This value 
is determined by observing the breaks in the ionization efficiency curves 
for the other methyl halides at  higher eV. In the case of methyl fluoride the 
observed A[CH$] is 10-8 eV whereas the calculated value is 11 -24 eV. 

The dataM.40 for the ionization potentials of thess molecules are either 
in good agreement with the data in Table 1 or they quote previous values 
which are in good agreement with their values. Likewise except for 
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process (lob) in methyl iodide the E, values calculated from their data are 
in good agreement with those quoted in Tables 4 and 5. 

These authors have also established the operation of the ion-pair 
process corresponding to  (lob), i.e. the formation of [HI- and [CH,X]f 
in the methyl halides. In  all cases the observed values ars in good agree- 
ment with the calculated values and are between 0.6 and 0.7 eV lower 
than those for (lob), this difference being in good agreement with the 
electron asn i ty  of hydrogen (0-77 eV). 

1x. CONCLUSION 

In general the formation of positive ion and neutral fragments, i.e. 
process (I), is to some extent understood and as far as processes (2) and 
(3) are concerned few theoretical problems have yet arisen. However, 
much more work remains to be done. 
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1. INTRODUCTION 

Halogen atoms linked to carbon atoms formally have three sets of lone- 
pair electrons. Further, particularly with fluorine, there is a large electro- 
negativity difference between the two atoms and therefore carbon- 
halogen bonds are highly polar, the halogen atom being a t  the negative 
end of the dipole. Hence there should be the possibility of hydrogen bond 
formation with, for instance, hydroxyl or imino groups, the halogen atom 
acting as the electron donor (proton acceptor). In  certain cases there is 
well-established evidence that this definitely occurs, but in other instances 
opinion is by no means unanimous, and both the evidence and its interpre- 
tation seem to  be quite conflicting. This is especially true with regard to 
the relative behaviour of different halogen atoms u d e r  otherwise com- 
parable circumstances. 
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There is little doubt that a halogen atom bonded to a carbon atom will 
exert an attraction upon a hydrogen atom linked to a strongly electro- 
negative atom, but whether this attraction is strong enough in any parti- 
cular instance to lead to hydrogen-bonding in which electron exchange 
occurs seems to be a matter for some speculation. In any case the evidence 
is that the bonds formed are very weak and therefore readily broken on 
the introduction of compounds with groups containing electron-donor 
atoms other than halogens and hence capable of yielding more stable 
hydrogen bonds. In favourable circumstances, however, the bonding, 
weak as it must be, is capable of having a prcfound effect on the properties 
of a molecule. In no case, though, has it been suggested that a halogen 
atom linked to a carbon atom is sufficiently basic as to lead to cation or 
zwitterion formation such as encountered, say, with an amino nitrogen 
atom. 

In a similar way the halogen atoms concerned in carbon-halogen bonds 
should be capable of fcJrming c!?mplexes with other electron-acceptor 
atoms, that is with Lewis acids. It was suggested some years ago that such 
compounds may be formed as intermediates in the Friedel-Crafts reaction. 
The present evidence is that such complexes are actually formed, but that 
they are extremely unstable at room temperature. A form of this behaviour 
which might be expected to occur under favourable circumstaaces is the 
formation of chelate compounds between o-halophenols or o-halobenzoic 
acids and metal ions, but no complexes of this type seem to have been 
reported. 
In addition, the carbon-halogen bond is highly polarizable and so 

association should be possible between perhalogenated hydrocarbons and 
other polar or polarizable molecules. This has possibly not been taken 
into account sufficiently when many workers nave regarded carbon tetra- 
chloride, for instance, as an ideal solvent for dipole moment determina- 
tions, i.r. spectroscopic measurements, etc. 

Finally, the presence of carbon-halogen bonds has a pronounced 
electron-withdrawing effect upon other bonds associated with the same 
carbon atom. Hence in polyhalogenated hydrocarbons the hydrogen atoms 
may become sufficiently acidic as to act as electron-acceptor atoms in 
hydrogen bonds, that is to form C-Ha 00 or C-H- * - N  bridges 
which would be quite impossible in the absence of vicinal carbon-halogen 
bonds. 

There are therefore ample opportunities for various types of hydro- 
gen bond and other complex formation to arise from the presence of 
carbon-halogen bonds, and the evidence for these will be reviewed 
successively. 
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11. HYDROGEN BONDING 
A. Factors influencing the Formation of Hydrogen Bonds by the 

The possibility of the formation of a hydrogen bond between the halogen 
atom of a carbon-halogen bond and a proton-donor group depends on a 
number of properties of the particular system concerned. These features 
also tend to determine the relative strengths of the bonds when they are 
formed. Hydrogen-bonding can occur intermolecuIarly or, if the halogen 
atom and the proton-donor group occupy suitable positions relative to 
one another, in tramolecularly. Some of the factors considered here apply 
equally to the two types, while others apply mainly or exclusively to one 
type only. They may be summarized briefly as follows: 

(i) Bond formation should be favoured by high basicity of the halogen 
atom. This is normally greatest for the fluorine atom, as exhibited by the 
hydrogen bonding which effects the formation of the bifluoride ion. 
Hence, in the absence of other factors, bonding would be expected to occur 
most frequently with the fluorine members of a series of halogen com- 
pounds. This basicity is reduced when the halogen atom is linked to an 
aromatic ring or other system to which electron density is donated by the 
halogen atom through a mesomeric effect. Such mesomerism is increased 
when an electron-withdrawing group, such as a nitro- or cyano-group 
occupies a position in the aromatic ring 0- or p -  to the halogen atom. 

(ii) Bond formation should also be favoured by high acidity of the 
proton-donating group. Therefore the hydrogen atom of a hydroxyl 
group should hydrogen-bond most readily, this being followed by those 
of the imino- and amino-groups, as usually observed in hydrogen-bonding. 
Such acidity is favoured by the same factors as tend to decrease the 
basicity of the halogen atom. When a hydroxyl group, say, is linked to a 
conjugated system, as in phenol, it is a much stronger proton donor than 
it is in an alcohol. This effect would be intensified by the presence of 
electron-withdrawing groups 0- or p -  to it in the same ring, but such 
groups themselves tend to hydrogen-bond with the hydroxyl group. 

(iii) Bonding is strongly influenced by an entropy effect in that the 
proton must have a reasonable chance of approaching the halogen atom. 
It is therefore favoured by donor and acceptor atoms being in close 
proximity in the same molecule so that intramoIecular hydrogen bonds 
can be formed. Also there should be as few axes of internal rotation as 
possible between the two groups. Five- or six-membered rings might be 
expected to be the most easily formed. The hydroxyl hydrogen atom of a 
long-chain a-hydroxy-w-halohydrocarbon would have only a very small 
chance of approaching the halogen atom. 

Halogen . h m ~  of a Carbon-Halogen System 



268 J. W. Smith 

(iv) Steric effects may be important in preventing the proton-donor 
group from approaching the halogen atom. Thus in the case of aromatic 
compounds the size and nature of’ groups occupying positions o- to the 
proton-donor group or the halogen atom will have an obvious effect. 
With intramolecular hydrogen-bonding steric effects may also arise from 
constraints, e.g. double bonds, within the molecule. 

(v) I t  must be borne in mind that the most stable forms of hydrogen 
bond occur when the proton-donor, hydrogen and proton-acceptor atoms 
are colinear. ‘Bent’ hydrogen bonds can occur but become progressively 
weaker as the angle of ‘bend’ decreases. Hence an ‘atomic size’ factnr may 
enter into questions of intramolecular bonding. 

B. Evidence from Simpie Physical Properties 
In cases of known intermolecular hydrogen-bonding between molecules 

of the same species it is found that such bonding tends to lead to an 
increase in the boiling and melting points1. This is only to be expected, 
since such bonding, though forming and breaking rapidly, leads to an 
increased average molecular weight. A familiar example is provided by 
the higher boiling and melting points of water in comparison with its 
analogue hydrogen sulphide. Therefore when groups p -  or rn- to a proton- 
donor group in an aromatic compound can hydrogen-bond with the 
proton-acceptor group of another molecule of the same kind the compound 
is relatively involatile. On the other hand, when the groups are in o-posi- 
tions the formation of intramolecular hydrogen bonds becomes possible. 
Bonding of this type maintains the compound in the monomeric state and 
so tends to keep the volatility of a liquid ‘normal’, resulting in a lower 
boiling point than for the other positional isomers. A classical example 
of this is provided by the nitrophenols, where the o-compound is appre- 
ciably steam-volatile. Also the o-compounds, having their affinities more 
fully satisfied internally, are less readily stabilized by falling into an ordered 
crystal lattice and thus often have lower melting points than their isomers. 

Indeed, the possession of lower boiling and melting points by the 
o-isomer has often been taken as a criterion of intramolecular hydrogen- 
bonding in the latter, but in the absence of other evidence it should be 
taken, rather, as an indication of the presence of intermolecular bonding 
in the other isomers but of its relative absence in the o-isomer. This may 
conceivably be due either to preferential intramolecular bonding or to 
steric inhibition of intermolecular bonding. 

In  considering this test as applied to compounds containing a carbon- 
halogen bond the examples which come most obviously to mind are the 
various series of halophenols. As shown by the figures in Table 1 the 
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Boiling points (“C) Melting points (“C) 

ortlio- ineta- para- ortho- meta- para- 

Fluorophenols 
Chlorophenols 
Bromophenols 
Iodophenols 

Fluoroanilines 
Chloroanilines 
Bromoanilines 
Iodoanilines 

Chlorobenzaldehydes 

Xylenes 
Cresols 
Chlorotoluenes 
Bromotoiuenes 
Dichlorobenzenes 
Dibromo benzenes 
Toluidines 
Toluddehydes 

151-2 
175.6 
194 
187 

I75 
208-8 
229 
dec. 

208 

144.7 
191.5 
159 
181.7 
183 
224 
199.8 
194.5 

174 
214 
236.5 
dec. 

186-1 
229.8 
25 1 
deo. 

214 

139-1 
202.8 
162 
183-7 
172 
219-5 
203.3 
199 

186 
217 
238 
dec. 

187.6 
23 1 
dec. 
dec. 

214 

138.6 
203.5 
162 
183.7 
173.4 
219 
200.3 
204 

16.1 
7 
5-6 

43 

- 29 
- 3.5 
32 
56-5 

I1 

- 29.1 
30 

- 34 
- 27 
- 17.5 

5.6 
- 16.3 
- 

- 
32.8 
33 
40 

- 10.4 
18.5 
33 

18 

- 47.4 
12 

- 47.8 
- 39-8 
- 24.8 
- 6.9 

-31.5 
I 

48 
43 
63.5 
94 

- 0.82 
70.2 
66.4 
68 

47.5 

13-2 
36 
7-5 

28 
53 
86.9 
45 
- 

boiling and mdting points of the o-isomers are in each case appreciab!y 
lower than those of the corresponding m- and p-isomers. I t  is diEsult to 
find complete analogies among compounds in which this type of hydrogen- 
bonding cannot occur but for which the physical measurements are about 
the same, but it may be noted that for the xylenes, dichlorobenzenes and 
dibromobenzenes the o-compounds have slightly the highest boiling points, 
whereas the p-compounds with their greater symmetry have in each case 
much the highest melting points. The latter property, therefore, should be 
discounted Fornewhat as evidence of hydrogen-bonding, as it appears to be 
primarily a reflexion of the ease of fit into a stable crystal lattice. 

With regard to the boiling points it is noticeable that that of o-chloro- 
phenol is lower than that of either o-cresol or of o-dichlorobenzene, 
whereas the boiling points of the other chlorophenols are appreciably 
greater than those of the corresponding cresols and dichlorobenzenes. 
On this evidence, therefore, there is probably hydrogen-bonding in the 
halophenols, occurring intermolecularly with the nt- and p-compounds and 
intramolecularly in the case of the o-isomers. I t  is noticeable, however, 
that the effects upon which this conclusion is based are less pronounced 



270 J. W. Smith 

in the fiuorophenols than in the other members of the series. The data 
presented in Table 2 support the conclusion regarding bonding in chloro- 
phenols, since the dichlorophenols in which the hydroxyl group is o- to a 
chlorine atom have lower boiling points than those of the other isomers. 

TABLE 2. Boiling points (“C) of dichlorophenols, dichloroanilines and related 
compounds 

2,3- 2,4- 2,s- 2,6- 3,4- 3,s- 
- - - ~ _ _ _ _ _  

Dichlorophenols - 210 21 1 219 253-5 233 
Dichloroanilines 252 245 25 1 - 272 260 

Trichlorobenzenes 219 213 - 219 - 208.5 
Diaminotoluenes 255 280 274 - 265 285 
Trimethylbenzenes 176.1 1694 - 176.1 - 1647 

Amongst the other series of compounds included in Table 1 the greatest 
suggestion of a lower boiling point for th-:: o-isomer is observed in the case 
of the various haloanilines, but the effects are only about half of those for 
the corresponding halophenols. However, the toluidines have almost 
equal boiling points. Again the effect for the fluoroanilines is less than for 
the chloro- and bromoanilines; the iodoanilines cannot be included in 
this comparison as they decompose below their boiling points. The 
analogy between the boiling points of the hydroxy- and amino-compounds, 
but with smaller differences between the o-compounds and their isomers 
occurring in the latter case, extends to the dichloroanilines, where the 
isomers with a chlorine atom o- to the amino group are appreciably the 
more volatile. 

The boiling points of o-chlorobenzaldehyde and of o-chloro- and 
o-bromotoluene are all slightly lower than for the respective in- and 
p-compounds. These differences, however, are hardly greater than those 
observed in the tolualdehydes. In the cresols hydrogen-bonding must 
occur primarily between the hydroxyl groups of different molecules, and 
this may well be sterically slightly hindered in the o-compound. The same 
may therefore be true also of o-chlorobenzaldehyde. 

I t  was suggested by Friend2 that hydrogen-bonding has a profound 
effect upon th? viscosities of certain groups of compounds. Following up  
this point, KendalP pointed out that a-chlorophenol has a much lower 
viscosity than its rn- and p-isomers. This he took as evidence that intra- 
molecular hydrogen-bonding occurred in the former but intermolecular 
bonding in the other two isomers. 
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The viscosity values shown in Table 3 show that similar arguments 

may be used with regard to the bromoaniiines. The effect is less than for the 
chlorophenols but the viscosities of o-toluidine and o-xylene are actually 
greater than for the respective m-isomers. In support of the view that 
intermolecular hydrogen-bonding occurs in the nz- and p-chlorophenols 

TABLE 3. Viscosities (in centipoises) of compounds which contain aromatic 
carbon-halogen bonds, in comparison with those of analogous compounds 

Temperature (“C) 

20 25 40 50 80 

2.015 - Chlorophenols oicho- 4-20 4.1 1 - 
meta- 15.7 11.55 
para- 23-0 - - 4-99 - 

Bromoanilines ortlro- - - - - 3.19 
1.70 3-70 
1-81 

- - - 

- - meta- 6.8 1 
para- - - - - 

- Xylenes ortlio- 0.810 - 0.627 - 
meta- 0.620 - 0.497 - - 

- - para- 0.648 - 0.5 13 
Cresols ortho- - 

tneta- 20.8 
para- 

Toluidines ortho- 4-39 
nieta- 3.81 
para- 

- - - 4.49 
6-18 
7.00 

- - - 
- - - - 

- - - - 
_. - - - 

- - - 1-80 - 

and bromoanilines, as well as in nz-cresol, the viscosities of these com- 
pounds show a relztively rapid decrease with rise of temperature. With 
o-chlorophenol the relative decrease with rise of temperature is little 
greater than that of the xylenes. 

Summing up, therefore, the evidence obtained from boiling points and 
viscosities is that m- and p-compounds containing an aromatic carbon- 
halogen bond and a proton donor group undergo intermolecular hydrogen- 
bonding. This association does not necessarily involve the carbon- 
halogen group, but more probably occurs between two proton-donor 
groups. On the other hand, intermolecular bonding does not take place 
to the same extent with the o-compounds, being most reduced for the 
o-halophenols and less so for the o-haloanilines. That this is not due 
entirely to steric inhibition is evidenced by the fact that the boiling point 
and viscosity of o-cresol, where similar steric forces come into play, are 
only slightly lower than for the m- and p-isomers, and the boiling point of 
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o-toluidine is only very slightly lower but its viscosity is actually greater 
than for the m-isomer. 

The indication is, therefore, that in the o-halophenols and o-halo- 
anilines intramolecular hydrogen bonds are formed. These presumably 
occur as in 1, although the formation of bimeric molecules as in 2, though 
improbable, is not to be excluded entirely. 

(2) 

It would appear at first sight that the problems of molecular association 
might be resolved by cryoscopic means, but the low stabilities of the hydro- 
gen bonds, if formed, preclude their persistence at the low concentrations 
required for meaningful studies by this method. 

C. o-Halophenols 
Boiling point and viscosity data suggest that a series of compounds in 

which direct evidence of hydrogen-bonding interaction by the 'halogen 
atom bonded to carbon might be most fruitfully sought would be the 
o-halophenols. The formation of an intramolecular bond in these com- 
pounds, however, involves the formation of a five-membered ring, so the 
atoms cannot possibly approach the linear 0 - - H a  - - X  disposition which 
is the optimum for the formation of a strong hydrogen bond. On the other 
hand, the presence of an o-halogen atom increases the acidity of the pheno- 
lic group and hence should favour its ability to interact. 

The first positive evidence of hydrogen-bonding in o-halophenols came 
from the results of i.r. spectroscopy. During a comprehensive study of 
the first overtone of the hydroxyl stretching band, Wulf and Lidde14 
observed that in most phenols this normally occurred at a characteristic 
frequency. For phenol itself it was at  7050 cm-I, but for 2,4,6-trichloro- 
phenol it occurred at 6890 cm-l. With o-chlorophenol, however, there 
were two peaks, a weaker one at 7050 cm-l and one about ten times as 
intense a t  6910 cm-l. Pauling5 immediately suggested that in phenols the 
C-0 bond has some double-bond character a.rising from resonance. 
Hence the hydrogen atom tends to lie in the plane of the rest of the 
molecule. For phenol itself and for 2,4,6-trichlorophenol the two coplanar 
positions of the molecule are equivalent, but the two compounds differ 
since in trichlorophenol the hydrogeil atom is in each case in proximity 
to a chlorine atom. For o-chlorophenol, however, the positions differ; in a 
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tram form the phenolic hydrogen atom is in surroundings similar to thosc 
in a phenol, whereas in the cis form it comes near to the chlorine atom as 
in trichlorophenol and, according to Pauling’s view, tends to interact 
with it. Pauling did not specifically mention hydrogen-bonding but this 
was undoubtedly implied. Such interaction tends to make the cis form the 
more stable and this form should therefore tend to predominate. This is 
supported by the fact that Wulf and Liddel’s results indicate that the 
weaker band has the same frequency as that of phenol and therefore is 
due to the trans form. The relative intensities of the two bands indicated 
the presence of about 91% of cis and 9% of trans. Such a concentration 
ratio corresponds with a free energy difference of about 1.4 kcal between 
the trans form, which can only have weak bonds to solvent molecules, and 
the cis form with its intramolecular hydrogen bond. As the two peaks 
observed with o-chlorophenol correspond closely with the singie peaks for 
phenol and 2,4,6-trichloropheno1, respectively, this may be taken as the 
energy difference arising from the interaction of the hydrogen and chlorine 
atoms. Pauling suggested that his interpretations could be tested by 
studying the effect of temperature on the relative areas of the two peEks. 

While Wulf and Liddel’s observations had been made upon carbon 
tetrachloride solutions, Badger and Bauer6 found that the spectrum of 
o-chlorophenol in the vapour state has also two unequal peaks, and they 
supported Pauling’s suggestion of the existence of two forms. 

I t  was found by Wulf, Liddel and Hendricks’ that o-bromo- and 
o-iodophenols, as well as o-chlorophenol, each show two distinct peaks 
in the first harmonic of hydroxyl stretching bands. The departure from 
the usilal phenol frequency in their ‘anomalous’ peaks was found to 
increase in the order C l<Br<I ,  suggesting a progressive increase in 
proton attraction in this order. This was attributed to the increasing 
polarizability of the halogen atoms, while the dipole moments of the 
carbon-halogen bonds, which are in the reverse order, were considered 
by them as relatively unimportant. Such a view was regarded as quite 
reasonable, since the directional axis of the moment of the C-X bond is 
almost at right angles to the direction of the Ha - .X bond. For o-fluoro- 
phenol they could detect a single peak only. This was rather broad and had 
a maximum at about 7015 cm-l, apparently somewhat lower in frequency 
than the trans peaks for the other o-halophenols. This behaviour was 
accounted for on the supposition that the absorption is really composed of 
two peaks, as in the other cases, but that one occurred at about 7050 cm-I 
and the other at 701 5 cni-l, so that these overlapped considerably. 

It was observed by Wulf and JonesE that in carbon tetrachloride solution 
o-halo- and symmetrical trihalophenols showed behaviour in the second 
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overtone region of the hydroxyl stretching absorption resembling that in 
the first overtone region. However, there was an increased displacement 
of the component absorptions relative to one another, while subsidiary 
peaks idso occurred, and these appeared to stand in ordered relation to 
the principal peaks. Their relative intensities confirmed that the degree of 
intermolecular association in the o-halophenols is only about one-tenth 
that in phenol itself. The combination frequencies were studied in detail 
by Wulf and DeIning9. 

P'auling's suggestion that his interpretations could be tested by studying 
the effect of temperature on the relative intensities of the two peaks was 
first followed up by DavieslO. Working again on the first overtone of the 
liydroxyl stretching band of o-chlorophenol he found that the ratio of the 
intensities of the two peaks was 1 : 7-98 at 73°C. From this result he deduced 
that the free energy difference betwecn the two forms was 14.20 cal/gram 
(i.e. 1.84 kcal/mole) at  this temperature. He accepted the existence of cis 
and trans forms postulated by Pauling. 

Later, Daviesll showed that in the fundamental hydroxyl vibration 
region of o-bromophenol, absorptions occur at  2.84 and 2.785 p (3521 and 
3591 cm-l) and that their relative intensities are 4-31 : 1 at 17°C and 2.95 : 1 
a t  75"C, corresponding with an energy difference of 0.850 kcal/mole. On 
comparing these results with the energy values calulated on the basis of 
electrostatic interactions, however, he concluded that it is not necessary 
to invoke hydrogen-bonding to account for the observations. 

From a comprehensive study of the absorption peaks of the two forms 
of o-chlorophenol in the vapour phase, Zumwalt and Badger12 found that 
over the temperature range of about 450-540K the enthalpy of the trans 
form exceeded that of the cis form by 3.9 It_: 0.7 kcal/mole. The free energy 
change accompanying the interconversion of the two forms was 2.8 t 0.5 
kcal/mole and the entropy change 2.4 cal/degree at 180°C. They accounted 
for the fact that this free energy change was higher than that deduced by 
Pauling from data on solutions by the suggestion that the solvent tends 
to stabilize the trans form. To explain the large change in entropy, a change 
much greater than would be expected from the loss of only one degree of 
freedom, they suggested that the higher frequency band is due in part to 
molecules which perform complete rotations and the circumstance that, 
in the cis form a t  least, two bending vibrations have much higher fre- 
quencies than in the tram form owing to the contribution of the hydrogen 
bond to the rigidity of the chelated state. 

On the other hand, Rossmy, Luttke and Mecke13 expressed doubts 
regarding the validity of some of the quantitative inferences drawn by 
previous authors regarding intramolecular hydrogen-bonding in the 
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o-linlophenols. This doubt arose from the large discrepancies in  the 
cis : f r m s  ratios which had been derived from the relative intensities of the 
two peaks, especially when difl'erenl harmonics had been studied. This 
they attributed to the presence of phenol in the specimens of o-chloro- 
phenol used. They also casi doubt on the inferences drawn from studies 
of the effect of temperature. Using specimens which had been carefully 
freed from phenol, they studied again the i.r. spectra of carbon tetra- 
chloride solutions of o-chloro-, o-bromo- and o-iodophenols from the 
fundamental to the third overtone, together with the spectra of the 
vapours for the fundamental only. As a result of the purification many of 
the peaks attributed to the trans form were greatly reduced in intensity, 
while combination frequencies involving the cis form were detected. The 
frequency differences which they observed for the bands of the cis and 
trans forms and the ratios of their intensities are shown in Table 4. 

TABLE 4. Frequency differences and cis : tram ratios for the o-haIophenois 
in the vapoiir state and in carbon tetrachloride solution 

o-Chloro- a-Bromo- O-Iodo- 

Fre- Inten- Fre- Inten- Fre- Jnten- 
quency sity quency sity quency sity 
differ- ratio differ- ratio differ- ratio 
ence ence ence 

(cm-l) (cm-') (cm -') 

Vapaur 
Fundamental 83 7 0 :  1 93 - 115 16:  1 

19: 1 
(200°C) 

Fundamental 55 44 : 1 75 3 7 :  1 93 12: I 
First harmonic 260 50: 1 192-207 14: 1 20 1 6 :  I 
Second harmonic 234 215 : 1 320 4 0 :  1 384 7.5 : 1 
Third harmonic 242 10: 1 110 - GI0 6 :  1 

(1 74°C) (1 74°C) (125°C) 

Soltrriott 

These results were in agreement with the values found from a study of 
the Ranian spectra. From the effect of temperature on the relative propcr- 
tions of the two forms of iodophenol in the gaseous state they deduced 
that the enthalpy difference between the two forms is 3.2 kcal/rnole, 
whilst the free energy difference deduced from the proportions themselves 
was 2.8 kcal/mole. On the other hand, for dilute solutions in carbon 
tetrachloride the free energy difference calculated was only 1.4 kcal/mole, 
10 
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so they inferred that the tram form seemed to be stabilized to the extent 
of 1-4 kcal/mole relative to the cis form through interaction with the sol- 
vent. For o-bromophenol in carbon tetrachloride the free energy difference 
was found to be about 2-1 kcal/mole, whilst the values for the vapour state 
and for o-chlorophenol were greater still. 

The entropy difference between the two forms suggested by the results 
for o-iodophenol vapour (not more than 1 cal/degree) is much more 
reasonable than that found previously for o-chlorophenol, but at  the 
same time the differences in cis : trans ratio found for the fundamental 
and the various harmonics suggest that these results must still be regarded 
as qualitative rather than sufficiently quantitative to permit the accurate 
calculation of entropy changes. 

Rossmy, Luttke and Mecke pointed out that, when these results are 
taken into account, calculations based on simple electrostatic interaction1* 
lose their good agreement with experimental data, so the conclusion of 
Davies regarding the predominantly electrostatic character of the hydrogen 
bonds in these compounds is diminished in force. 

The difficulty in separating the o-halophenols from phenol was also 
stressed by Baker1*, but he confirmed that even after careful purification 
the spectra of all these compounds except o-fluorophenol still showed the 
hydroxyl group doublet. Further, the cis : trans ratios deduced from the 
relative intensities were not changed after further chemical purification. 
He suggested that the results, shown in Table 5, were much higher than 

TABLE 5. Frequencies (cm-') attributed to the trans and cis 
dispositions of the hydroxyl group in o-halophenols and the 

cis : trans ratios indicated 

Frequencies Difference cis : trans 
in Ratio 

trans cis frequency 

- - o-Fluorophenol - 3584 
o-Chlorophenol 3600 3582 18 56 : 1 
o-Bromophenol 3598 3524 74 38 : 1 
o-Iodophenol 3593 3500 93 13.5: 1 

those previously reported, but comparison with the figures in Table 4 
reveals a good degree of agreement with the results of Rossmy and 
coworkers as far as the vexed question of the ratios of the intensities is 
concerned. The frequencies recorded, however, especially for the cis form 
of o-chlorophenol, differ considerably from those reported for the funda- 
mectal by these workers. 
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Baker pointed out that both the trans: cis ratio and the frequency 
difference between the bands attributed to the two forms follow the order 
F < C1< Br < I. As this is the same as the order of the atomic diameters, he 
suggested that increased overlap between the hydrogen and halogen 
orbitals may occur, leading to increase in bond strength in this order in 
spite of decreasing electronegativity. He also suggested that Badger’s 
Rule16 may hold, i.e. that the change in frequency attributed to the forma- 
tion of a hydrogen bond is a valid measure of the strength of the bond 
formed. He suggested that the trans isomers may be destabilized with 
respect to the cis forms in the order F < C1 c Br .c I through (i) rehybridi- 
zation of the oxygen orbitals, a resulting non-bonding sp2 orbital over- 
lapping and repelling a similar orbithl of the halogen atom, and (ii) the 
ability of the halogens to participate in such an  effect decreasing in the 
order F> C1> Br > 1. 

An ingenious means of checking the order of the halogens in hydrogen- 
bonding with the hydroxyl group of the halophenols was employed by 
Baker and KaedinglG. Studying the absorption peaks and their relative 
inrensities for a series of 2,4,6-trisubstituted phenols, they were able to  
identify the fundamental frequencies associated with the structures in 
which the phenolic hydrogen atom was hydrogen-bonded to each of the 
two different halogen atoms occupying the positions ortlzo to the phenolic 
group. From the relative intensities of the two bands they deduced the 
proportions in which the two forms were present. Their results are sum- 
marized in Table 6. 

TABLE 6. Absorption frequencies (cm-’) observed for the 2,4,6- 
trihalophenols and relative intensities of $he bands 

Substituent Frequency when bonded to Intensity ratio 
bonded to 2- : bonded to 6- 

2- 4- 6- 2- 6- 

F I I  3568 3504 1-96 
F Br Br 3574 3522 0.72 
F C1 C1 3580 3541 0-66 
C! c1 I 3535 3502 3-25 
C1 C1 Br 3535 3515 1.6 
Br Br I 3515 3496 2- 2 

On this evidence they inferred that the order of the hydrogen bond 
strengths in these compounds is C l > B r > F > I ,  and that in this case 
Badger’s Rule breaks down. The anomalous order was ascribed to a 
combination of the varying size of the halogen with an effect due to an  
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orbital-orbital repulsive interaction which would increase in the order 
C1 c Br < 1. As this interaction was postukated to occur between the 0 - H  
bonding orbital and the electron-donating lone-pair orbital of the halogen 
atom, i t  would be affected by the small amount of directional character 
in the lone-pair orbitals and by interaction with lower-lying completed 
shells. Fo i  this reason they regarded the decrease in frequency as a 
measure of the interaction energy of the hydroxyl group with the halogen 
rather than that of the net energy of the resultant bonds. 

In another attempt to determine the enthalpy changes associated with 
hydrogen and deuterium bonding in the o-halophenols and the corre- 
sponding deuterated compounds, Tien-sung Lin and Fishmanl' recorded 
thei; i.r. spectra in the vapour state at  temperatures from their boiling 
points to 290°C. From the changes in relative peak heights with tempera- 
ture they calculated A H  values for the formation of intramolecular 
hydrogen bridges. Fluoro compounds did not yield clearly defined cjs and 
trans peaks, but for o-chloro-, o-bromo- and o-iodophenol A H  was 3.41 , 
3-13 and 2.75 kcal/mole, respectively, whilst for the three deuterium com- 
pounds it was 2-81, 2-65 and 2-65 kcal/mole, respectively, but the reason 
for the equality of the values for the bromo- and iodo-compounds is not 
clear. The effect of deuteration was attributed to partial excitation of the 
out-of-plane 0-H and 0-D bending modes of vibration of &he cis 
isomers. 

There is sGme evidence that the strengths of these bonds may be affected 
by quite other factors. Thus the observation of Errera and Molletla of a 
maximum a t  6620 cm-l in the first overtone spectrum of o-chlorophenol 
was attributed by Paulinglg to the formation of double molecules of the 
type shown in 3. These would be stabilized by the energy of the strong 
intermolecular 0.-H. * -0 bond, which would increase the electro- 
negativity of the proton-donor oxygen aton? and increase the positive 
charge on the hydrogen atom linked to it, thus leading to the formation 
of a stronger intramolecular 0 - H  * * C1 bond, with resultant decrease 
in the hydroxyl group stretching frequency. 

n 
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Similarly, a Sroad peak in the first overtone of the hydroxyl stretching 
band of tetrabronioguiacol (4) was found' to have a maximum at about 
68 16 cm-l. This is lower than the frequency observed for monohalophenols 
and it appeared to be characteristic of phenols with both ortlio positions 
occupied by a group exercising proton attraction, but it can be equally 
well explained by the presence of other halogen atoms as substituents in 
the ring increasing the electron density at the bromine. However, Paulingle 
inferred that u:ider the particular steric conditions prevailing in,this com- 
pound the proton attachment of the 0 - H -  - .Br bond seems to be 
greater than that of the 0 - - H e  - -0  bond. He also inferred that the two 
equal peaks reported' far tetrabromocatecliol at 6820 and 6920 cni-l 
arise from the structure 5. 

Very similar results have been reached 8s a result of the careful analysis 
of dipole moment measurements. In 1943 Anzilotti and Curran2O observed 
that the moments of a-fluoro-, o-ckloro- and o-bromophenols as measured 
in carbon tetrachloride solution were much lower than the values to be 
expected for equimolar amounts of the cis and rram forms or for free 
rotation of the hydroxyl group about the C-0 bond. Instead they were 
such as to suggest that about 86% of the o-chlorophenol, for instance, 
had the hydroxyl group in the cis conformation. The similarity of the 
results for all three compounds suggested that the proportion of the cis 
form was about the same in each. In benzene solution the results suggested 
that in this solvent about 82% was cis. Considering the pos:ible errors of 
this method, which involves inter alia an assumption regarding the orienta- 
tion of the dipole axis in phenol itself, the agreement with the deductions 
of Wulf and Liddel, at that time the most modern, was remarkably good. 
The preference for the cis form was again attributed to intramolecular 
hydrogen-bonding by the molecule whilst in this conformation. 

The apparent dipole moment of phenol itself is higher when measured 
in dioxan solution than in carbon tetrachloride or in benzene (Table 7), 
due to hydrogen-bonding of the phenoiic hydrogen atom to the dioxan 
molecule. The fact that the moments of the o-halophenols were also 
higher in dioxan than in the other solvents was attributed partly to the 
circumstance that dioxan forms hydrogen bonds with the rwns molecules 
and thus upsets the cis : rrans equilibrium. Their evidence indicated that 
the increase in dipole moment produced in dioxan solution was greatest 
for o-broniophenol and least for o-fluorophenol, indicating, according to 
their interpretation, that the H - - Br hydrogen bonds are more easily 
broken than He * -CI or H. - .F bonds. They were therefore forced to 
conclude that the strengths of the intramolecular bonds followed the order 
F> CI > Br, and this in spite of the fact that the electrons of the bromine 
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TABLE 7. Dipole moments of phenol and of o-halopheEols in various solvents 
-I 

Phenol o-Fluoro- o-Chloro- o-Bromo- o-Iodo- 

- 0-42b 0 4 4 b  0.43 0*43b 
palc trans - 2-7gb 2*89b 2.87b 2.72b 

- l-!Zb 2-07b 2-05b 1-940 
PCCI, 

Pcrclohe.Pnne 1-33" 1 . 1 0 b  1 * 0 5 b  1 ~ 2 5 ~  
pdiosnn 1-86" 1-84" 2.1 1" 2.36" 2-70'' 

1-46" 1-16' 1.15" 1-15" 
[Z, rotn. 

Pbenzene 1.53" 1-32b 1.33" 1*3gb 1 - 5 4 b  

1-87b 

a Reference 21. 
Reference 22. 
Reference 20. 

atom can approach the hydroxyl hydrogen more closely than can those of 
the other atoms. 

This series of measurements was extended by Richards and Walkerz2 
who found the iucreases in moment in dioxan solution to be greater still 
for o-iodophenol. They also observed that the difference between the 
moments in dioxan and carbon tetrachloride solutions was about the same 
for p-chloro- and p-bromophenols as were those of 2,4,6-trichloro- and 
2,4,6-tribromophenols in dioxan and cyclohexane. Hence they supposed 
that without hydrogen-bonding the effects would be about the same in 
o-chloro- and o-bromophenols. From their results, however, they inferred 
that the increase in the proportion of the trans form on hydrogen-bonding 
with dioxan was greatest with o-iodophenol and decreased with decreasing 
size of the halogen atom to become least in o-fluorophenol. 

Interesting as these results are, they must be taken with a certain amount 
of reserve. In any case conciusions drawn from dipole moments should be 
regarded as indicative ra.ther than quantitative, especislly when the 
measurements are made on solutions. In the present instance, as has been 
mentioned, the calculation of the theoretical moments involves an assump- 
tion regarding the orientation of the dipolar axis in phenol. Further, even 
if this were known with certainty, it has always proved impossible to 
predict accurately the moments of ortho compounds from a knowledge of 
group moments. Also, in interpreting the results obtained in dioxan 
solution it has to  be borne in mind that the difference between the 
moments in dioxan solution and those in a non-hydrogen-bonding 
solvent may depend in some way upon the inductive and mesomeric effects 
in the molecules as well as on the extent of hydrogen-bonding, since these 
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differences are about 0-57 D and 0.60 D for p-chloro- and p-bromophenols, 
respectively, as against about 0.40 D for phenol itself. 

A technique which might be expected to give more direct evidence 
regarding the intramolecular hydrogen-bonding in the o-halophenols is 
that of nuclear magnetic resonance, as this method gives information 
regarding the environment of the proton. However, relatively few investi- 
gations by this method seem to have been attempted. 

The first study using this technique was by Huggins, Pimental and 
Shoolery23, who measured the proton magnetic chemical shifts of phenol, 
o-, m- and p-chlorophenols and o-cresol over the maximum concentration 
ranges which were permitted by their solubilities in carbon tetrachloride. 
Each sojution showed one shift which was attributable to the hydroxylic 
proton, the results being summarized in Table 8. Tkese reveal a distinctive 

TABLE 8. Extrapolzted values of the chemical shifts, 
attributable to the hydroxylic proton, in the n.m.r. 
spectra of phenols, at zero concentration (6,) and for 
the pure state (6,) and the variation of the chemical 
shifts with molar fraction at zero concentration 

Kd6/WOl 

Phenol 2.8 - 5.6 42 
o-Cresol 3.1 -5.15 16 
p-Chlorophenol 3.3 - 5.6 20 
m-Chlorophenol 3.1 - 5.6 22 
o-Chlorophenol 4.1 4.87 -0 

pattern for o-chlorophenol. The fact that (d6/dx), has almost zero slope 
is in accord with the view that intramolecular hydrogen-bonding keeps 
this isomer essentially monomeric, as against intermolecular bonding, 
probably not involving the chlorine atom, occurring in the other cases. 
Evidence for hydrogen-bonding is also provided by the fact that 6, is 
significantly greater than for the other phenols. The observation that 6, is 
lower than for the other compounds was attributed alternatively to the 
inductive effect of the substituent or to reduced intermolecular hydrogen- 
bonding. As the steric effects in o-cresol and o-chlorophenol should be 
about the same, the difference in 8, suggests that some contribution from 
the monomeric form of the latter exists even at x = 1. 

The dilution chemical shifts in the proton resonance spectra of the 
hydroxyl group have been studied by Allen and Reeves24 for all the 
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o-halophenols in carbon disdphide solution at - 53°C and at concentra- 
tions of 1-5 mole”/,. It was observed that the slope of the shift was finite 
and constant from 3 or 4 mole% concentration to 1 mole% for o-chloro-, 
o-bromo- and o-iodophenol, but that the results for o-fluorophenol were 
anomalous. From the chemical shifts at infinite dilution they were able to 
calculate the equilibrium constants between the two forins and their 
energy differences. Their results, shown in Table 9, indicate very good 

TABLE 9. t rms:  ci.s Ratios for the o-halo- 
phenols and the enthalpy differences ( A H )  at 

272.38K as determined by n.m.r. 

Ratio AH 
tram : cis (kcal/mole) 

o-Chlorophenol 1 : 56 2.356 
o-Brornophenol 1 : 3 8  2.141 
o-lodophenol 1 : 19 1.651 

agreement with the best results obtained from i.r. spectroscopy. For 
o-fluorophenol, on the other hand, they found that the internal energy 
change was so low that its presence could only be inferred from a slight 
temperature dependence of the shift at infinite dilution in carbon disul- 
phide. Hence they concluded that there was no evidence of hydrogen 
bond formation in this compound, presumably owing to the large H -  * .F 
distance. 

In a very different method of attacking the problem by proton magnetic 
resonance, Krakova and Reeves2j studied the temperature variation of the 
rate of the first-order reaction and thence the heat of activation for proton 
transfer between dry methanol and o-chlorophenol. The latter property 
would be expected to be increased if intramolecular hydrogen-bonding 
occurs, but it was found to be only 4.58 kcal/mole, so it was inferred that 
the hydrogen-bond can play only a minor role in impeding proton 
transfer. 

One would anticipate that another valuable method of investigating the 
intramolecular hydrogen-bonding in the o-halophenols should be the 
study of their dielectric relaxation times, but work in this field seems again 
to be very limited. FischerZG studied in particular the ratio of relaxation 
time to viscosity at various concentrations. With o-chlorophenol this ratio 
showed a particular!y large increase with increasing concentration, and 
this was taken as clear evidence of interaction between the hydroxyl group 
and the chlorine atom. 
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Yet another technique that has been suggested for the detection of 
intramolecular hydrogen bonds is that of paper ~hromatography~~,  the 
R, values from which were generally found to be related to the dipole 
moment. The difference between the experimental R, values and those 
calculated from the moments, as deduced from the bond moments, were 
found to be proportional to the hydrogen-bonding energy. o-Chlorophenol 
gave reasonable results for this energy when studied in this manner. 

One would scarcely expect intramolecular hydrogen bonds in o-halo- 
phenols to persist in aqueous solution, where their formation would be in 
competition with the strong tendency towards intermolecular bonding of 
the phenolic groap with water molecules. Such is evinced by the strongly 
hygroscopic character of phenol itself. In line with this view 
showed that the dissociation constants of various isomeric substituted 
phenols and benzoic acids could be explained on purely inductive grounds. 
They were related to the dissociation constants of phenol or benzoic acid 
itself by the relation In K, = In Klc-/3F, where K, and K,, are the dissocia- 
tion constants of the substituted acid and of benzoic acid itself, respec- 
tively, and F is thc electrical intensity at the carbon atom to which the 
hj;disXyl group is attached and @ is a constant for any substituent, but 
varies with its nature. As the o-halophenols were found to conform 
regularly with this rule he suggested that they should be regarded as 
‘regular’ and nn+ ~ ~ J ~ ~ Z ~ I S U S .  

On the contrary, McDaniel and Brownz0 considered that the acid 
strengths of the o-halophenols were readily explainable by hydrogen- 
bonding, which, they considered, would tend to stabilize the unaissociated 
phenols and reduce their acid strengths in the manner they observed. In 
support of this view they pointed out that the order of the effects of the 
various halogens was F>Cl>Br,  I, corresponding with the order to be 
expected for the relative importance of hydrogen-bonding. 

Finally, while discussing the intramolecular hydrogen bonds of o-halo- 
phenols, it may be pointed out that Simard and cow01 kers30 have utilized 
the circumstance that the hydroxyl group stretching frequency of bro- 
minated phenols, which is at 2-84 p (3520 cm-’) as against 2-7 p (3700 
cm-l) for unbrominated ones, remains constant so long as there is a 
bromine atom ortho to a hydroxyl group. They suggest the use of the 
intensity of this absorption in fully brominated commercial samples as an 
index of their content of phenols. 

D. o-Haloanilines 
The evidence of boiling point and viscosity determinations appears to 

suggest that, after o-halophenols, the most likely compounds in which 
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intramolecular hydrogen bonds might be present should be the o-halo- 
anilines, but relatively little attention seems to have been directed a t  their 
study from this point of view. In 1962 Kruege9l carried out systematic 
investigations of the syinmetrical and unsymmetrica! stretching frequencies 
of the amino groups of various amines in carbon tetrachloride solution. 
By applying Linnett’s valency force field equations32 to his results he 
inferred that the apparent H-N-H angles in the o-haloanilines increased 
in the order F < C1< Br < I. He suggested that NH,. - -IF interactions may 
be very weak because of the extremely small size of the fluorine atom, 
preventing the hydrogen atom getting near its lone-pair orbitals. The 
increasing sizes of the atoms, however, seemed to more than offset the 
corresponding decreases in electronegativity. The increases in the inte- 
grated absolute intensities often observed for the fundamental hydroxyl 
stretching frequencies on intramolecular hydrogen-bonding were not 
observed for the o-haloanilines, probably because in these strained 
hydrogen bonds charge-transfer effects are not as important as electro- 
static interaction. On the other hand, the narrow band widths accord 
with the concept of intramolecular hydrogen-bonding as this implies a 
restriction of the configuration such as is brought about by bonding. 

Hambly and O ’ G r a d ~ ~ ~  pointed out that the fact that the substitution 
of a halogen atom ortho to an  amino group causes deviatioiis from the 
equation of Bellamy and VJi!liams3’i for the frequency of the hydroxyl 
stretching bond supports the view that some hydrogen-bonding occurs. 
They found that non-deuterated o-bromo- and o-iodoanilines gave evi- 
dence of extremely weak hydrogen bonds whereas in monodeuterated 
o-fluoroaniline hydrogen-bonding was negligible. 

Hydrogen-bonding interaction between the amino group and the 
chlorine atom was also postulated by Cumper and Singleton35 to account 
for the dipole moment of o-chloroaniline being anomalous in that the 
interaction moment calculated from it is apparently too small. They also 
obtained evidence of an  even stronger interaction between the amino 
group and the chlorine atom in 4-amino-3-chloropyridine. This they 
considered to arise from the more nearly planar configuration of the 
amino group in the pyridine compound and the greater stability of the 
structure 6.  The effect of the hydrogen-bonding was interpreted as 
rendering the second hydrogen atom of the amino group more acidic, as 
indicated by its association with dioxan, than it is In 4-aminopyridine 
itself. Similar conclusions were drawn from measurements on 3-amino-2- 
chloropyridine. 

In spite of the fact that, as in the case of the o-halophenols, any intra- 
molecular hydrogen-bonding in the o-haloanilines would not be expected 



5. Hydrogen-bonding and complex-forming properties 285 

(6) 

to persist in aqueous solution, the pK, values of these compounds were 
interpreted by McDaniel and Brown30 as indicacing some evidence of such 
interaction. In this series of compounds they suggested that the observed 
values could be best explained by a combioation of hydrogen-bonding and 
so-called F strain, i.e. steric inhibition of the stability of the protonated 
cationic state. They inferred that the latter is the dominating factor in 
o-iodoaniline, being sufficient to counterbalance any effect of hydrogen- 
bonding. 

On the other hand, Jenkins had concluded in l93gz8 that the o-halo- 
aniliries conformed to a linear relationship similar to that holding for 
acids and phenols, relating in this case the dissociation constants of the 
substituted anilinium ions with that of the anilinium ion and with the 
electrostatic potential at the carbon atom carrying the amino group. 
Whilst this is by no means the same thing as the acidity of the neutral 
amine, which is the property actually involved in the hydrogen-bonding, 
it is evidence that the basic properties of the a-haloanilines are not ano- 
malous, as they should be if one of the amino hydrogen atoms were 
engaged in intramoIecular hydrogen-bonding. 

E. Other Aromatic Compounds 

As the effect of the introduction of an o-halogen atom upon the acid 
strength of thiophenol was found to be nearly twice as great as for phenol, 
McDaniel and BrowrP made the rather surprising suggestion that 
hydrogcn-bonding must be more important in o-halothiophenols than in 
o-halophenols. This effect being the reverse of that usually postulated, it 
was suggested that it may arise because the C-S-H group has a smaller 
bond angle than the C-0-H group and from the fact that sulphur is a 
larger atom than oxygen. Both these factors would place the hydrogen 
atom in a better position to approach the halogen atom and so favour 
hydrogen-bonding. They considered that the size of the sulphur atom 
should cause it to have some repulsive effect on the halogen atom, this 
repulsion being diminished by the formation of the intramolecular hydro- 
gen bond. Such behaviour on the part of the a-halothiophenols seems so 
unlikely, however, that this observation seems, rather, to cast even more 
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doubt on pKa values giving a valid indication of the persistence of intra- 
molecular hydrogen bonds in aqueous solution. 

Other compounds in which a five-membered ring might conceivably be 
formed by hydrogen-bonding are the o-halobenzaldehydes. Although the 
data in Table 1 indicate that o-chlorobenzaldehyde does not have a very 
anomalous boiling point as compared with its positional isomers, some 
anomalies of behaviour have been observed. As a result of studies of the 
i.r. spectra over the range 33-400 cm-l, Miller, Fateley and Wilkowski3' 
found that with m-halobenzaldehydes the 0-cis rotanier is the more 
stable, whereas in the o-substituted compounds the 0-trans form is the 
more stable. Thus in o-chlorobenzaldehyde at ordinary temperature about 
70% exists in the latter form. It is tempting to attribute this t c  hydrogen- 
bonding to the halogen atom in the o-isomer but not in the n?-compound, 
but it is more probable thzt the dominant factor is the greater steric 
requirements of the oxygen atom and that the effect is to be attributed 
rather to repulsion between the halogen and oxygen atoms than to attrac- 
tion between the halogens and hydrogen. 

One of the most favourable conditions for intramolecular hydrogen- 
bonding might at  first sight appear to arise in the o-halobenzoic acids. 
Such bonding would lead to the formation of a six-membered ring in 
which the hydrogen atom is more favourably disposed to form a nearly 
linear 0-€3- . X  bond than is possible with the o-halophenols. This six- 
membered ring formation, in which the groups concerned have one more 
degree of rotational freedom than for five-membered ring formation, has 
therefore a less favourable entropy effect. More important, however, is 
that in the condensed phase or in non-hydroxylic solvents this intra- 
molecular hydrogen-bonding would have to compete with the very strong 
tendency for intermolecular bonding between the two carboxyl groups, 
with the formation of acid dimers or more complex entities involving the 
carboxyl groups only. 

Through ionization and by hydrogen-bonding of the carboxyl group to 
solvent molecules, the conditions become less favourable still in hydroxylic 
solvents. However, Dippy and finding the strengths of the 
o-halobenzoic acids to be greater than those of their rn- and p-isomers, 
suggested rather tentatively that in all cases except that of a-fluorobenzoic 
acid an oxygen atom of the carboxylate ion may act as an electron donor 
to  the halogen atom, which expands its octet: such chelate formation 
would tend to stabilize the ion. On the contrary, Jenkins3g showed that the 
o-halobenzoic acids confornied to his lawz8, as discussed under o-halo- 
phenols, removing the necessity of invoking intramolec!!lar chelation to 
explain acia strength. Here McDaniel and Brown29 agreed with Jenkins' 
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view on the grounds that the order of the so-called ortho effect decreased 
from iodine to fluorine, the reverse of that which would be expected if 
hydrogen-bonding were important. 

There is, therefore, at  present no concrcte evidence of intramolecular 
hydrogen-bonding in any series of aromatic o-halocompounds othec than 
o-halophenols and o-haloanilines. 

F. Halohydrins and Related Compounds 

The aliphatic compound which most simply meets the requirement of 
having a halogen atom and a hydroxyl group linked to adjacent carbon 
atoms is ethylene chlorohydrin. Here, however, there should be obvious 
competition between potential intramolecular hydrogen-bonding, with the 
production of a five-membered ring, and intermolecular hydrogen bond 
formation between the hydroxyl groups 01 different molecules, like that 
present in alcohols. While analogous to the position with the o-halo- 
phcnols the acidity of the hydroxyl group should be less, and the basicity 
of the halogen greater than in the aromatic compounds, though the former 
must be affected by the electron-withdrawing effect of the halogen r_t_om. 
Other conflicting factors are that the entropy effect should be less favourable 
for ring formation, as there is an additional possibility of rotation about 
the C-C bond, whereas the C-C-X and C-C-0 angles, being 
determined by the sp3 hybridization of the carbon atom, will be less than 
in the o-halophenols, thus permitting closer approach of the hydrogen and 
halogen atoms. 

As early as 1937 it was observed40 that the hydroxyl group frequency 
near 3660cm-l is replaced by two bands when chlorine, bromine or  
iodine atoms occupy positions 01 to the hydroxyl group, and it was sug- 
gested that this effect was connected with the free rotation of the hydroxyl 
group. The third harmonic of the hydroxyl stretching bands of a number 
of halohydrins and related compounds was studied by Zumwalt and 
BadgeP. The frequencies of the maxima of these various bands are best 
compared as illustrated in Table 10. Zumwalt and Badger observed that 
the third harmonic band of a primary alcohol is a doublet with com- 
ponents at 10,510 and 10,460 cm-l, the former being considerably the 
stronger. In ethylene chlorohydrin and bromohydrin, however, a strong 
new component appeared. The primary alcohol doublet persisted but was 
shifted slightly to higher frequencies while the lower frequency component 
had increased in strength. With rise of temperature, however, the primary 
doublet increased in intensity at  the expense of the strong lower frequency 
band. This is in acccrd with the behaviour to be expected if the latter 
were due to intramolecular hydrogen-bonding. In 3-chloro-1 -propano1 
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and the analogous bromine compound the spectrum appcared to be 
similar to that of a primary alcohol, any new band being very weak, 
whereas in I-chloro-Zpropanol the new lower frequency band appeared 
in addition to the ordinary secondary alcohol band a t  10,460cm-l. By 
comparison with the result for 2-methoxyethanol (glycol monomethyl 

TABLE 10. Maxima (cm-I) of the third harmonics of the 
hydroxyl bands in halohydrins and related compounds 

~~ ~~ ~~~ ~~ 

Primary alcohols - 
2-Chloroethanol 10,367 
2-Bromoethanol 10,318 
2-Methoxymethanol 10,394 
3-Chloro-1 -propano1 - 
3-Bromo-l-propanol - 
1 -Chloro-2-propanol 10,326 
1,3 -Dichloro-2-propanol 10,243 

10,325 

10,460 10,510 
10,484 10,526 
10,470 10,527 
10,472 10,538 
10,467 10,525 
10,470 10,529 
10,460 - 

ether) they inferred that hydrogen-bonding ring formation leads to shifts 
of the low frequency Sand to longer wavelength in the order 0 > C1> Br 
as electron-donor atom. In symmetrical glycerin dichlorohydrin (1,3- 
dichloro-2-propanol) two intense bands appeared, whilst the band due 
to a secondary alcohol had disappeared or was very weak. They therefore 
made the suggestion that the 10,326 cm-l band as in propylene chloro- 
hydrin corresponds to the interaction of the hydroxyl group hydrogen 
atom with one chlorine atom, whilst the 10,243 cm-l band of I73-dichloro- 
2-propanol results from this hydrogen atom reacting with both chlorine 
atoms, with consequent double-ring formation. From the integrated 
intensities of the bands the tram (non-hydrogen-bonded) form was judged 
to have a total energy 2.0 k 0.5 kcal/mole higher than that of the hydrogen- 
bonded form, assumed to be cis. 

At the time the last assumption seemed quite reasonable in view of the 
fact that measurements of the Raman eft'ect, taken in conjunction with i.r. 
and polarization data, had led Kohlrausch and Ypsilanti*l to the cooclusion 
that molecules of the type CH,X-CH,Y existed in the liquid state as an 
equilibrium mixture of two forms which they regarded as cis and tram 
respectively. As they had worked mainly with compounds where no 
intramolecular hydrogen bonds could be formed they concluded that the 
tram form seemed generally to predominate at room temperature, indicat- 
ing its lower energy, but that the time of sojourn in either form, whilst 
long as compared to the time of molecular vibration, was so short as to 
prohibit chemical separation. 
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On the other hand, Mizushiina and c o w ~ r k e r s ~ ~ ,  as a result of both 
Raman and i.r. spectral investigations, whilst confirming that thc chloro- 
hydrins exist in two forms, not only in the vapour state but also in the 
pure liquids and in carbon tetrachloride solution, considered these to be 
the trans and gauche (not cis) forms. The energy difference between them 
they found to  be 0.95 2 0.02 kcal/mole, a value about equal to that found 
by Zumwalt and Badger. They suggested that there should be three 
possible stable positions of the hydrogen atom in the gauche form, one 
being much more stable than the other two owing to the internal hydrogen 
bond, without which the gauclze forms would be less stable than the 
trans. The difference between their numerical result and that of Zumwalt 
and Badger was therefore attributable to the circumstance that their value 
applied to the weighted mean energy of the irmu and non-hydrogen- 
bonded gauche forms above that of the hydrogen-bonded gauche form. 

The observation by Zumwalt and Badger that hydrogen-bonding was 
almost completely absent in the ,f3-halopropanols was in line with the later 
observation by Baker and S h ~ l g I n ~ ~  that the frequency shifts of the infrared 
hydroxyl bands in phenol due to the presence of orrho halogen atoms were 
18, 61, 78 and 105 cm-l, for fluorine, chlorine, bromine and iodine, 
respectively. When, however, thc halogen atom was in a side-chain as in 
a-chloro-o-cresol, the frequency is about equal to or slightly greater than 
when the halogen is attached directly to the ring, but the proportion 
bonded was found to change from 98% to 30% or less. The near-paral- 
lelism in bond strength was attributed to three factors, (i) the reduced 
acidity of the hydroxyl hydrogen atom, (ii) the increased basicity of the 
halogen and (iii) a sma!ler possible oxygen-halogen distance. To account 
for the results there may be added the less favourable entropy effect for 
closure of the six-membered ring, causing a decrease in the proportion 
bonded. On the other hand, the bond strength is favourcd by the smaller 
strain involved when the bond is formed and by the possibility that the 
oxygen, hydrogen and halogen atoms can become more nearly colinear, 
though good overlap can be attained as long as the hydrogen atom lies 
on or near the axis of any hybrid orbital which can be regarded as occupied 
by one of the lone pairs of the halogen atom. 

Further evidence of intramolecular hydrogen-bonding in ethylene 
chlorohydrin was obtained by Bastiensonu as a result of electron- 
diffraction measurements. He found a peak corresponding to an inter- 
atomic distance of 3.17 A, which he attributed to the C1-0 distance, as 
this value was reasonable for a hydrogen-bonded form. 

In a study of the i.r. spectra of chloral hydrate 2nd related compounds 
in the region 2.61-3 p, Davies'l found chloral hydrate and bromal hydrate 



290 J. W. Smith 

to have hydroxyl bands at 2-82 and 2-81 p (about 3516 and 3559 cm-l), 
respectively, while the latter gave indications of a subsidiary maximum at 
2.76 p (3623 cm-I). He interpreted this as indicating that in the  molecules 
giving rise to the main bands free rotation of the hydrogen atonis about 
the C-0 linkages is inhibited by interaction with the halogen atom, 
whereas the subsidiary band arises from molecules in which there are free 
hydroxyl groups. This assignment accords with a higher stability in the 
hydrogen-bonded form. Evidence for the effect of the hydrogen-halogen 
interaction on the vibrations of the chloroniethyl group was obtained 
from comparison of the spectra of chloral hydrate and trichloroacetic 
acid in the regions 7.5-8.5 ,u and 12-15 p. As a result of discussion of the 
relationship between the energy differences and frequency changes it was 
shown that the observed behaviour c2n often be accounted for by the 
energies of interaction as calculated electrostatically. Davies concluded, 
therefore, that the resonance contribution is often quite small. It will be 
recalled, however, that calculations on this basis for the o-halophenols 
have been called into questionI3. 

The fact that the effects of the formation of intramolccular hydrogen 
bonds go further than to the atoms concerned was also shown by N i ~ k s o n ~ ~ .  
As a result of a study of the i.r. spectra of a large number of compounds, 
e.g. halogenated sterols, containing both hydroxyl groups and halogen 
atoms, he concluded that in dilute solution in carbon disulphide the degree 
of perturbation of the 0-H and C-OH Stretching frequencies by halogen 
atoms depends upon their steric arrangements. If intramolecular hydrogen 
bond formation is geometrically feasible the hydroxyl group frequency is 
lowered by 25-48 cm-l and that of the carbon-oxygen frequency is 
increased by 13-25 cm-I. When internal chelation is impossible the 
change in the latter frequency difference is much reduced and is sometimes 
negligible. Halogen atoms were found to follow the sequence I > Br > C1 
in their abilities to decrease the frequency of hydroxyl stretching vibrations 
but to adopt the reverse order with respect to the increase in the C-OH 
stretching frequency. 

G. lnoermolecular Hydrogen-bonding 
It has been pointed out that the relatively low boiling points of, e.g. the 

o-halophenols as compared with their isomers have been used as evidence 
for their intramolecular hydrogen-bonding, but that it should rather be 
interpreted as a tendency not to undergo intermolecular bonding. In the 
in- and p-compounds, where this apparently occurs, the bonding probably 
involves the halogen atoms little if at all, the predominant feature being 
bonding between the phenolic groups of different molecules. Similarly 
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with the amines it is probable that bonding occurs between the amino 
groups of different molecules. 

Howcver, some indication that fluorine atoms in organic compounds 
have electron-donor properties such as to permit them to engage in inter- 
niolecular hydrogen bonds has been claimed. Zellhoefer, Copley and 
MarveP had noted that the substitutioii of fluorine for chlorine in chloro- 
form and methylene dichloride decreased the raiic of their observed 
solubilities in electron-donor solvents at 3°C LO the values deduced from 
Raoult’s Law. The fact that the solubilities of the fluorine compounds 
were actually less than the Raoult’s Law values was explained by MarvelI, 
Copley and Gin~bcrg.1~ on the suggestion that anomalies arise through the 
existence of weak C-H - - - F bonds between the fluorinated hydrocarbon 
molecules. 

In  support of their view they found that the heats of mixing benzotri- 
fluoride with N,N-diniethylacetamide and dimethylcyclohexylamine were 
less than half those of benzotrichloride. This was taken as evidence that 
molecular association involving C-F bonds occurs also in benzotri- 
fluoride, since this result would be expected only if C--He * - F  bonds 
had to be broken. The heats of mixing observed with triethylphosphate, 
ethyl ether and acetone, however, were about the same for benzotri- 
fluoride as for benzotrichloride, a phenomenon explained by tlie sug- 
gestion that in these cases the p-hydrogen atoms of the ring are not 
sufficiently activated to form C-H - - - 0 bonds of strengths greater than 
those of the C-H * - F bonds. This explanation, though, seeins rather 
unconvincing. 

H. Conclusions 
The: inference to be drawn, especially from tlie results of i.r. and p.ni.r. 

investigations, is that there is little or no evidence for the formation of 
0--H - * F intramolecular hydrogen bonds in o-fluorophenol, but that 
otherwise the o-halophenols provide the best substantiated examples of 
hydrogen-bonding by halogen atoms linked to carbon. The strengths of the 
bonds formed seem to follow the order CI>Br>I ,  as is to be expected 
from their relative electronegativities. The evidence for similar behaviour 
by the o-haloanilines is not so convincing, but weaker bonding is only to 
be expected in view of the lower acidity of the hydrogen atoms in the 
amino group, as reflected in the relative behaviours of phenol and aniline in 
intermolecular hydrogen-bonding to, e.g. dioxan. Bonding very similar 
to that in the o-halophenols is also observed in ethylene chlorohydrin and 
its derivatives, including particularly chloral hydrate. In all of these cases 
five-membered rings are fornied by the bonding and the hydrogen bonds 
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formed must be very 'bent', i.e. the O--Ha . X  system is far from colincar. 
Consequently even in the most favourable cases the orbital overlap in 
these bonds is probably somewhat restricted, and this is reflected in the 
fact that the enthalpy changes occurring are relatively small for hydrogen- 
bonding. 

DoubtIess the small size of the fluorine atom completely precludes the 
overlap of the hydrogen and fluorine orbitals. Such observations as its 
anomalous dipole moment may well be accounted for by the purely 
electrostatic attraction between the proton and the fluorine atom. Similar 
attraction must contribute strongly to  the bonding in the other cases also, 
and it is really in the relative extents to which orbital overlap and electro- 
static attraction contribute to the effects observed that the interpretations 
of different authors are at variance. In the optimum case the contribution 
of the former is probably relatively small. 

There is no definite evidence of hydrogen-bonding by the halogen atom 
in any other series of o-haloaromatic compounds. 

Intramolecuhr hydrogen-bonding is obviously impossible when there 
is a constraint such as that present in the m-halophenols, but in other cases 
when six-membered rings can be formed by O--Ha * - X  intramolecular 
bonds such bonding does occur, though not so readily as when five- 
membered rings result. When formed, however, the bonds are associated 
with a higher energy of formation. This illustrates the essentially dynamic 
nature of hydrogen-bonding, the rate of formation of the bonds depending 
considerably upon an entropy factor, i.e. the probability of the hydrogen 
atom approaching a suitable proton-acceptor atom, whilst the energy 
change on bonding depends on the overlap of suitable orbitals of the two 
atoms. The former is decreased when six-membered rings are to be formed 
instead of five-membered ones, but the laiter is favoured by the groups 
being able to adopt a less strained configuration relative to one another. 
In view of the extra degree of freedom it is hardly surprising that no 
intramolecular bonds between halogen atoms and hydroxyl groups more 
widely separated than the a,y-positions seem to have been suspected. 

Evidence for the formation of intermolecular hydrogen bonds involving 
halogen atoms seems to be very slight indeed. 

111. COMPLEX FORMATION WITH LEWIS ACIDS 
The study of the formation of complexes between compounds containing 
carbon-halogen bonds and Lewis acids, such as the halides of Group IJI 
elements, is closely linked with the study of the mechanism of the Friedel- 
Crafts As a result of a thorough investigation by Werty- 
p o r o ~ h " ~  on the conductivities of solutions of aluminium tribromide in 
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ethyl bromide and the effect of subsequent addition of benzene, WohI and 
W e r t y p o r ~ c h ~ ~  came to the conclusion that the first stage in the Friedel- 
Crafts reaction was association of the aluminium and alkyl halides to 
give a product which was converted gradually into a strongly conducting 
compound on the addition of an unsaturated or aromatic hydrocarbon. 
The rise in conductivity observed was considered not to be caused by the 
hydrogen halide formed. 

Similarly Ulich and HeyneS0 decided from a study of the rate of hydrogen 
chloride evolution from a mixture of benzoyl chloride and benzene in 
carbon disulphide solution, in the presence of aluminium trichloride or 
gallium trichloride, that the reaction was ufiimolecular and proceeded by 
way of complexes of the type MCI,-CC,H,COCl. These complexes they 
considered to be very unstable, as the resulting benzophenone was found 
to form more stable complexes with aluminium chloride than did the 
benzoyl chloride, with consequent deactivation of the catalyst. Analogous 
complexes were apparently formed between the trihalides and n-propyl 
chloride, which, it was assumed, were in equilibrium with complexes 
formed by benzene and the reaction products. The changes in the equili- 
brium concentration of the complex caused by the reaction resulted in the 
dissolution of aluminium chloride in the early stages of the reaction, with 
consequent increase in the reaction velocity. Gallium chloride, on the 
other hand, was dissclved from the start and thus was a better catalyst 
than aluminium chloride. 

The relative readiness of formation of an intermediate addition com- 
pound also seemed to account for the observationjl that boron trifluoride 
catalysed the condensation of benzene with cyclohexyl fluoride but not 
with the bromide, whilst Brown and coworkers52 obtained strong kinetic 
evidence that, for primary alkyl halides at any rate, aluminium chloride 
and bromide form complexes with the alkyl halide through the initial 
formation of a complex with the solvent. 
In a direct attempt to detect the formation of complexes between alkyl 

chlorides and boron trichloride, Martin and coworkerss3* 54 studied the 
cryoscopic behaviour of mixtures of methyl, ethyI, n-propyl and isopropyl 
chlorides with boron trichloride over the temperature range from - 100°C 
to - 150°C: From the fact that only ethyl and isopropyl chlorides appeared 
to form complexes they inferred that the ability to form such complexes 
and the thermal stability of the product increased with increasing dipole 
moment of the alkyl chloride. From the phase diagrams obtained they 
inferred that the compounds formed were EtCl(BClJ2 and (i-PrCl),BCl, 
and to these most improbable looking products they assigned the even 
more improbable looking formulae 7 and 8. Subsequent cryoscopic 



294 J. CV. Smith 

studies", however, have indicated the existence of the more probable 1 : 1 
addition complexes, which may be formulated as in 9.  

CI 
I 

CH3-C-CH3 
I 
y 
Cl CH3 F 

,BC13 I I I 
CH3 

I I 
CH3 CH3 

(7) (8) (9) 

Some 1:l complexes of alkyl fluorides with boron trifluoride had 
already been isolated at  -550°C to - 110°C during studies of the alkyla- 
tion of aromatic compounds with alkyl fluorides". Conductivity measure- 
ments suggested that the complexes of methyl and ethyl fluoride contained 
a polarized covalent bond, whilst those of propyl and t-butyl fluorides 
were of a much more dissociated type. This was in general agreement 
with the views of Brown52. 

Whilst studying the alkylation of toluene with alkyl chlorides in the 
presence of boron trifluoride, Nakane, Kurihara and M a t s u b ~ r i ~ ~  were 
actually able to measure equilibrium constants for boron isotope exchange 
between boron trifluoride vapour and the complexes of this compound 
with t-butyl, i-propyl and methyl chlorides at -95°C to - 112°C. They 
interpreted their results as indicating that the polarities of the complexes 
studied by them decrease in the order: Me,CCl-BF, > MeF-BF, > 
Me,CHCl-BF, > MeC1-BF,, and that the complexes are coordination 
compounds of type 9 and not carbonium ion complexes. They inferred 
that as t-butyl chloride acts as an alkyleting agent in the presence of boron 
trichloride it also forms an  addition complex with it. 

As a result of a detailed spectroscopic study of the methyl fluoride- 
boron trifluoride complex at  - 105°C in the region 400-4000 cm-l, it 
was found5' that the B-F antisymmetrical stretching frequency remained 
unchanged during the formation of the complex. Further, no symmetrical 
stretching frequency was observed, so these observations accord with the 
conclusion that the planarity of the boron trifluoride molecule is main- 
tained in the complex. 

Goldstein and Heinmings5a have found that the kinetics of halogen 
interchange between alkyl halides 2nd boron trihalides arc also best 
explained by the intermediate formation of complexes of the type 
RX-BY,. They were, however, unable to detect these at ordinary 
temperature by n.1n.r. or i.r. spectroscopic techniques. Hence they 

CI-C-H--CI-6-CI---H-C-CI i-PrCI-tB-F 

F 

C,H,CI \ 
BC13 
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inferred that they were present in only very small quantity at  any one time. 
I t  is evident, therefore, that the further study of these complexes will be 
fraught with considerable difficulty. 

IV- COMPLEX FORMATION ARISING FROM THE 
POLARlZABlLlTY O F  CARBON-HALOGEN BONDS 

One of the first indications that the carbon-halogen bonds in fully halo- 
genated hydrocarbons may not be so inert as had been commonly supposed 
came as a result of studies by Bellamy, Hallam and Williams59 on the 
frequency of X-H stretching vibrations as a function of solvent. They 
found that the N-H and 0-H frequencies of such compomds as aniline 
and phenol suffered a displacement to lower frequencies and an increase 
in half-band width which increased progressively with the proton-acceptor 
strength of the solvent. They concluded that these shifts are determined by 
both the proton-donating powers of the solutes cnd the accepting powers 
of the solvents. Even with carbon tetrachloride as solvent they found the 
frequency to be sli,ohtly lower than with hexane. They inferred, therefore, 
that in most solvents the X-33 dipole seeks out an appreciably charged 

polar group of the solvent with which to associate, even the polar C-el 
bond of a carbon tetrachloride molecule. This observation also supports 
the view that there is a continuous progression between pure electrostatic 
attraction and ‘pure’ hydrogen-bonding, which probably reaches its 
limit in the bifluoride ion F--H- - F, and that it is quite arbitrary where a 
line should be drawn separating the two phenomena. 

Earp and GlasstoneCo had previously provided evidence by dielectric 
polarization measurements that carbon tetrachloride and hexachloroethane 
form 1:l complexes with ethers, acetone and quinoline, but that the bond- 
ing was much weaker than that with chloroform or pentachloroethane, 
where bonding does not occur directly through &he halogen atoms but 
through an activated C--H bond. It  must be noted, however, that the 
quantitative conclusions of Earp and Glasstone were called into question 
by Hammick, Norris and Suttor?G1 on the grounds of the misapplication 
of the law of mass action. 

Partington and Middleton62 also found that the dipole moment of 
pyridine seemed to be abnormally high in carbon tetrachloride, ascribing 
this to the presence of interaction between the solvent and solute, and 
subsequent studies on various compounds have shown similar anomalies. 
For instance, in determining the dipole moments of diethyl ketone 
and of benzophenone in various solvents, GranierG3 excluded carbon 

+ 
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tetrachloride on the unequivocally stated grounds that it undergoes 
molecular association with ketones. 

On the other hand, in observing that the dipole moment of pyridine 
was 0.12 D higher in carbon tetrachloride than in benzene, whilst quinoline 
and isoquinoline showed similar but rather smaller differences, LeF6vre 
rnd coworkersM attributed such behaviour to an increase in atom polariza- 
tion in this solvent rather than to the formation of a polar adduct. The 
origin of such a large change in atom polarization is, however, difficult to 
envisage. 

Other evidence has not assisted in solving this problem. Raman spectra 
indicateG5 that the doublet of carbon tetrachloride a t  790 cm-1 changes 
both in frequency and intensity when ammonia is added, but the relaxation 
time of aniline in carbon tetrachloride solution is such as to suggest that 
any association occurring can be, at most, very slightGG. 

Sharpe and WalkeP found, howevec, that whereas the dipole moments 
of aniline and of some pyridine derivatives are slightly greater in benzene 
than in carbon tetrachloride, the moments of aliphatic amines, pyridine 
itself and some other pyridine derivatives are greater in the latter solvent, 
the difference varying from low values up to 0.17 D for butylamine and 
0.47 for 4-methylpyridine-1 -oxide. They suggested that since these 
correspond with differences in total polarization of up  to 17.1 cm3 for the 
amines and no less than 91.8 cm3 for 4-methylpyridine-1-oxide they were 
unlikely to be due solely to increases in atom polarization. 

Sharpe and Walker’s arguments would have been strengthened if they 
had chosen cyclohexane rather than benzene as comparison solvent. 
Aniline doubtless forms hydrogen bonds with the n-electron system, thus 
accounting for its high apparent dipole moment in this solvent. Actually 
aniline has been reportedG8 as having a moment 0.08 D higher in carbon 
tetrachloride than in cyclohexane. 

I t  was suggested, however, by Sharpe and Walker that the differences in 
apparent moments which they observed in carbon tetrachloride and ben- 
zene solutions can best be explained by a donor-acceptor type of interac- 
tion, a transient increase in polarization occurring as carbon tetrachloride 
molecules approach the vicinity of the lone-pair electrons of the nitrogen 
atom. Such interaction would, they suggested, increase the total polariza- 
tion of the interacting system partly by increasing the atom polarization 
of the interacting molecules and partly by a change in the dipole moment. 
If this explanation were true the increase should depend on the stability 
of the adduct formed, and hence the changes in total polarization and in 
dipole moment might be expected to increase with the basicity of the amine. 
In accord with this prediction, they found that if the difference in moment 
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or in polarization were plotted against the pK, value of the bases an 
approximately straight line was obtained, as long as the steric effects by the 
2- and 6-positions were small. With large groups in these positions, 
however, the effects were less than might be expected, this being attributed 
to  the reduction in the volume in the neighbourhood of the nitrogen atom 
and hence to the reduction in tlie number of carbon tetrachloride molecules 
passing near to it. Other instances in which no effect was observed were 
explained on specia'l grounds, e.g. the intramolecular hydrogen-bonding 
in 8-hydroxyquinoline. 

LaterG9 such interaction was also shown to occur with ethers, organic 
sulphides and phosphines, all of which can act as electron-donors to 
polyhalogenated hydrocarbons. Walker and coworkers70 have regarded 
the fact that the dipole moment of pyridine derived from microwave 
measmenients agrees with that obtained by the conventional method as 
strong evidencz in fzvour of the explanation of the difference of moment 
in carbon tetrachloride being due to an interaction leading to a real 
change in dipole moment and aot  to an increase in atom polarization. 

'J- HY~WOGEM-BONDIN6 5Y PGLYHALOGENATED 
HYDROCARBONS 

The presence of a carbon-halogen Iinkage is associated with a powerful 
electron-withdrawal from the carbon atom. Hence it increases the acidity 
of any hydrogen atoms linked to the same carbon atom. This effect is 
inappreciable in compounds such as methyl chloride, but in the case of 
polyhalogenated compounds it can have the effect of rendering the residual 
hydrogen atoms sufficiently acidic to make them potential proton-donors 
in hydrogen bond formation. The complexes formed in this way are only 
indirectly the result of the presence of carbon-halogen bonds and therefore 
will have only brief mention here. 

It has been known for a long time that the mixture of chloroform with 
ether or acetone is associated with considerable evolution of heat, and it 
has gradually become appreciated that this is due to the formation of 
hydrogen-bonded complexes in which the chloroform is the proton- 
donor molecule. Similar behaviour occurs with bromoform and, to a lesser 
extent, with methylene dichloride, and a great many investigations have 
been directed towards the comparison of the various halogen atoms and 
the number of them present in the molecule in producing these effects. 

Thus Earp and GlasstoneGo used dielectric polarization methods to 
study the interaction of chloroform and pentachloroethane with ethers, 
acetone and quinoline. Similarly in a series of papers7I, Marvell, Copley 
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and coworkers reported that electron-donor solutes are more soluble in 
partially halogenated hydrocarbons than in completely halogenated ones. 
For instance, they found that polymeric esters and ketones are more 
soluble in chloroform and tetrachloroethane than they are in carbon 
tetrachloride or tetrachloroethylene. Also, from measurements of the 
heats of mixing chloroform and its analogues with solvents of electron- 
donor pi-qerties, they concluded that bromine is slightly less efficient 
than chlorine in promoting acidic properties in the neighbouring hydrogen 
atonis, whilst iodine was found to be relatively ineffective. Further, whilst 
tetrachloroethane was found to be a very good proton-donor, trichloro- 
ethylene was found to be a much weaker one. 

The effect of fluorine atoms is so great, apparently, as to cause molecular 
association in fluoroforme', with the formation of C-H. - F bonds. 
Even more surprising is the suggestion that the fluorine atoms in benzo- 
trifluoride have an effect sufficient to activate a hydrogen atom linked to 
the aromatic ring, presumably that in the para position, so as to produce 
similar bonds". 

In recent years other and more sophisticated methods of studying 
these properties have been used. For instance, Gent and Martin72 have 
compared the association complexes of the various haloforms with anions 
of quaternary ammonium salts, using p.m.r. methods. From the concen- 
tration and temperature dependences of the proton-shieldings in the 
haloforms they deduced the shieldings in the complexes and the equilibrium 
constants for complex formation, as well as the thermodynamic para- 
meters. The values obtained for the enthalpy changes occurring during 
association led them to suggest that the yimary factor involved for 
fluoroform, chloroform and bromoform is hydrogen-bonding to the ion, 
but that for iodoform the complexes are predominantly of a charge- 
transfer type. 

Other aspects of this effect of carbon-halogen bonds in promoting 
acidity in neighbouring hydrogen atoms, especially evidence from i.r. 
spectroscopy, have been reviewed thoroughly elsewhere73. 
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1. INTRODUCTION 

Halogen derivatives constitute a very large class of organic compounds. 
Some of them are found in nature and many more have been synthesized 
for various purposes. 

The halogens (F, Cl, Br and I) also constitute a series of substituents 
with gradually changing properties which make them of particular interest 
in studying structure-reactivity correlations. 

We shall try in this chapter to discuss the ways of action of halogens on 
the organic moiety and how chemical properlies are modified by halogen 
substitution. The literature has been covered up to the middle of 1971. 
References to some later published papers have been also made. 

A. General Properties’ 
The halogens are strongly electronegative atoms as shown by the values 

of electronegativity reported in Table 1 together with ionization potentials 
and electron-affinities. 

TABLE 1. Electronegalivities, ionization potentials and electron-affinities of 
the halogens 

F CI Br I Reference 
_ _ ~ _ _  - ~ . _-- _ _  

Electronegativit ies 4.0 3.0 2.8 2.5 2 
Ionization potentials (volts) 17.34 12-95 11-80 10.6 3 
Electron-affinities 79.5 83-3 77.5 70.6 3 

(kcal/gm ion) 

The first two properties decrease monotonically from fluorine to iodine 
as the central charge is more and more screened by closed electron shells. 
The electron-afrinities have a less regular trend. 

Qualitatively, the substitution of one or mare hydrogens with one or 
more halogens in a molecule increases the electrophilic: character of 
appropriate functions or  atoms, because of their electronegativity. The 
effect is stronger for fluorine than for chlorine, bromine or iodine in the 
series and decreases with the distance of the halogen from. the reacting 
centre. This way of interaction, usually classified as inductive effect 
( I ) ,  is the most general one. It is observed, uncomplicated by other kinds 
of interaction, when the halogens are neither linked to the reacting 
centre nor connected with it by a conjugate system. However, other com- 
plications may arise from anchimeric assistance phenomena (see below). 
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A typical case is tile effect of halogens 311 the dissociation constants of 
aliphatic carboxylic acids (Table 2). 

The clectrotiegativity of' halogens induces a partial positive charge on 
the carbon atom a t  which they are Iinked. This, in turn,  causes an increase 

TABLE 2. pK, ,  values at 25°C in water for some halogen-substituted aliphatic 
acids (RCOOH)4 

R =  CH, CH,F CH,CI CH ,Br CHZI 
P K;, 4-76 2.58 2.86 2.90 3.18 

R =  CHF, CHCI, CF, CCI:, CBr, 
P& 1.24 1 -29 0.23 0.63 0.66 

R =  CH-CH, CH-CH, CH2-CH2 CH,-CH2 
I I I I 
CI Br CI Br 

P Kll 2.88 2.97 (18°C) 3.99 3-99 (18°C) 

of the bond streogth between the 'central atom' and the other substituents. 
This would cause decreasing carbon hydrogen bond lengths and increasing 
I3C coupling constants with halogen substitution. Although the differeiiccs 
are sometimes small and the experimental errors, at least in some cases5, 
fairly large the data reported in Table 3 show the expected trends5* 6* '. 

TABLE 3. Carbon hydrogen bond distances (C-H) 
and coupling constants ( J t ~ ~ ~ . ~ )  in halogeno- 

methanes (RRIIZ, C-H)5, G ,  ' 

R Rl R, C-H J w R  

El 
H 
H 
H 
H 
H 
H 
H 
F 
CI 
Br 

H 
H 
H 
H 
H 
F 
c1 
I 
F 
CI 
Br 

H 
F 
CI 
Br 
I 
F 
C1 
I 
F 
c1 
Br 

1.1 1 
1.097 
1.0959 
1.0954 
1.0958 
1 a092 
1.082 

1.098 
1 -073 
1.068 

- 

125 
149 
I50 
152 
151 

178 
173 

209 
206 

- 

- 

This effect catises a ground-state stabilization which can modify rates 
and equilibrium constants (see section HI).  
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Halogens have three unshared electron pairs. One of them may interact 
with an adjacent z-system and with an electron-accepting group (Y), if 
present, to give resonance structures l a  and lb. 

+ 1 1 -  
Hal=C-C=Y 

I I  

(1 a) (1 b) 

The ability of the halogen to share the electron pair (to donate one 
electron) would be correlated with the electron potential and therefore 
would increase from fluorine to iodine. However, the strength of the new 
rr-bond with the adjacent carbon is a function of the size of the p-orbital 
involved and decreases from fluorine to iodine. 

The two conflicting effects overlap each other and the result is that the 
donor ability by resonance (+T  eKect) of the halogens follows the series 
F > C1> Br > I, as is shown by the effects of halogens on the acidity of 
benzoic acids, phenols, anilines, etc. (see Table 4). 

Hal-C=C-Y 

TABLE 4. pKa vdues of substituted benzoic acids, phenols and anilines 
in watere 

Benzoic acids Phenols Anilines 

o- m- p -  0- Fn- p -  o- m- p -  

- 4.62 - - 9.95 - H 4.20 - - 
F 3.27 3.87 4-14 8.81 9.28 9.95 2.96 3.38 4-52 
C1 2.94 3-83 3.99 8.48 9.02 9.38 2-62 3-32 3-81 
Br 2-85 3-81 4.00 8.42 9-11 9-34 2.60 3-51 3-91 

- - - 9-17 - - I 2.86 3.86 - 

Another factor which affects the chemistry of the halogen compounds 
is the repulsion among the unshared electrons on the halogens and an 
unshared electron pair on an adjacent atom. The smaller the size of the 
halogen and the shorter the bond, the greater is the repulsive interaction. 

Evidence of this kind of interaction is given by the energy of the halogen- 
halogen bonds which are reported in Table 5. 

TABLE 5. Bond dissocia- 
tion energies (kcal/mo!e)2 

F-F 37 
Cl-Cl 58 
Br-Br 46 

1-1 36 
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It  has been suggested that the heavier halogens as well as other second 
or higher row elements may interact with an adjacent lone pair as electron- 
acceptor atoms by using d-orbitaW. This stabilizing effect may, in principle, 
overcome the destabilizing lone pair-lone pair interaction. 

Finally the strength of the carbon-halogen bond, which again depends 
on the halogen, has a large effect on reactions which involve the breaking 
(and the formation) of such bonds. 

B. Quantitative Evaluation of the Effects of Halogenslo 

The classical way to express the polar eEects is by the use of the 'sigma' 
(0) substituent constants. Because of the multiplicities of the effects there 
is a multiplicity of constants. They depend, empirically, on the method of 
evaluation and, theoretically, on. the kind of interaction with the molecule 
of which the substituent is part. 

The most common and frequently used constants of halogens are 
collected in Table 6. 

TABLE 6.  Substituent constants for halogens 

F c1 3 r  I CF3 Comments 

"{p" 0*337 0.062 

0-337 0.056 

rn 0.352 
p -0.073 

G I  0.52 

0.373 0.391 
0.227 0.232 

0.373 0.391 
0.238 0.265 

0.37 0.38 
0-27 0.26 

0-399 0.405 
0.114 0.150 
0.47 0.45 

-0.10 -0.07 
-0.20 -0.19 

0.352 
0.18 
0.352 
0.299 

0-35 
0.27 
0.359 
0.135 
0.38 

- 0.03 
-0-11 

0.42" From ionization of 
0.53 benzoic acids'l 
- 
- substituted benzoic 

Based on acidity of m- 

acids. Va!ues for para 
substituents evaluated 
through the Hammett 
equation by using an 
average p value13 

- From ionization of 
- ArCH,COOH l3 

- From solvolysis of t- 
b cumyl chlorides14 

0-33" From ionization of 
XCHzCOOH l5 

- Resonance polar effects 
- (00- a,). 

a Taken from reference 16. 
Values of a; ranging from 0.6 to 0-7 have been reportedl7-l9. 

The oZ parameter represents the polar interaction of the halogen 
through the bonds (inductive effect) and through space (field effect). As 
expected by the qualitative analysis above, the series of decreasing electron- 
withdrawing effect is F > C1> Br > I. 
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In first approximation the u,,~ parameters would give a similar sequence. 
However, the resonance interaction of the halogen with the n-electrons 
of the benzene ring causes deviations from the expected series although 
the carbon atom at which the side-chain is linked is nol formally modified. 
This effect, albeit small, is indicative of the weight of resonance interactions 
of the haiogens, in  particular fluorine. 

The up  parameters begin to give a clearer indication of how much the 
inductive effect of fluorine may be overweighted by the resonance efl'ect. 
The uI, of fluorine is very near to zero: apara-fluorine behaves almost like 
hydrogen. The different magnitude of resonance effects of the various 
halogens is given, even if in a n  approximate way, by the anL- up difference. 
As expected by the argument presented above, it decreases from fluorine 
to iodine, being very large with fluorine and smaller and smaller with the 
heavier halogens. 

A more rigorous evaluation of the resonance effect is given by the 
uyt values (u;< = a0- uI). The magnitude of the resonance effect is greater 
in the IT; constants, and again the behaviour of fluorine is striking. The 
D: value is in fact negative, i.e. fluorine becomes a better electron donor 
than hydrogen. For the other halogens the resonance effect is always quite 
large but the a: values never become negative. 

Because of the Iarge resonance effect of fluorine the statement found in 
many organic chemistry textbooks, 'halogens are deactivating, ortho- 
para-directing substituents in electrophilic aromatic substitution' is, in the 
case of fluorine, not correct since fluorine is often in fact an activating 
substituent. 

On the other hand, the great eleclronegativity of fluorine manifests 
itself in full in the strong electron-withdrawing cffect of the CF, group. 
As reported in Table 6, the a parameters of this group are very large and 
positive, greater than those of halogens. 

Furthermore, the ul, - a,, difference and the increased value of u;; 
suggested a hyperconjugative mechanism of interaction for this group, 
which may be represented by the structures 2. 

I I  I +/ 
CF,- C =C - t----f F-CF,=C-C, 

(2) 

The hyperconjugation of CF3 is formally the couiiterparl of the methyl 
hyperconjugation : 

1 ,  f -/ 
CH,-c=C, <-> H-'CH,=C-c, 

(3) 



6. Directing, activating and deactivating effects 307 

However, there are fundamental differences between the two 'hyper- 
conjugative mechanisms' which make the hydrogen hyperconjugation 
more feasible than that of fluorine. 

Simple MO considerations suggest that interaction of an occupied 
a-orbital, if properly oriented, with an empty p-orbital causes a lowering 
of the energy (Scheme 1) whereas the interaction of a o-orbital with a 

SCHEME 1. Hydrogen hyperconjugation in a carbonium ion. 

p-orbital both doubly occupied in first appraximation is zero or slightly 
energy increasing because of electron repulsion. Gain in energy may be 

+*-*--.++ ..... ++ 
SCHEME 2. Fluorine hyperconjugation. 

obtained if interaction with the a* orbital is taken into consideration. 
However, it is difficult to assess how effective this interaction may be. 

The progressive shortening of the C-F bond with fluorine substitution 
(see Table 7) was tentatively explained in terms of increasing double-bond 

TABLE 7. Carbon-halogen bond distances in halogen- 
substituted methanes6 

F 1.391 1.358 1.332 1-323 

C1 1.784 1.772 1-767 1 ~ 7 6 6  

Rr 1.939 1.930 

1-385 1.326 

1.781 1.761 

11 
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character of the C-F bond (see 4). This is not fully satisfactory since for 
one fluorine doubly bonded, there is another not bonded (i.e. one bond is 

F F 
(4) 

shorter but another longer) and it may be more simply accounted for by 
the increased positive charge on carbon, induced by fluorine substitutions, 
which increases the bond strength and hence shortens the bond length. 

One of the main arguments advanced in favour of fluorine hyper- 
conjugation was based on the values of u constants (Table 6). However, 
a more close scriltiny of these data may allow an alternative explanation. 
The u,-o, differences, even when the exalted a;; is considered, are not 
very iarge and moreover the upla, ratio is between 1.28-1-43, to be com- 
pared with the values of 1.14 5 0.05, taken by ExnerzO as typical when only 
inductive effects are operative, and 1-75-1.84 or even larger ratios (up to 
-2.6) when conjugation makes a contribution. The values for the CF, 
group are therefore in between the two limiting values, and by themselves 
do not rule out hyperconjugation, nor do they prove it. 

The alternative explanation offered (which can also be valid for hydro- 
gen hyperconjugation) is that the presence of a strong dipole outside the 
ring causes an induced polarization of the n-system which becomes more 
and more important when there is an electron-releasing group at the 
para position. 

2 0  -> $0 - 
(5) 

In conclusion, although fluorine hyperconjugation cannot be ruled out, 
theoretical and experimental arguments suggest that at least it has much 
less importance than once thought. 

Since alternative, simpler, explanations may be given to phenomena 
once attributed to hyperconjugation, it is probably better to rely on the 
latter and wait for more accurate and reliable theoretical calculations 
before taking fluorine hyperconjugation for granted. 

C. Anchimeric EfiecWl 
Halogens may .increase their covalence from one to two by formation 

of a n-bond (conjugative effect, see above) or of a second u-bond. This 
ability is shown by the formation of hydrogen bondszz, complexes with 
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Lewis acids23, dialkyl halonium salts24, and also by the formation of cyclic 
halonium ions25 among which the three-membered rings have great 
importance on the reactivity and stereochemistry of halogen-substituted 
compounds. 

The factors affecting the formation of the new bonds are not fully 
understood. Beside. the complex formation with Lewis acids, where the 
nature of the central atom may play a fundamental role, the series of 
hydrogen-bonding ability is F > Cl > Br =- I (see Table 8) whereas the 
series for three-membered ring formation is f > Br > Cl> F (see section 
11. A). 

TABLE 8. Thermodynamic properties22 of hydrogen bonds 
of phenol to cyclohexyl halides (RX) in CCI, solutionsa 

~ ~~ ~ ~~~ ~ 

- AH0 -AFgb -AS”’ 
X (kcaljmole) (kcaljmole) (caljdeg mole) 

F 3.13 1.31 6.1 
c1 2.21 0.87 4.5 
Br 2.05 0.85 4.0 
I 1.72 0.82 3.0 

a Determined in the near infrared. 
At 25°C. 

The charge density around the halogen may be important, particularly 
when weak bonds are formed, and this may be the reason why fluorine 
gives better hydrogen bonds than chlorine, bromine and iodine derivatives. 

On the other hand, different factors such as ionization potentials and 
strength of the bond should be more important when true bonds are 
formed. The two factors change in opposite ways from fluorine to iodine 
and the prevalence of either one may explain the different series observed 
in conjugative effect (n-bond formation) and three-membered ring 
formation (o-bond formation). 

Although the different nature of the bond in the two cases may be 
sufficient to explain the change in the series, it seems probable that other 
factors, such as the size of the halogens and their polarizability, cooperate 
in making the iodine a much better bridging atom than fluorine. 

I t  emerges from this general discussion that the ways in which halogens 
may affect the reactivity of the molecule of which they are part are varied 
and depend on a number of factors. Some typical, albeit not necessarily 
the most usual, reactions are discussed below. The aim was not to cover 
all possible reactions but to discuss at some length the most interesting 
cases. 
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I I .  EFFECTS ON CARBQNIUM IONS 

A. Effects on Stability 

series of substituted methyl cations, by studying the system : 
Taft and coworkers26*27 measured the appearance potential (A) of a 

CH,X + e- +CH,X + 28 + H (1 1 

The difference between the appearance potentials relative to CH, and 
X-CII, (see equation 2) could be a measure of the effect of the sub- 
stituent X on the stabilization energy (S.E.) of the cation. Relevant data 
are collected in Table 9. 

S.E. = - (AcH,x-AcH,) (2) 

TABLE 9. Stabilization energy 
(S.E.), relative to CH;, of 
substituted methyl catiom3’ 

Cation S.E. (kcal/mole) 

CH,CH; 3 7 + 3  
F-CHt 27 k 3 
Cl-CH;C 30+4 
Br-CH$ 37+ 5 
F,-CHf 26 
F3-Cf 14 

The stability of a carbonium ion is increased by substituting a halogen 
atom for the hydrogen. The order of stabilization is Br > C1> F, which is 
in some way surprising since it is generally accepted that fluorine has a 
greater conjugative effect (+ T )  than chlorine and bromine. However, the 
data reported above refer to the gas phase and it may not be correct to 
apply them to solution chemistry. Cases of structural effects in the gas 
phase which are different from the liquid phase are now well documenteda. 
For instance, the gas-phase acidities of some alcohols arezg in the order 
I-Bu > i-Pr > Et > Me, exactly the reverse of what is found in solution. It 
may well be that in the gas phase the size of the halogen atom, which takes 
over much of the positive charge of the carbonium ion, plays a major role. 

From the data of Table 9 it appears that multiple fluorine substitution 
leads to no further stabilization of the carbonium ion: in fact, CFB 
appears to be destabilized relative to FCHg and F,CH+ 27. However, a 
recent ab initio molecular orbital study of fluorocarbonium ionsSo indicates 
that although the energy gain is not quite as large as that obtained upon 
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introduction of the first fluorine, a second fluorine atom increases the 
stability of a methyl carbonium ion. The calculated total energies of the 
carbonium ions (in atomic units, a u . )  are reported in Table 10 together 
with their heat of formation. 

TABLE 10. Ab iriitio calculations of total energies of fluoro- 
carboniuni iom and their heat of formation30 

E AE AHf AAif f  
(a.u.) (a.u.) (kcal/mole) (kcal/mole) - 

L +261 - 
64 

53 

CHi- - 38-7917 -_ - 97.51 17 - 

- - 97-4899 - 
- FCH; - 136-3034 - + 197 

F&H+ -- 233.7933 - + 144 - 

The decrease in AE by difluoro substitution compared to monofluoro 
substitution of 0-0218 a.u. (or 13.7' kcal/mole) is in good agreement with 
the corresponding decrease in the experimental heat of formation change 
of 1 1  kcallmole. 

The discrepancy between the results of Baird and Datta30 and of Taft 
and coworkers27 has been attributed30 to neglect of the effect of substi- 
tuents on the neutral molecule. In fact Taft and coworkers27 compared the 
energy changes in the hydride abstraction reaction (equation 3) which 

CH4-n F, ~ > (CH,-, Fn)+ + H- (3) 

may not reflect the energy properties of the ion. As a matter of fact the 
ab itzitis calculations by Baird and Datta30 indicate that the bonding energy 
of the molecules increases with fluorine substitution. The increased 
strength of the C-H bond with a-fluorine substitution is also indicated by 
the shortening of this bond in passing from methane to  trifluoromethane 
(see Table 3). 

In the same calculation30 the C-F bond length in CH,F+ was evaluated 
as 1.25 A: this is very short for a linkage of this type (the average value in 
neutral fluoroethylenes and fluorobenzenes is3I 1-33 A) which is indicative 
of relatively strong dative .rr-bonding from F to C: 
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Recent calculations on fluoroethyl cationss2 showed that the l-fluoro- 
ethyl cation is 39.36 kcal/mole lower in energy than the 2-fluorczthyl 
cation. Moreover, the comparison of the relative energies for the process 
RH -+ R++ H-, taking this reaction with ethane as standard, gives relative 
energies for the production of CH,CH+F (-29.5 kca!/mole) and of 
CH,F-CHk ( + 9.9 kcalfmole), and therefore fluorine in OL position 
stabilizes and in /I position destabilizes the carbonium ion in respect to 
unsubstituted ethyl cation. The above data are in good agreement with 
those of Taft". 

Calculations of barriers to internal rotations in ethyl cations are quite 
interesting (see Table 11). The data show that the effect of the substituent 

TABLE 11. Calculated barriers to rotation in 
carbonium ions XCH,-C+H, 

Barriers to 

(kcal/mole) 
X rotation Reference 

H 0.00 33 
F 10.53 32 
c1 1-40 34 
CHs 2-52 35 
C E  ,F 2.1 1 35 
CH@H 0.9 1 35 

on rotational barriers is quite important. Rotation is hindered even in the 
unsubstituted propyl cation which is in contrast to  what was calculated 
for substituted propanes, where the barrier is independent from the 
s~bs t i t uen t~~ .  

The 2-fluoroethyl cation has a much higher barrier to rotation (10.53 
kcalfmole) than the chloro derivative (1.4 kcal/mole). Moreover, whereas 
the more stable rotamer of the 2-chloroethyl cation has the staggered 
conformation (7), the most stable structure of the 2-fluoroethyl cation has 
hydrogen eclipsing fluorine (8). The least stable conformation is the 
staggered one (9). 
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The staggered conformation, however, is the preferred one for the 
I-fluoroethyl cation where a very low barrier to rotation was computed 
(0-62 k~al/mole)~,. Dissection of the total energies into attractive and 
repulsive terms indicates that the barrier to rotation is dominantly attrac- 
tive in the fluoro cation and dominantly repulsive in the chloro cation. 

It has also been calculated3G that the potential surface connecting the 
2-fluoroethyl cation (10) with the 1-fluoroethyl cation (12) through the 
hydrogen-bridged protonated fluoroethylene (11) does not present any 

(1 0) (14) (1 2) 

local minimum and hence the bridged ion is not an intermediate. The 
bridged ion is calcuiated to be !2*! kcal/mole zxi'c ;::bfe ihzn the 
classical 2-fluoroethyl cation. Moreover, the energy for production of 
bridged protonated fluoroethylene is 7-8 kcal/mole lower than that re- 
quired for the production of protonated ethylene3'. 

Other information on the relative stabilities and geometries of halo- 
carbonium ions comes from n.m.r. studies. Olah and Comisarow38 
observed that by treating dimethyl or methylphenyl dihalomethanes with 
SbF, in SO, at -70" the corresponding halocarbonium ions are formed. 

X 
I SbF, ,SO,  4- 

1 
X 

(13) (1 4) 

R-C-CH, 
I 
X 

-70" ' R-C-CH, 

X = F, 01, Br 
(13a) and (14a): R = CH3 
(13b) and (14b): R = C,H, 

The proton resonances in 14 (see Table 12) are considerably deshielded 
from those of precursors 13 and the deshielding depends on the halogen 

TABLE 12. Chemical shifts of methylhalo- 
carbonium ions 14 and precursors 13 

X 

F c1 Br 

13a 1.30" 1-89 2-38 
14a 3.83" 4.06 3-82 
13b 1-62" 2-30 2.7 1 
14b 3.46" 3.72 3.82 

a JCII,-F (Hz): (13a) 17.6; (14a) 25.4; (13b) 17.8; (14b) 22.8. 
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(F>Cl>Br) and on the ability of R to stabilize the carbonium ion. 
Similarly, diphenyl chloro and fluorocarbonium ions (15) were obtained 
from diphenyldihalomethanes. 

+ 
C,H,-C-C,H, 

I 
X 

(15) 

X = F, CI 

It is interesting that dimethylfluoro and c,,.arocarbonium ions (14a; 
X = F, Cl) were stable even at -3O", whereas the bromo-derivative 
(14a; X = Br) is only stable below -70"; above this temperature bromine- 
fluorine exchange is observed. It is not known whether this ion is in- 
herently unstable because of a lesser amount of charge delocalization onto 
bromine or because of low C-Br bond strength compared to that of 
C-F and C-Cc!. The methylphenylhalocaibonium ions (14b) were also 
stable at - 30". 

The study of fluorine resonance gives further information : by changing 
the groups at the sp2 carbon from dimethyl to diphenyl (16) the fluorine 

+ 
R-C-R' i- R-C-R' 

I1 
'F 

I 
F 

(1 6) 

resonance moves progressively to higher fields as the delocalizing ability 
of the remaining groups on the central carbon atom increases (see 
Table 13). 

TABLE 13. 19F resonance of fiuorocarbonium 
ions (16) 

R R 4 Aa 

C6H5 CsH5 - 11.26 - 100.87 
C,H, CH3 -51.48 - 140.17 
CH3 CH3 - 181.91 - 266.84 

0 A is the difference between the fluorine shift of the ion and its precursor (in 

Reaction of SbF, in SO, with para-substituted benzotrifluorides (17) 
yields the corresponding cations 18. The resonances of the +CF, groups 
for 18 are reported in Table 14 together with CF3 resonances of benzotri- 
fluorides 17. 

p.p.m.). 
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SbF,, SO, 8 -30° 0 

TABLE 14. Chemical shifts of substituted 
benzotrifluoride Cp-XC6H,CF3, 17) and the 
corresponding aryldifluorocarbonium ions (18) 

H 63-63 - 11.99 - 75.62 
F 62-92 - 6.77 - 69-69 
c1 63.49 - 8.61 - 72.10 
Br 63.54 - 8.78 - 72.32 

The differences in chemical shifts of fluorine resonance in 17 and 18 
(see last column of Table 14) decrease followiiig the series: X = 
F < C1= Br < H. This would mean that in this system all three halogens are 
electron donors with respect to hydrogen. 

The study of equilibrium (4) shows that the p-F group does, in fact, 
stabilize the resulting carbonium i o r ~ ~ ~ * ~ ~ ,  (see Table 15), since the pK,,+ of 

(4) 

triphenylcarbonium ion (-644)a is slightly increased to - 6  for the 
tris-(p-fluoropheny1)carboniuin ion39*40. The rfi-fluoro substitution is 
destabilizing39. The tris-(p-chloropheny1)carbonium ion on the contrary is 
less stable than the triphenyl carbonium ion4?. This is at variance with 

Ar,C-OH + H,O+ 7 Ar,C' + 2 H,O 

TABLE 15. ~ K R +  values for phenyl- 
carbonium ions 

PICE+ Reference 
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what is found for deshielding of CF: resonance in para-substituted phenyl 
difluorocarboniuin ions. It once again emphasizes the p ~ i n t ~ ~ ~ " ~  that the 
resonance effect of substituents (quantified generally as u+ or 0- constants) 
changes with the electronic requirement of the reaction centre which in 
turn also depends on the reaction media. 

On the basis of the inductive effect, a jl-halo carbonium ion should be 
destabilized in respect to the unsubstituted term. The results of calculations 
on the relative stabilities of fluoroethyl cations confirm this hypothe~is~~.  
However, kinetic and stereochemical studies suggest that a /%halogen 
substituent may stabilize a carbonium ion by bridging 
cyclohalonium ion: 

and forming a 

The relative stabilities cf bridged ions compared to the corresponding 
oper ions seem to vary with the halogen, whose bridging ability follows 
the series I > Br > C1> F, and with the ability of the a-groups to disperse 
the pcsitive charge. Direct evidence of bridged ions has been presented 
by Olah and coworkers4M6. 

Treatment of 1-fluoro-2-iodo (19, X = I) or 1-fluoro-Zbromo ethane 
(19, X = Rr) with antimony pentafluoride in sulphur dioxide at  -60" 
results in the formation of the corresponding ethylene iodonium (20, 

SbF, 
F--CHz--CHz--X so,; -6,,o+ HZC-CHQ \+/ 

X X=I ,  Br 

(1 9) (20) 

X = I) or bromonium (20, X = Br) ions". This conclusion was based on 
(i) a sharp singlet in the lH n.m.r. spectrum, indicating loss of fluoride and 
production of equivalent methylene groups; (ii) downfield shifts of the 
methylene protons; (iii) isolation of 1-methoxy-2-halo-ethane on solvo- 
lysis of 20 in methanol. 

More recently' the 13C shift of the ethylene bromouium ion has been 
measured in SbF5-S0, solution: ;he value obtained (120.8 p.p.m. from 
13CSJ differs greatly from the calculated value (13 p.p.m.) for an open, 
rapidly equilibrating, pair of primary carbonium ions (21) whereas it is in 
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reasonable agreement with the predicted chemical shift of 125 p.p.m. fcr a 
cyclic ethylene bromonium ion (20, X = Br)47. 

1 -Chlor0-2-fluoroethane does not give in SbF,-SO, solution at - 60" 
the ethylene chloronium ion, but shows a lH n.m.r. spectrum attributed 
to a complex (22). Heating of the solution results in the formation of an 

SbF, +- FCH,CH,CI 

unknown substance and of protonated acetzldehyde in nearly equal 
amounts. Protonated acetaldehyde is also formed on treating with 
SbF,-SO, 1,l-dichloro and 1 , l -dibr~moethane~~.  

Similarly, 2-fiuoro-1-iodo (23, X = I) and 2-fluoro-1 -bromopropane 
(23, X = Br) form stable cations in SO,-SbF, at -6O", whereas 1,Z- 
dichloropropane gives polyrneri~ation4~. 

(22) 

Since primary or secondary alkylcarbonium ions are not stable in these 
conditions and it is apparent that alkylcarbonium ions bearing a ,€?-halogen 
atom should be even less stable, the formation of the cations is in itself 
evidence for the cyclic nature of propylene iodonium and bromonium ions 
(24, X = I, Br). 

Evidence for a cyclic iodoniuni ion is also provided by the ionization 
of erythro-dl- (25) or threo-dl-2-iodo-3-fluorobutane (26). This reaction is 
at least 95% stereospecific. Thus 25 produces an ion 27, to which the 
traits configuration could be assigned, which on reaction with methanol in 
the presence of' solid potassium carbonate produces erytlzro-dl-2-iodo-3- 
methoxybutane (28), almost without contamination with the other 
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E+F ' 

Br$; 

CH3 
(31 1 

CH3 

stereoisomer (see equation 5; in this and following equations only one 
stereoisomer of the dl pair is shown fcr sake of simplicity). 

Similarly, 26 gives the cis dimethylethylene iodofiium ion (29), which on 
reaction with methanol affords threo-ril-2-iodo-3-methoxy butane (30) 
(equation 6). 

"&EH 3 

I$; SbF,, SOzt 

CH3 
-60 

CH, 

(26) 
(29) 

CH,OH J K2C0,,-78 

CH3 

I q f O C H 3  

CH3 

B ri B r+ 
SbF,, SO, ~ H*CH3 + H$'H C H W  > 

CH3 H CH3 CH3 
70% 30% 
(33) (34) 

-60" to -80 
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It was not stated whether equilibration occurs during ionization or 
after the formation of the bridged ion. Warming 33 and 34 at -40" for 
5 min causes 1 ,Zmethyl shift to give the 1,l-dimethylethylene bromonium 
ion (37). 

Ionization of eryriiro-dl- and t/rreo-dl-2-fluoro-3-chlorobutane (38) results 
in immediate rearrangement to a 40 : 60 mixture of ions 39 and 40. It is 
not known whether a chloronium ion is involved in the rearrangement4G. 

+,CH, 
CH,--CH,-C, 

CI 
(40) 

The results reported above for halobutanes may be explained assuming 
that the iodonium ions (27 and 29) are stable. The bromonium ions (33 
and 34) are in equilibrium with the corresponding open ion, although 
cyclic structures are favoured; whereas the chloronium ion is, possibly, 
only an intermediate along the path leading to the rearrangement products 
39 and 48. 

By treating 2-fluoro-3-bromo-2,3-dimethylbutane (41) with SbF, in 
SO,, the corresponding bromocation is obtained. lH n.m.r. spectrum 
shows that the methyl groups are all equivalent. However, the 13C chemical 
shift of the tetramethylethylene bromonium ion is + 55.2 (from 13CSJ 47, 

(41) X = Br 
(42) X = CI 
(43) x = I 

that is 65.6 p.p.m. to low field of the ethylenebromonium ion. For com- 
parison, the 13C shift of tetramethylethylene oxide is 21.2 p.p.ni. to low 
field of ethylene oxide47. An open equilibrating ion is expected to give a 
shift of about - 10 p.p.m. The observed chemical shift was explained by 
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assuming that the ion exists as a 1 : 1 mixture of 4 4  and 45 or that the ion 
is present in a rapidly equilibrating pair of partially bridged ions. 

CH3, ,CH3 CH3, ,CH3 
CH3Nc\ZC\ CH3 < i  C 'rf 3Hc*TF \C H 

Br 
(46) 

It is interesting to observe how the incrcased stability of the open 
carbonium ion (passing from a secondary to a tertiary) favours tt;; open 
structure. 

The ions obtained from 2,3-difluoro, 2-fluoro-3-chloro (42) and 2-fluoro- 
3-iodo-2,3-dimethylbutane (43) have agair, lH n.m.r. spectra in which the 
four methyls are equivalent. However, the chemical shift in the case of 
fluoro compound rather suggests that the ion may be repesented as a 
pair of rapidly equilibrating open ions. 

(474 (47b) 
The bridged fluoronium ion may, in principle, take part in the equili- 

brium, but it may also be a representation of the transition state of the 
transformation of 47a into 47b. 

Simple considerations based on the lH n.m.r. shifts indiczc that the 
chloro and iodo cations may have the bridged structure. However the 
13C n.m.r. spectrum discussed above for the bromine derivative suggests 
that conclusions based only on IH n.m.r. data are not always unambiguous. 
Pnssibly the tetramethylethylene iodonium ion has a bridged structure, 
as it is also suggested by the results obtained with 2-fluoro-3-iodo-2- 
methylbutane (48). It gives an ion (49) in which the geminal methyls have 
different resonance (- 3-23 and - 3.426) as required by a cyclic structure. 

H 
CH3 
I SbF,, SO, CH3, 

C H 3- C I I  - C H - C H CH,?%+, 
F I  

(48) (49) 
The corresponding chloro and bromo derivatives show only one 

resonance absorption for the geminal methyls, Either they are made 
equivalent by a fast equilibration (equation 7) or they happen to have the 
same chemical shift. In this case also a 13C study would be desirable. 
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Another example of the importance of the inherent stability of the open 
structure in affecting the balance between open and bridged structures is 
given below. 

It has been shown48 that the P-bromocumyl cation (49a) cannot have a 
symmetrical bridged structure (49b), since the methylene protons are 
equivalent and the13C shift (49a; X = H = - 37.9, p-CH, = - 28.0, p-CF, = 
-44.4 p.p.m. from 13CSz) of the sp2 carbon is distinctly different from that 
of the bridged ethylene bromonium ion (120.8 p.p-m.) *'. 

( 4 9 4  (49b) (50) 

Moreover, in the series 49a from X = p-CH, to X = p-CF, the bridging 
becomes most important for the p-CF, derivative for which stabilization 
from the phenyl ring is least. However, equilibration between an open (50) 
and bridged ions (49a or  49b) could probably also explain the reported 
13C sbift48. 

From what is reported above it emerges that bromine and iodine easily 
give three-membered cyclic bromonium and iodonium cations whereas 
chlorine and particularly fluorine are reluctant to behave in the same way. 
This general trend is supported also by the observation that l-halo-2- 
fluoro-2-methylpropanes (51) with SbF, in SO, give cations which in the 
case of iodo and bromo derivatives appear to be cyclic halonium ions 
(52, X = Br, I). In the case of the chlorine derivative the cation is certainly 
open (53). Finally, the corresponding fluoi-o cation, obtained by another 
route (54-+55), undergoes a rearrangement to the more stable methyl- 
ethyl Auorocarbonium ion (56), possibly because of the combined factors 
of inability of fluorine to give a three-membered cyclic fluoronium ion and 
the destrsbilization of the carboniiim ion by J3-fluorine substitution. 

An indirect evaluation of the relative stability of /3-halogenocarbonium 
ions was obtained4, by following the fate of l-halogeno-2-methyl-2- 
methoxypropanes (57) when treated with FS0,H-SbF, in SO, at - 60". 

For 57, X = C1, the protonated ether (58) slowly undergoes loss of 
methanol to give the open cation (53); for 57, X = Br the loss of methanol 
is faster and the cyclic ion §9 is formed. Finally in the case of the iodo 
compound (57, X = I) the protonated ether cannot be observed because 
of very fast formation of the cyclic iodonium ion 60. 

The examples reported above stress the different abilities of the halogens 
to give bridged ions. I t  is also shown that the importance of cyclic struc- 
tures increases with decreasing stability of the open carbonium ion. A 
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H CH, 
I 1  

I I  
H CH3 

(53) 

(51) X=CI W CI-C-Cc 

CH3 x = CI 
I 

I C H 3 S / C H 2  +H-0-CH; 

+ CH3-C-CH2X TGz (53) 
FS0,H-S b F, 

CH3 I 
I 

OCH3 

X = Br, CI 

CH3-c-cH2X SO,, -600 

CH3 B r f  

(59) 
(57) (58) 

further example is offered by the ob~erva t ion~~ that the cations obtained 
from compounds 61 and 63 have the bridged structures 62 and 64. In this 
case, possibly because of the great instability of the open ion, even chlorine 
gives a stable cyclic ion. 

Xf 
S b FS-SO, / \  

(62) 
x = CI, I 

Sb F&Oz / \  

CH,=C-CHP -70" ' CH,=C-CF?, 
I I  
x CI 

(61 1 
x = CI, I 

CH,=C-CH, 
I I  
Br Br 

(W 

6 r+ 
C H,=C-CH;? 

(61) 
-70' ' 
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When the halogens are further removed from the cationic centre, they 
may still give cyclic ions, particularly when medium size rings are formed. 

By the action of SbF, in SOz on 1,4-dichloro-, 1,Cdibroino- and 
1,4-diiodo-butanes (65) the corresponding tetramethylene halonium ions 
(66) were obtainedM* 61. 

Also in this caseGo, reaction of 1,Cdifluorobutane gives Gnly unidenti- 
fiable specks, with no absorption interpretable as arising from the 
tetramethylene-fluoroiiium ion. 2-MethylG0, 2,2-dimethy151 and 2,5- 
dimethyl-50tetramethylene-halonium (X = C1, Br, I) ions have been pre- 
pared according to the reactions shown below: 

SbF, ~ AT) CH,OH 
Br 

(69) 
Br 

c'J-L Br so, 

(67) (68) 

CH3, ,c=c, /* I 
CH, CH,CH,X 
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Protonation of 5-iodo-1-pentyne (79) in ‘Magic Acid’ gives an n.m.r. 
spectrum indicating the formation of a five-membered ring iodonium ion 
(80)51. 

FSO,H, SbF, 
CH =C(CH,),I ’ so,, -la 

H (79) 

Reaction of 5-chloro and 5-fluoro-I-pentyne in the same solutions gave 
uninterpretable spectras1. 

Another aspect of how the halogens may affect the stability of a positive 
centre is offered by studies of halobenzenonium ions which have been 
obtained by protonation of halobenzenes in SbF,-FS0,H 62 or HF- 
SbF, 53, 54 solutions. Since the properties of arenonium ions have been 
recently reviewed55 we will deal only with some peculiar behaviour of 
halotoluenes and haloxylenes. 

Protonaticn of halotoluenes affords a mixture of three isomers in ratios 
depending on the nature of the halogen (see Table 16). 

& 5 

X 
4 

(81 1 

TABLE 16. Percentage of protona- 
tion occurring at the various posi- 

tions of 3-halotoluenes 

X 2 4 6 

Br 3 41 56 
c1 2 40 58 
F - 11.5 88.5 

The preference for protonation para to one of the substituents was 
also observed in other systems55. It  is obvious, from inspection of Table 16, 
that the directing power of the fluorine is greater than that of CH,, 
whereas that of C1 and Br is of the szme order of magnitude. In the 
5-halo-rn-xylenes (82) a similar behaviour was found (see Table 17)53. 
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(821 

TABLE 17. Percentage of proto- 
nation occurring at the various 
positions of 5-halo-m-xylenes 

(82)63 

Br 66.6 33.5 
c1 64.0 36.0 
F 16.5 83-5 
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The basicities of the three positions are almost equivalent for the 
chloro- and bromo-derivatives. In the fluoro compound, however, the 
2-positionY para to the halogen, is about ten times inore basic than the 
other two  points of possible attack. 

B. Effects on Reactivity 

I. Electrophilic additions to halogenoethylenes 
The ionic addition of acids to alkenes is initiated by the attack of a 

proton on e double bond with the subsequent formation of the more stable 
caibGiiium ion56. I t  is expected, in the lizht of the above discussion, that 
proton addition to haloolefins would give the a-halogeno carbonium ion. 

Between 1928 and 1940, Kharasch and coworkers5' conducted a long 
series of comparative experiments on the mechanism of the addition 
reactions of KC1, HBr and HI on CH,=CHCl. They concluded that the 
additions of HC1 and HI, although at somewhat different rates, occur by 
similar mechanisms which do not involve radical chain reactions. On the 
other hand, the addition of IiBr may involve chains, in which Br is the 
chain carrier. The eft'ect of peroxides on the mechanism and rates was 
explained and it was found that the ionic addition of the three halogeno 
acids to vinyl chloride gave 1,l-dihaloethane as the only product, provided 
the HBr addition was run in the presznce of added salts such as FeCl,. 

The addition of HCl to vinyl chloride in the gas phase has been recently 
checked and found by V.P.C. to give only 1,l-dichloroethane without a 
trace of the 1,2-i~onieI.5~. Similarly, ionic addition of HBr and HI to 
1 ,I-difluoroethylene gives 1 ,1,1-trihal0ethane~~. 
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HBr 
CH,-- C F,- Br 

CH,=CF2 z' @4) 

(85) 

> CH3-CF2-I (83) 

The l-chloro-2,2-difluorethylene adds HI to give as the only product 
l-chloro-2-iodo-2,2-difluoroethane : qualitatively, the reaction occurs at a 
rate much slower than addition to 83. HF addition to haloalkenes follows 
the same general features, giving products derived from proton addition to 
the carbon bearing Iess halogensE0. 

It  is interesting to compare the addition of hydrogen halides to l-halo- 
propenes. The HF addition to 1-chloropropene (86)01 gives a mixture of 
87 and 88. 

CH3-CH-CH -CI 
I 1  

CH3-CH -CH -CI 
I I  
F H  

(88) 

The yield of 88 is about twice that of 87. Similarly5', the addition of 
HBr, HCl or HI to l-bromopropene (89) gives 90 and 91 in a ratio of 
about 1 : 2. This means that chlorine and bromine have a directing effect 
similar to that of methyl. 

The addition to 3,3,3-trifluoropropene of H C P  gives as the only product 
the compound 92. 

CH,-CH,-CHBr-X 

CH,-CH=CHBr + HX + (90) 
CF,-CH--CH, 

I I  
H CI 

CH3-CH -CH,Br 
I 
X 
(91 1 (92) 

(89) 

X = CI, Br, I 

It is evident that the strong electron-withdrawing effect of the CF, 
group directs the formation of the cation a t  the atom away from the carbon 
bearing the substituent. When the substituents are halogens, the conjuga- 
tive effect overcomes the inductive electron-withdrawing effect and favours 
the formation of the carbonium ion at the or-carbon. 

As far as reactivity is concerned, qualitative evidence s ~ g g e s t s ~ ~ - ~ l  
that halogen substitution decreases the reactivity of a carbon-carbon 
double bond towards electrophiles. For instance, perfluorobut-2-ene is 
unreactive towards hydrogen halide additions"". On the other hand, the 
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gas-phase addition of HI to vinyl chloride was estimatedG3 to be faster 
than to ethylene although ten times slower than to propene. 

More recently Peterson and Boppa measured the iates of CF,COOH 
addition to 2-halopropenes and the data are given in Table 18. The rates 

(93) 

TABLE 18. Rates of addition to 
2-substituted propenes (93) of 

CF,COOH at 60" O4 

~ 

X k x lo5 kx/kH 
(s -9 

H 4-81 1 
F 340.0 71 
c1 1.70 0.35 
Br 0.395 0.082 

decrease in the order F> H > C1> Br, showing that fluorine is actually an 
activating group in electrophilic additions. 

2. Effect of a-haiogeno substitution on solvolysis 
G5 and it 

was predictedG6 that a-chlorine substitution would decrease the activation 
energy of formation of carbonium ions. 

The rates of the hydrolysis of benzylic halides in 50% aqueous acetone 
are collected in Table 19. The rates of hydrolysis were assumed to refer to 
SNl reactions although a contribution to the rates by SN2 displacement 
was not ruled out with certainty. This could be responsible for some 
irregular trends which arise when the behaviour of trihalo and dihalo 
compounds is compared. 

The replacement of an a-hydrogen by chlorine causes increased reac- 
tivity. This is also generally true for bromine. However, the effect of an 
a-fluorine atom is very much smaller than that of or-chlorine and a-bromine 
and it may even be of a deactivating nature. The fluorine behaviour is 
not fully understood ; perhaps ground-state stabilization (see section I. B) 
might be responsible for the low reactivity. 

The accelerating eflect of the or-halogen is attributed to the resonance 
stabilization of the carbonium ion, which is expected to be greater for 

Solvolytic reactions are affected by a-halogeno s ~ b s t i t u t i o n ~ ~  
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TABLE 19. Rates of hydrolysis of a-halogcno benzyl halides 
(C,H,-CCR1R2-X) in 50% aqueous acetone at 30° 

R1 Ra X k x  104 Ea Reference 
(min-') 

H H 
H c1 
c1 c1 
F F 
H H 
H C1 
H Br 
c1 c1 
c1 Br 
Br Br 

c1 
C1 
c1 
c1 
Br 
Br 
Br 
Br 
Br 
Br 

0.223 21.2 
2.3 23-3 

110.0 20-5 
0.0419 21.2 
5.68 19.1 

31.1 21.9 
6.85 24.6 

2 120.0 19.2 
1800.0 18.2 
1 130.0 20.1 

67 
67,68 
67,68 
69 
67 
67 
67 
67 
67 
67 

chlorins than for bromine due to the greater ease of double-bond formation 
with the former halogen. 

The stabilization effect of chlorine was found to depend on the solvent70, 
being less important in SO% ethanol than in 50% acetone, and on the nature 
of substrates, being less in benzhydryl chloride than in benzyl chloride. 
This is not surprisirrg, since other factors, such as solvation and aryl 
substitution, may help to disperse the positive charge on carbon and there- 
fore less participation by chlorine will be required. 

Inspection of Table 19 shows that the replacement of the &-hydrogen 
by chlorine in C,H,CHBr, increases the solvolysis rate 263-fold whereas 
the replacement of or-hydrogen by chlorine in C,H,CHBrCl increases it by 
only 68-fold. 

Apparently, the magnitude of increase in reactivity upon introduction 
of a second halogen atom depends on the nature of the groups already 
linked to the reacting centre : i.e. with a better resonance electron-donor 
group (Cl) present the substitution of hydrogen by halogen will produce a 
smaller increase in reactivity. This point has been tested in other 
and even retarding effects were observed, as shown for example ia the 
rates of solvolysis of chloro-substituted dimethyl ethers (Table 20). 

TABLE 20. Rates of solvolysis of 
chloro-substituted dimethyl ethers in 

Et,O/EtOH ( 1  : 1) at Oo 

Substrate k x lo6 
(s -9 

CH3- O-CH2-C1 1210 
CH3-O-CHCI 2 30 
CH,-O-CCI, 0.46 
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A similar behaviour was qualitatively found for methyl fluoromethyl 
ether, which hydrolyses within minutes in aqueouq methanol at room 
temperature7,, and for methyl difluoromethyl ether which does not 
solvolyse in CH,OH at 35" over a day73. 

This behaviour was exp1ained7l by invoking ground-state stabilization. 
A second explanation, or rather a second factor which comes into play, 
is that the OCH,, being a very good electron-donor group, will take most 
of the positive charge. Therefore the conjugative interaction of the halogen 
will be decreased. 

That this could be the case is suggested also by results of Olah and 
coworkers74. They ohserved cis-trans isomerism in halogeno-methoxy 
carbonium ions. In fact, when a,&-dichloro- or a,a-difluoro-methyl 
methyl ether are dissolved in SbF,-SO,, solutions at low temperature 
give 1H p.m.r. spectra indicating the formation of the methoxyhalo- 
carbonium ions (95) and (96) and showing that in these ions most of the 
positive charge is on oxygen. 

(a) X = F 70% 30% 
(b) X = CI 80% 20% 

(95) (96) 

3. Effect of P-halogeno substitution o n  solvolysis 
The solvolysis of 2-X-cycIohexy1 aryl sulphonates in CH3COOH was 

studied by Winstein, Grunwald and coworkers75 and the effect of 
8-halogens discussd in a series of classical papers on neighbouring-group 
participation. 

In Table 21 some data are reported showing the effect of j3-halogens on 
solvol ysis. 

TABLE 21. Effect of trans-p-halogens on the reactivity 
of cyclohexyl aryl sulphonates in CH,COOH at 25" 75 

C1 0 . 9 4 ~  I0-j  - 0-94 x 
Br 7 . 1 2 ~  383 1-87 x lo- '  
I 1120 1.7 x lo6 6.7 x lo-' 

The overall rate coefficient (k) was dissected in direct (k,) and assisted 
(kA) ionization steps (see equation 8). 

The ratios Ic,/k, show that halogeno substitution decreases the rates of 
unassisted reactions following the series C1> Br > I as expected from their 
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x 

X = Br, CI, I 
Y = OTS, OBS 

X+ 
\"/ /c--c, 

electron-withdrawing power. On the other hand, the assisted route makes 
the overall rate for iodo compounds greater than that for the unsubstituted 
ones and that for the bromo derivative not as low as could be expected on 
the basis of the inductive effect alone. The entity of neighbouring-group 
participation is better shown by the ratios k,/k, which indicate that 
/?-chlorine is not able to participate contrary to or-bromine and in particular 
to a-iodine. 

The participation of p-halogens in the above reaction has also been 
studied by Streitwie~er'~. He found that the reactivities of secondary alkyl 
and cis-Zsubstituted cyclohexyl systems define a straight line when plotted 
against the appropriate Taft u* 15. The points related to a participating 
neighbouring group fall above the line and their distances are a measure 
of anchimeric assistance (see Table 22). The values obtained in this way 

TABLE 22. Acetolysis of 2-substituted cyclohexyl- 
brosylates at 75" 

Substituent (X) kxlkn kobs/karlc 

cis-ZC1 1-27 x 10-4 - 
cis-2-Br 1-24 x 10-4 - 
trans-2-C1 4.80 x 10-4 - 
traans-2-Br 0.101 450 
trans-2-1 1 170.0" 1,500,000 

a 2-Iodocyclohexyltosylates at 23-6°C. 

for the anchimeric effect of trans-2-Br and trans-2-1 groups are somewhat 
different in absolute magnitude from those reported by Winstein and 
G r ~ n w a l d ? ~  but the trend is very much the same, indicating that the iodine 
is more effective than bromine as a neighbouring group. 

It should also be pointed out that in this case the assistance by /3-halogens 
depends on the requirements of the reacting centre. For instance, solvolysis 
of tertiary chlorides shows a smaller participation by /3-halogens: in 
particular, the increase in rates due to a ,&iodine is only 740-f0id'~. 

CH3 
I 

CH,-C-cHz 
I I  
CI x 
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4. P-Halogenocarbonium ions via halogen addition 
To explain the fact77 that bromination of maleic and fumaric acid occurs 

in a stereospecific anti fashion, Roberts and Kimbal17* proposed that the 
bromine addition involvcs the formation of a cyclic bromonium ion. This 

Br 

conclusion has been extended to other alkenes and halogens, generalizing 
the formation of cyclic halonium ions in the additions of halogens to 
alkenes. Recent studies, however, clearly show that electrophilic additions 
to double bonds are not typically stereospecific and t7ri?z. 

Elegant work by Yates and coworkers7m2 showed that whereas in all 
the solvents studied bromine additions to cis- and trans-Zbutenes are 
completely stereospecific and ariti, the additions to ring- and side-chain- 
substituted styrenes are non-stereospecific (see Table 23). Moreover, the 

TABLE 23. Stereochemistry of bromine 
addition to alkenes in CH,COOH 

Alkenes % anti 
addition 

H 
73 

H\ / ,c=c\ 
Ph Me 

Me 
83 H, / ,c=c\ 

Ph H 

68 Me, ,Me 
Ph H 

,c=c\ 

Me, /c=c, /H 63 
Ph Me 

H 
H, /c-c, 100 
Me Me 

100 H\ ,Me /c=c, 
Me H 
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stereochernisty of bromine addition to cis (97) and trans (98) I-phenyl- 
propene was founds1 to depend on the solvent (see Table 24). 

TABLE 24. Solvent dependence of stereo- 
chemistry of bromine addition to cis (97) and 

trans (98) l-phenylpropeneel 

% anti addition to Dielectric 
Solvent constant 

97 98 

CH,COOH 73 
HCCI,-CHCI, 66 
CH2Cl2 70 
(CH,CO),O 49 
CoH~iNoz 45 
CCl," 83 
CDCl," 78 
CHZC12" 74 

83 
85 
87 
83 
82 
88 
84 - 

6.2 
8.2 
9.1 

21.0 
35-0 
2.2 
4-8 
9.1 

From reference 83. 

A marked decrease of anti addition to the cis compound (97) was 
observed in the solvents of highest polarity, the additions in acetic anhy- 
dride and nitrobenzene being virtually non-stereoselective. The results for 
the trans-1-phenyl propene (98) show, on the other hand, a much smaller 
dependence on the nature of the solvent. Similar results were found for 
bromine addition to cis and trans ~t i lbenes~~ .  

The stereochemical results clearly show that whereas the brcjmination 
intermediate from cis- and trans-Zbutenes has the bridged bromonium 
ion structure proposed by Roberts and Kimbal17s, that formed by addition 
to phenyl-substituted olefins, such as styrenes or stilbenes, cannot be of 
the same nature. However, also in these cases, some bridging interaction 
must be present in the intermediates, since open and freely rotating 
carbonium ion intermediates would be expected to give rise to the saine 
product distribution from either a cis or trans starting material. 

The above results are consistent with an unsymmetrical bridged inter- 
mediate (99) in which there is a weak interaction between the carbonium 
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ion and the F-bromine, which is, however, strong enough to prevent free 
rotation. Since the interaction is weak, the barrier to rotation may be 

P h,+ ....... 2 B r  
,c-cr 

easily overcome, particularly in the more polar solvents where open- 
charged species such as benzylic carbonium ions can be more effectively 
stabilized. 

The fact that the stereochemistry of the addition to the cis olefin is more 
sensitive to  solvent polarity than that to the trans olefin may reflect a 
greater driving force for rotation around the C-C bond in the inter- 
mediate (100) from the cis olefin due to  partial eclipsing of the adjacent 
methyl and phenyl groups. 

Br Br 

Kinetic evidence for an unsymmetrical charge distribution at the 
transition state for bromine additions to styrene systems has also been 
reportedB2. 

Substantially similar results were reported by Hassner and coworkers85 
for the addition of BrN, to alkenes in methylene chloride-nitromethane. 
The addition to cis- and tram-2-butenes gives respectively the tlrreo and 
erytliro adducts 101 and 102. On the contrary, the addition to cis$- 
deuteriostyrene (103), followed by reaction of the adduct 104 with 

Br Br  

potassium-t-butoxide in ether, affords a 1 : 1 mixture of cis- and trans- 
deuterated vinyl azides (105 and 106). This implies the formation of an 
open, or partially bridged, p-bromo cation. 

In agreement with the different ability of bromine and iodine to  give 
bridged ions, the addition of IN, to 103, after reaction with t-BuOK, 
afforded the a-azido-trans-/3-deuterio styrene (108) in 96% yield85. 
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,.H BrN, I-BuOK N3, ,H 
H, > C,H,-CH-CHDBr - /c=c, 

C6HS D I D 
/c=c, - 

IN3 
(1 03) 

These results suggest the 

N3, ,D ,c=c, 
C6HS H 

formation of a cyclic iodonium intermediate _ _  
(109), which does not equilibrate readily to an open carbonium ion, as 

(109) 

does the aialogous bromonium ion, despite the presence of a phenyl 
SOUP- 

The addition of chlorine to cis- and trans-2-butene has been found to 
occur exclusively anti in n ~ n - p o l a f l ~ . ~ ~  as well as in acetic acidss solutions. 
This was taken as an indication of chloronium ion formation (110 from 
trans-2-butene). However, the data to hand do not rule out an intermediate 
of the kind proposed by de la Mares9 (Ill), provided the interaction indi- 
cated by the dotted line is strong enough to preclude rotation around the 
C-C bond before the attack of the nucleophile. 

CH3 H 
H v C H 3  

The addition of chlorine to 1-phenylpropene occurs in a different way 
(see Table 25)88. The products obtained are those expected for carbonium 
ion reactions as shown by the formation of solvent-incorporated adducts 
(112 and 113) in CH,OH and CH,COOH. The lack of stereospecificity 
indicates an open, rather than a bridged, ion intermediate. 

Moreover, the dichloride formed in largest quantity is usually the syn 
addition product. Preferential syn collapse is not unreasonable if ion pairs 



6. Directing, activating and deactivating effects 

TABLS 25. Stereochemistry of 
chlorine addition to cis (97) and 

trans (98) -l-phenylpropenesS 

Solvent 
% anti addition to 

98 97 

CCI, 46 31 
CH2CI, 66 26 
AcOH 41 a 25b 
CHSOH 5 5" 4 7 d  

335 

~ 

Solvent incorporated products 29%; 112a : 113a = 2.6 : 1. 
Solvent incorporated products 32%; 112a : 213a = 1.13 : 1. 
Solvent incorporated products 83%; 112b : 113b = 3.6 : 1. 
Solvent incorporated products 83%; 112b : f13b = 1 : 2.6. 

H 

PI, Ph 

(112) (113) 
(a) R = COCH, (a) R = COCH, 
(b) R = CH, 

are involved: different ion pairs are produced starting from cis- or traiu- 
1-phenylpropene and this would explain why, even if the reaction goes 
through an open carbonium ion, a different isomer ratio is found in the two 
cases. It may also be possible that the rate for rotation around a carbon- 
carbon single bond is coinparable to the rate of the ion pair collapse9O. 

Addition of fluorine to cis- and tram-l-phenylprapene has been carried 
out in polar and non-polar solvents to give a mixture of erythro and threo 
1,2-difluoro-l-phenyl propaneg1. The stereochemical results are collected 
in Table 26. 

(b) R = CH, 

TABLE 26. Product composition in :he fluorination of 
cis- (97) and truns- (98) l-phenylpr~pene~' 

98 97 

erythro threo erythro t h e 0  
Solvent T ("C) 

CC1,F - 78 31 69 78 22 

CCIZFZ - 145 29 71 79 21 
CH,OH" - 78 7 44. 38 12 

- - - 126 27 73 

~~~~~~ ~ 

3 The material balance is completed by a mixture of dl-erythro and dl-tlrreo-l- 
methoxy-l-phenyl-2-fluoropropane. 
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The fluorination is more stereospecific than chlorination, and, again, 

syn addition is the preferred path. Possibly this results from a decreased 
rate of rotation of /3-fluoro cations 114 and 115 compared to the 
/3-chloro cations 116 and 117 and from an increased rate of collapse. 

In fact, as already discussed in section 11. A, the barrier to rotation was 
calculated as 10.5 kcal/mole for the p-fluoroethyl cation and 1.4 kcal/mole 
for the p-chloroethyl The low temperature at which the 
fluorination was carried out may exaggerate this difference. On the other 
hand, carbonium ions are strongly destabilized by p-fluorine substitution 
and hence the rate of ion pair collapse should increase. 

Stereochemical results for the addition of halogens to l-phenylpropene 
are summarized in Table 27. 

TABLE 27. Stereochemistry of halogen addition to cis- (97) and 
trans- (98) 1 -phenyIpropenes 

% anti addition to 

97 98 
Reagent Solvent T (“C) Reference 

11\13” CH2C12-CCH,NO, RTb 100 - 85 
Br, CCla 2-5 83 88 83 

CJ%NOz RTb 45 82 81 
c1, cc1, 0 31 46 88 
F, CCISF - 78 22 31 91 

a The addition was run on j?-deuteriostyrene. 
Room temperature. 
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The stereochemistry of the addition to cis- and trans-l-phenylpropene 
changes with the electrophilic reagent. Chlorine and fluorine, which have 
poor bridging ability, form open carbonium ions and give non-stereo- 
specific additions. Iodine, a very good neighbouring group, gives addition 
through a bridged iodonium ion. The bromine behaves in an intermediate 
way giving a partially bridged bromonium ion in solvents of low polarity 
(preferential but non-stereospecific anti addition) which changes to an 
open carbonium ion in solvents with higher dielectric constants. 

Another fact emerges from the data reported above: it seems that when 
an open cation is formed, the initial ion pair is syn oriented and if rotation 
is siow in respect to the rate of collapse syn addition becomes preferred 
over the anti addition. The latter orientation appears, therefore, to be 
linked either to a bridged ion or to a termolecular process7v in which the 
nucleophilic attack at  the p-carbon is concerted with the attack of the 
electrophile at the a-carbon. 

A particular case of halogen participation was found in the addition of 
hypohalites to allyl halides 118, where together with the expected 119 
some rearranged product 120 is formedgsg4. 

HOY 4- 

CH2=CH-CH2-X - > CH2-CH-CHZX + CHz-CH-CH1OH 

(1 18) Y OH 
I I 
Y X  

I I  

(1 19) (1 20) 

The amount of rearrangement is a function of X and Y as can be seen 
from Table 28. 

TABLE 28. Percentage of rearranged 
product 120 in the addition of HOY 

to allyl halides 11892-94 

X 

c1 Br I 
Y 

c1 4 28 48 
Br 0.8 23 
I ca. 0 

The results have been explained (see the following scheme) by interven- 
tion of bridged structures such as 122. 'The importance of I22 will increase 
with the ability of X to bridge, that is in the order I > Br > C1. Moreover, a 
decrease in yield of rearranged product is expected if Y is able to compete 
with X in forming bridged structures. 
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(1 18) 

CH,=CH-CH,-X -I- YOH 

.1 
> y  (W 

+ 
CH2-CH2-CH, X 

I 

.X Non-rearranged products 
-k .**- I 

C H?,? C H-C H 2 

(1 22) 

+- 

.1 
Rearranged products 

5. @-Halogenovinyl cations 

The influence of halogen substituents on vinylic carbonium ionsQ5 has 
not yet been studied in detail. It seems, however, that in this case also 
iodine, and to a lesser degree bromine, are able to stabilize a 13-carbonium 
ion through a bridged structure. 

Wilson and BerlinsrgG suggested that one of the mechanisms of addition 
of I, to phenylpropiolic acid involves the formation of ii cyclic iodonium 
ion (123). 

Pit, 
Ph-C=C-CO; 4% C=C-CO; 

\+ / 
I 

P h  -C EC-I 

Pz 
PhCI=CI, 

Similarly, Hassner and coworkersg7 suggested 

p.0 
icdoketo acids 

the formation of a cyclic 
iodonium ion (124) in the IN3 addition to 1-phenylpropyne. However, the 

Ph-C=C-Me - > Ph-C=C-Me 
\+ / I I  

(124) frans : cis = 2 : 1 

IN, ~ Ph- C =CMe 

I 1 N3 
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complex stereochemistry of the reaction may suggest a more complicated 
mechanism. 

The bromine addition, on the ctner hand, has been shown to  occur via 
a cyclic bromonium ion to alkylacetylenes and via an open vinyl cation to 
arylacetyleoesS8: the stereochemical data are collected in Table 29, 

TABLE 29. Stereochemistry of 
bromine addition to acetylenes in 

CH3COOH 

Acetylene % trans- 
dibromo" 

Ph-CSCH 42 
p-cH3c&t- C=CH 6 g b  
Et--CEC-Et 100 
~z -Bu-C~C-H 100 

a Based on dibromo adducts. 
Solvent-incorporated products (14%) and 1-bromophenyl acetylene (25%) also 

formed. 

Very receiitlyg9 the solvolysis of vinyl esters 125 has been studied in 
nitromethane/methanol. The data collected in Table 30 allow a comparison 
of the effect of /3-halogeno substitution. 

R, ,OSO2--TNB 

R 
TNB = 2,4,6-trinitrophenyl x,c=c, 

(1 25) 

TABLE 30. Relative rates of solvolysis of vinyl 
sulphonates 125 in nitromethane-methanol 

at 25" 99 

X Relative rates X Relative rates 
~~ 

R = Ph" R = Meb 
Br 0.0076 Br 0.025 
Ph 1.0 Me 1.0 
I 9.2 I 400.0 
Ph-S 20.0 Ph-S 4700.0 

In nitromethane : methanol (19 : 1). 
In nitromethane : methanol (9 : 1). 

12 
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The /3-iodovinyl sulphonates react faster than P-phenyl and /3-methyl 
derivatives: the larger reactivity observed when X = I, in particular for 
R = Me (see 12S), must be attributed to the anchimeric effect of the 
/3-iodine which overcomes the electron-withdrawing inductive effect of the 
halogen which should destabilize the intermediate cation. 

It is noteworthy that the effect of /?-iodine compares favourably with 
that of p-sulphur for which compelling evidence of formation of a cyclic 
ion has been presentedg5* lG0. 

More significant results, albeit preliminary ones, were obtainedgg 
studying the acetolysis of cis- and trans-2-halogeno-1 ,Zdi-p-tolylvinyl 
trinitrobenzene sulphonates at  80". The following approximate relative 
rates were found: cis-CI = 1 ; tr~ans-CI = 1 ; cis-Br = 2-3; trans-Br = 
20-30; trans-I = 8-90OOog. These data confirm the ability of iodine to 
assist the vinyl cation and are quite clear evidence that bromine but not 
chlorine may exert a definite anchimeric assistance effect, when appro- 
priately located. 

Acid-catalysed additions to halogenoacetylenes should form halogeno- 
vinyl cations. Apparently, these reactions have not been studied in detaiPol. 
Some data are mailable for acid-catalysed addition of water to phenyl and 
alkyl haloacetylenes (126). For X = Br, C1, I and R = C,H, or alkyl the 
only product observed is 127. 

R-CEC-X 
(126) 

II 
0 
(127) 

The orientation appears to be governed by the R group. Probably, by 
analogy with electrophilic additions to halogenoethylenes (see above), 
suitable choice of R would allow observation of products derived from 
both a- and /3-halogeno vinyl carbonium ions. 

6. w-Halogenocarbonium ions 
The influence of a halogen substituent in a position farther away than 

/3 has been studiedlo2 in bromination (in methanol) and iodination (in 
water) of 128. By using an attenuation plot (it = 1-4) it was shown that for 

CH,=CH-(CH,),-Br 
(1 28) 

the bromination there is no rate enhancement over that expected on polar 
grounds. For iodination of the same series in water, the rate coefficients 
show no abnormally large values although there is a small rate maximum 

R-C-CH,X 
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a t  n = 3. A ratio of about unity was estimated for assisted and unassisted 
reaction to be compared with a value of 60 obtained for iodination of the 
corresponding alcohols. 

It was concluded that no bridged ions of the type 129 are formed by 
halogenation of 128 in hydroxylic solvents. In trifluoroacetic acid, how- 

fH,\ 
\ FH‘ X-CH,-c 

+Br-CH, 

(129) 

ever, Peterson and coworkerslo3 observed participation via five- and six- 
membered rings, in the addition of trifluoroacetic acid to olefins, in the 
order C1- Br - I - OR. First evidence was given by the observaiioiilM that 
the rates of trifluoroacetic acid addition to 5-substituted-1-hexenes were 
retarded by halogens to a lesser extent than expected on the basis of the 
inductive effect of substituents (see Table 31). 

TABLE 31. Relative rates of addi- 
tion of trifluoro acetic acid to 

5-X- 1 -hexenes (130)*04 

H 1.0 
c1 4.13 
Br 33.35 
I 3-50 
CH,COO 32.6 

The hypothesis was further substantiated by direct observation of ions 
131 by lH n.m.r. spectra (see section IT. A) and by experiments on 130 
labelled with deuterium on the carbon bearing the halogen (X = Cl) 
which gives 60% of unrearranged and 40% of halogen-shifted products 
(see equation 9). 

CH,=CH 

/CY,-C\H, 

p - 4 3  CF,kd’OOH + cF3c0-09 X 
(1 30) 

X = CI, Br, I 
(1 32a) 

(9) 

cF3c0-09 
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addition to 5-chloro-l-pentyne (see equation 10). 

G .  Modena and G. Scorrano 

A similar 1,4-chlorine shift was observed in the trifluoroacetic acid 

Among other systems, the trifluoroacetic acid addition to 5-halogeno- 
pentenes (137) and 6-halogeno-2-hexynes (138) have also been studied. 

QuantitativG evaluations of halogen participation (k&& in trifluoro- 
acetic acid addition to aIkenes and alkynes are reported in Table 32. 

TABLE 32. Halogen participation (k*/k8) in the addition 
of CF,COOH to alkenes (130 and 137) and alkynes 

(133 and 138) 

c1 14 7.5 3.4" 5-8 
Br 14 7.0 4.3" 14.0 
I 8.1 -- 6.1" - 

~ 

a Higher values were evaluated based on the percentage of halogen shift. 

Halogen participation was also observed in the solvolysis of tosylates 
@-toluenesulphonates) and nosylates (p-nitrophenylsulphonates) (see 
Table 33)lo5. 

The effect of chlorine on the solvolysis of several nosylates and tosylates 
was studied in more detail (see Table 34)laG, 
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TABLE 33. Halogen participation (ka/ks) in the acetolysis 
of 4-X-l-butyl tosylates and iiosylates 

Tosylates Nosylates 

X = C I  X = B r  X = I  X=C1 X = B r  

kA/kS 0.22 0.70 3.09 0.37" 0.79 

a In trifluoroacetic acid a ratio kh/ke = 170 was found. 

TABLE 34. Chlorine participation in trifluoroacetolysis106 

Compound" kAlks 

erytiiro 99 
threo 65 CI 

L CI 

4 ONs 

J? ONs 

ONS 

33 

2000 

< 7.1 

750 

7.1 

0.20 
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The effect of chlorine is also evident when the halogen is six carbon 
a t o m  away from the reacting centre (e.g. 6-chloro-1-phenyl nosylate). 
The data of Table 34 were also confirmed by product studies. Large 
amounts (99.5%) of chlorine rearranged product 1410 were observed (see 
equation 1 1) in the trifluoroacetolysis of 4-chloro- 1-pentyl nosylate 
( 139)‘06. 

It would be interesting to know whether fluorine could be a l&parti- 
cipating substituent. Earlier data on trifluoroacetic acid addition to 
alkenes and alkynes suggested a weak participation. Recently, however, it 
was shown that 4-fluoroDutyl p-nitrobenzene sulphonate solvolyses with- 
out rate enhancement1O6 and 4-fluoro-4,4-dideu tero butyl trifluoro- 
methane sulphonate without fluorine shift1”. Further work appears 
necessary to resolve these contradictory results. 

CF,COQ 

--C-\-o--Ns A. -($ CF3C00H, b C ,  

(1 40) CI 
(139) 

-p- 0 - c 0 c F, 
CI 

Apart from the as yet undefined .behaviour of fluorine, it is remarkable 
that the ability of the halogens to give bridged ions depends so much on 
the size of the ring to be formed, although the fundamental process is 
apparently the same: i.e. increasing the covalency from one to two via 
sigma-bond formation. Possibly, the size of the halogen, and hence the 
strain in the smaIler rings, plays a role as well as the different polarizabilities 
of the halogens. Factors such as the degree of bonding in the transition 
state leading to the bridged ions might a!so be important, but their 
relevance is difficult to assess because of the paucity of the data so far 
available. 

7. Eiectrophilic aromatic substitution 

The electrophilic aromatic substitution has been studied in great 
detai11*108-111 and in this context the effect of halogens on rates and on 
orientation has been investigated. The reaction is usually represented as in 
equation (12). 
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(1 42) 

For many, but not a& cases the first step is rate-determining. When the 
substituent effects are examined, the formation of the Wheland iiiter- 
mediate (142) is taken as the stage in which the substituent has the greatest 
effect. This assumption usually does not lead to great errors even in the 
cases where the expulsion of the proton is relatively slow. 

However, the very important point that the transition state leading to 
142 may vary with the electrophile and the substrate must be carefully 
considered. If the transition state is very much on the reagent side, say 
the bonding between E and carbon is almost negligible, the effect of 
substituents reflects mainly the modification of charge distribution in the 
initial state, whereas if the transition state is very similar to the Wheland 
intermediate the effect of substituents has to be evaluated on this model. 

Moreover, it must be remembered that the former situation is associated 
with low energy of activation aad hence low selectivity, contrary to the 
situation of the latter case. 

These points are of particular relevance in discussing the directing and 
activating effects of halogens because they act inductively as electron- 
attractors (- I )  and by resonance as electron-donors (+ T ) .  The magnitude 
of the two effects, particularly the latter, is expected to be different in the 
ground state and in the Wheland intermediate. 

Because of the -1 effect, the halogens should make the aromatic ring 
Iess reactive and deactivate the ortho and para morz than the metcz posi- 
tions. It may be explained by assuming that the electronic distribution in a 
substituted benzene derivative is no  longer symmetric and that forms PI 
make greater contributions than Pz because of unfavourable charge 
repulsions. 

K2 D, ... D,, D, Pz ... P" 

Investigation of the Wheland intermediate derived from meta and 
para (or ortko) attack of an electrophile would lead to similar conclusions, 
since the former (143) appears to be less destabilized than the latter (144). 
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(143b) (143c) 

(144a) (144c) 

The selectivity, however, would be considered to be low, i.e. the reac- 
tivity at the meta position is expected to be greater but not very much 
greater than that at  the ortlto or para position. 

On the contrary a +T substituent increases, with, high selectivity, the 
ekctron density on the ortho and para positions by participation of 
structures R, ... R, to the resonant system. 

Inspection of the Wheland intermediate suggests that + T substituents 
should have a selective effect greater than that in the ground state because 
of the positive charge in the ring, as shown by formulae 145,146,147. 

The combination Qf the two mechanisms of interaction is such that in 
the ground state the ortho and para positions have greater electron- 
density than the meta position. Theoretical calculations cannot show, at 
the present level of sophistication, if the overall effect is activating or 
deactivating in respect to the unsubstituted benzene. 

On the other hand, it must be expected that, if the transition state 
resembles the reagent and hence the substituent affects the reactivity in 
much the same way as it affects the initial state, the contribution of the 
inductive effect should be relatively more important than in the case in 
which the transition state resembles the Wheland intermediate. 

In Table 3:; the relative rates for para substitution in a number of 
electroph ilic reactions are reported. 
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The data show that the series F > Cl > Br N I holds in all the reactions. 
The critical and interesting point is that fluorine may behave as activating 
or deactivating in respect to hydrogen. It is clear from the relative rates 
with a methyl substituent, which can be taken as a measure of the selec- 
tivity of the reaction, that, in general, the fluorine is activating when the 
selectivity of the reagent is high and vice versa. It corresponds to the 
transition state on the product side and on the reagent side respectively. 

may have positive or negative 
values depending on the reaction. This variability of c+ values is not 
surprising in itself as it is now generally accepted that the values of u+ and 
u- parameters depend on the reaction. 

The ambiguity of the position in the series of iodine and bromine is 
less important. First in some cases the data of iodo compounds may be in 
error because of side reactions at  the halogen, secondly the effects of 
bromine and iodine are very similar and the differences in relative rates 
are always small. Therefore an inversion in the series may easily occur. 

As expected, the halogens are deactivating for substitution at the rneta 
position (see Table 36). 

The partial rate factors for meta positions cannot be evaluated by the 
product ratios because the amount of meta-substituted product is often 
very small. They are therefore evaluated by the rate of substitution of 
poly-substituted compounds, assuming the additivity principle. The data 
reported in Table 36 show that the effects of the four halogens are similar 

In terms of u constants it means that 
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TABLE 36. Dartial rate factors for meta position in bromination (A) and 
chlorination (B) of substituted benzeP.es (ArX) 

X 
Reference 

CH3 H F c1 Br I 

A 472 100 0.104 0.057 0.053 0.22 119 
120 B 560 100 0.56 0.23 0.32 - 

and that the reactivity sequence is i > F > C1> Br, which is not the one 
expected on the basis of inductive effects. 

The observed order was explained by assuming that the resonance 
interaction of the substituent with the 7r-system increases the electron 
density in the ring, and hence the reactivity, although the positions 
formally involved in the conjugation are not those undergoing substitu- 
tion. Finally, the product ratios obtained in electrophilic substitutions of 
halogenobenzenes must be considered and some data are reported in 
Table 37. 

TABLE 37. Isomer proportions of products of electrophilic 
substitutions on halogenobenzenes (Arm 

orrho lneta para 
(om (%I (%) 

Nitration with AcONO, 112* 113 

X = F  8.7 
c1 29.6 
Br 36.5 
I 38.3 

Positive ~hlorination'~~ 
x = c1 3 6.4 

Br 39.7 

Ethylation116 
X = F  

c1 
Br 

Benzylat 
X = F  

c1 
Br 
I 

43 
42 
24 

14.7 
33.0 
32.5 
30-6 

0 
0.9 
1.2 
1-8 

1.3 
3.4. 

14 
16 
22 

0.2 
0-6 
0.7 
0.7 

91.3 
69.5 
62.3 
59.7 

62.3 
56.9 

43 
42 
54 

85.1 
66.4 
66.8 
68.7 
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The sulphonation and molecular bromination of halogenobenzenes 
give almost exclusively para isomers. 

The results on orientation suggest that on increasing the selectivity of 
the reagent the para substitution prevails over the ortho. This fact cannot 
be explained by  the intervention of steric effects since it appears to be 
independent of the size of the reagent. This, of course, does not mean that 
steric effects cannot play a role in electrophilic aromatic substitution but 
simply that the preferred para orientation sometimes observed does not 
depend only on steric effects. 

What appears to be the dominant factor is that the para-like Wheland 
intermediate is inherently more stable than the ortho-like analogue. 
Theoretical calculations as well as the relative stabilities of stable model 
compounds support this hypothesis. From this point of view, the slower 
and more selective the reaction the more the transition state resembles 
the Wheland intermediate and therefore the factors affecting its stability 
play a greater role in the orientation of the reaction. 

G.  Modena and G .  Scorrano 

111. EFFECTS ON CARBANIONS 

a. Effects on Stability 
Carbanions would be stabilized by the presence a t  the a-carbon of an 

electron-withdrawing grouplg5. In the case of halogen substitution, 
however, the inductive effect may be counterbalanced by the lone-pair 
repulsion5, which intervenes when two pairs of non-bonding electrons are 
present on adjacent atoms. Furthermore, other effects could, perhaps, 
intervene, such as ground-state stabilization (see section I. A and below) 
and d-orbital participation. 

Therefore the influence of halogens on carbanion stabilization will 
mainly result from a balance of the two opposite effects: inductive effect 
and lone pair-lone pair repulsion, both decreasing in the series F > C1> 
Br > I. The prevalence of one effect over the other will determine whether 
the fluorine is better or worse than iodine in stabilizing s-carbanions. 
Examples of both cases will be found below. 

The rates of base-c;ttalysed deuterium exchange of deuterohaloforms 
were measured in ordinary water solutions126* 12’ (see Table 38). 

From Table 38 it may be seen that in haloforms the various halogens 
increase the reactivity in carbanion formation in the order I > Br > C1> F. 

It  has to be noted that even though the replacement of a fluorine atom 
by chlorine or a chlorine by bromine increases the rate constants for 
carbanion formation, it does not do so by a constant factor. The effect 
produced by  such substitutions becomes less important as the reactivity 
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TABLE 38. Rates of deuterium exchange of polyhalogenomethanes in 
water at 0" lza1 lZ7 

351 

CDI, CDBr, CDCI, CD12F CDBrzF CDC12F 

kx 10' 60.1 57.9 0.47 5-07 2.07 0.00893 
(s -9 

Substrate 

CDBr,Cl CDC1,Br CDClzI CDBrClF 

k x  102 14.3 2.9 2-75 0.21 
(s-l) 

of the substrate increases, showing the presence of saturation effects. 
However, the fluorine is found to increase by a factor of loG the acidity 
of polyhalogenomethanes with respect to hydrogen128 (see Table 39). 

TABLE 39. Rates of hydrogen exchange in various poly- 
halogenomethanes in CH30D at 35" 12B 

~~ 

Substrate 

CBr,H, CBr,FH C12H2 C1,FH 

k (M-' s-') 3-1 x 0.67" 18 x lo-' 1.4" 

a Estimated. 

By comparison of the datri in Table 39 with the results128 on hydrogen 
exchange in ethyl acetate derivatives 148 (see Table 40) it is possible to 
show the importance of the lone-pair repulsion effect. 

R 
'C H - CO 0 E t 

R' ' 

In the ethyl acetate series, the first fluorine substitution slightly increases 
the acidity of the hydrogen, whereas the second fluorine actually decreases 
it by a factor of lo3. Obviously, the relative importance of inductive effect 
and lone-pair repulsion is different, as far as the fluorine atom is concerned, 
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TABLE 40. Hydrogen ex- 
change in ethyl acetate 
derivatives (148) in 
CH30- /CH30D at 35" lZ8 

R R' k 
(M-I s-l) 

H H 1 . 2 6 ~  10-3  

H F 2 . 2 8 ~  10-3 
H Et 1 . 2 9 ~  lo-" 

F F 7 . 5 5 ~  

in the polyhalogmomethanes and in the ethyl acetates. This is not sur- 
prising if the geometries of the two resulting anions are taken into con- 
sideratim. The trihalogenomethane anions have a pyramidal structure 
with a significant inversion b a r r i e P  and in effect the hydrolysis of 
optically active 1 , 1 , 1 -brornoch:orofluoroacetone with aqueous potassium 
hydroxide gives optically active CClBrFH 130- On the other hand, the 
anions derived from the esters are, because of conjugatiou with the 
carbonyl group, sp2 hybridized. Therefore, the lone-pair repulsion will be 
very effective due to the favourable geometry of the interacting orbitals. 

Another example of this phenomenon is found in Table 41, where the 
acidities of several halogenonitroalkanes (149) are ~ o r n p a r e c l l ~ ~ * ~ ~ ~ .  

TABLE 41. pKa Values of halogenonitroalkanes (149) 
in water at 25" l3l> 133 

R 
R1 

COOEt CONH, c1 NO2 

CI 4.16 3.50 5.99 3.80 
H 5.75 5-18 7-20 3-57 
F 6-28 5.89 10.14 7.70 

In all the compounds, substitution of H by fluorine diminishes the 
acidity of the resulting nitroalkane. Even for chlorine the lone-pair 
repulsion appears to play a role, although to a lesser degree, since the pK, 
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enhancement is less than would be expected for the normal inductive 
effect and, actually, dinitromethane has a lower pK, value than dinitro- 
chloromethane. An estimation of the magnitude of the lone-pair repulsion 
has been reportedlB for the 9-tritio-9-fluorofluorene (150, R = F). 

It was found (see Table 42) that the rates of hydrogen exchange in several 
9-substituted fluorenes 150 are correlated with the acidity of the corre- 
sponding carboxylic acid (RCOOH)l=. This was taken as evidence that 
the inductive effects of the R groups were the most important factors in 
determining the acidity of the 9-hydrogen. 

TABLE 42. Relative rates of tritium exchange of 9-fluorene derivatives 150 in 
CH,O-/CH,OD at 45" 133s134 

R 

(k/ko)erch 1 0.26 0.18 0.72 12.9 2 x  10' 

R 

Br CI F 

(k /ko)exch 7 X lo2 4 x lo2 0.14 

On the basis of the ur constants one would have predicted the exchange 
rate for 9-fluorofluorene to be lo5 times greater than for the unsubstituted 
compound. Therefore, the lone-pair repulsion effect is responsible for a 
million-fold decrease in rate. Of particular interest is the comparison with 
the 9-CF3 derivative. The CF, and F groups have almost the same induc- 
tive effect but the rates of exchange are very different with the CF, 
derivative reacting about lo5 times faster. In this compound, however, the 
lone-pair repulsion effect cannot be of importance, since the fluorine is 
remote from the carbanionic centre, and therefore the inductive effect 
will be able to stabilize the a-carbanion. 

By contrast, two a-fluorines increase the lithium cycloliexylamine- 
catalysed exchange of a methyl hydrogen in toluene by a factor of 104 13,. 
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To explain these results Streitwieser and Mares suggested that the 9-fluoro- 
fluorenyl anion is planar whereas the a,a'-dilluorobenzyl anion is pyra- 
midal. For the benzal fluoride the increased conjugation of a pianar 
benzyl anion is counteracted by the corresponding increase in repulsions 
between fluorine lone pairs and .rr-electrons on carbon. This second effect 
prevails and the carbanion is forced to be pyramidal. Estimates of the 
magnitude of the inductive stabilization of a non-conjugative pyramidal 
phenyidifluoromethyl anion are consistent with the observed reactivity of 
benzal fluoridel,,. 

The stability associated with a planar fluorenyl anion, however, is 
much greater than for a phenyl anion and overcomes the destabilizing 
effect due to lone-pair repulsion of a single fluorine. The great effect of 
CF, in enhancing the rate of formation of a-carbanions was also observed 
in other systems (see Table 43). 

TABLE 43. Hydrogen exchange 
in CH,O/CH,QD of some 

polyfluoroalkane~'~~ * ls6 

Relative rates 

The substitution of CF, for F in trifluoromethane causes a lo9 increase 
in rates of hydrogen exchange135. This was taken as evidence1% of car- 
bariion stabilization through bond-no-bond resonance13'. However, this 
kind of resonance has been criticized5* and actually experiments with 
compound 151, where there is a steric hindrance to such a resonance 

showed (see Table 42) a rate of exchange of the same order of magnitude 
as (CF3),CH 136. This is further evidence that the CF, effect on rates of 
exchange is that normally expected from its electron-withdrawing power, 
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whereas in the fluorine case the inductive effect is counterbalanced by the 
lone-pair repulsion. 

Recently quantitative results on halogen stabilization of vinyl car- 
banions have become available. Viehe and coworkers13B reported the rates 
of base-catalysed hydrogen-deuterium exchange of several di- and 
trihalogenoethylenes in CH,ONa-CH,OD solutions. Pertinent data are 
collected in Table 44. 

TABLE 44. Rates of hydrogen exchange of halogenoethylenes in CK30 -/CH30D 
at 33°C 130 

k x lo3 k x  103 
No. Substrate (1 mole-l s-l) No. Substrate (1 mole-'s-l) 

1 CHCI, 102 

2 CCI,=CHBr 68 7 C F,= C H CI 9-80 

3 CCI,=CHCI 24.1 8 CF,=CHF 0.05 

4 CCI,=CHF 

H 
0.1 14 H CI, / F, / 

H'c=c %I 
,c=c,cI 31.2 10 

c1 

a Upper limit, due to competing methanol addition. 

Many factors influence the hydrogen acidity in halogenoethylenes. 
Some generalizations, however, can be made from the above data: 
a-halogen substituents facilitate vinyl carbanion formation in the same 
order Br > C1> F observed for haloforms (see compounds 2,3,4 and 7,8); 
two fluorine atoms on the 8-carbon are less effective than two chlorine 
atoms (see 3 and 7, 4 and 8). On the other hand, one fluorine lowers the 
acidity of a j?-trans-hydrogen but increases that of a j?-cis-hydrogen, 
when compared with chlorine (compare 6 and 3, and 5 and 3 respectively). 
A simiiar effect is also observed for cis- and trans-chlorine (9 and 10). 

However, the substantial difference of steric requirements between 
chlorine and fluorine (compounds 3, 5 and 6) and between chlorine and 
hydrogen (compounds 9 and 10) may be, at least in part, responsible for 
the difference observed. 

It is interesting to compare the above results with those obtained with 
halogenobenzenes. In a classical paper Roberts and coworkers140 reported 
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the rates of exchange of deuterated beiizene derivatives with potassium 
amide in liquid ammonia. The data, collected in Table 45, show that the 
rates are greatest for the ortho and smallest for the para compounds, the 
reactivity of the ineta compound being intermediate. 

TABLE 45. Rate coefficients for deuterium exchange of deuterobenzenes 
(C,H4DX) in liquid ammonia in the presence of 0 . 6 ~  KNH, 140 

X k (s-l) X k (s-*) X k (s-I) 

2-F 4 x 10-1 3-F 4~ 10-4 4-F 2x  10-6 
2-CF3 6 x lo-? 3-CF3 1 x 10-3 4-CF3 1 x 10-3 

H - 10-7 

2-OCH3 6 x lo-" 3-OCH3 1 x 4-OCH3 
2-CH3 Very slow 

This suggests tliat the attack of the base is actually occurring on the 
hydrogen, and not on the benzene nucleus, without involving the n-electron 
system in an important way. Therefore, the combined inductive and field 
effects of substituents appear to play a major role. In fact, electronegative 
substituents, F, CF,, OCH,, increase the rates and the only evidence of a 
resonance eKect is that anisole-4-d seems to exchange more slowly than 
benzene-d. However, owing to the low reactivity of the two substrates, an 
accurate comparison was not possible. The ratio k,,Jk,. is smaller than 
k,/k,: this is expected since the combined field and inductive efkcts 
should decrease with increasing distame from the substituents. The rate 
of fall-off of log k seems to  be a function of the number of carbon atoms 
between the deuterium and the electronegative group. 

More recently Streitwieser and Mares141 measured the rates of deuterium 
exchange in the lithium cyclohexylamide-cyclohexylamine system with 
fluorobenzene. They found partial rate factors of 6.3 x lo5, 1-1 x lo2 and 
1.1 x 10 for the ortho, meta and para positions, respectively. These factors 
are to be compared with the above data of Roberts14o which were trans- 
formed to partial rate factors by Shaten~htein'~~: ortlto = loo, meta = lo3, 
para = lo2. Roberts' data140 for meta and para positions were not as 
accurate as Streitwieser's14]-, due to the slowness of the exchange in liquid 
ammonia. 

Sha ten~h te in l~~  correlated the rates of hydrogen exchange with or 
constants, showing that the inductive effect of the substituent is respon- 
sible for the reactivity of the ortho hydrogens. Streitwieser and Mares14]- 
calculated the charge-dipole electrostatic energies for ortho-, ineta- and 
para-fluorophenyl anions. A plot of log krel for the exchange reaction 
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versus the calculated electrostatic energies for the said positions is reason- 
ably linear, thus showing that ordinary inductive field effects can account 
for the positional effects of a substituent in stabilizing a phenyl anion. 

showed that fluorine should 
be a better stabilizing substituent for the orttio aryl anion than the other 
ha!ogens. They examined, under standardized conditions, the reactions 
of aryl halides with phenyl lithium in ether at 20". Their results are 
collected in Table 46. 

TABLE 46. Relative yields in reactions of aryl 
halides (Y-C,H,--X) with phenyl lithium in 

ether at 20" 143 

Semiquantitative data of Wittig's 

F 8.75 3.6 15 
CL 1 2 1 
Br 1.25 2 1.4 
I 1" l b  1 C  

~~ 

- 8 %  Yield of biphenyl after 20 h. 
25% Yield of lithium halide after 5 h. 
5% Yield of lithium halide after 20 11. 

Quantitative data were obtained by Huisgen and Sauerl& for reactions 
of aryl halides with phenyl lithium and lithium piperidide in ether. They 
found that the reactions follow the scheme : 

The rate of benzyne formation, as evaluated by halide ion titration, 
can be derived from the expression: 

Therefore, when BH is a very weak acid or its concentration is zero, kl 
becomes rate-limiting and the values obtained represent the rates of meta- 
lation of halogenobenzenes, which should be a function of the a-halogeno 
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aryl anion stabiiity (see Table 47, columns A and €3). When free acid (BH) 
is added, however, the k-,[BH] term cannot be neglected and the rate of 
halide ion production will depend on the ability of halogen as leaving 
group (I > Br > Cl> I;) as well as on the effect of halogen on hydrogen 
abstraction (F > 3 r  > C1> 1). By varying the nature and the amount of BH 
almost any reactivity scale can be obtained. An example is given in Table 
47. 

TABLE 47. Relative rates of the reactions 
of halogenobenzenes (CBH6-X) with 
C,H,-Li (A), and lithium piperidide (B 

and C) in ether at 20" 144 

X A B C" 

F 15 6.5 0.008 
c1 1.5 1.6 0.42 
Br 1.7 2.6 2.9 
I 1.0 1.0 1.0 

a piperidine]/[piperidide] = 1.5. 

The same process may explain the order of reactivity found in the 
amination with KNH, in liquid ammonia which is Br : I : C1 = 20 : 8 : 1 
and 13.5 : 5 : 1 for halogen~benzenesl~~ and 3-halogenotol~enes~~~, respec- 
tively. In both cases the fluorine derivative remained unchanged. 

Further substitution of halogenobenzenes with electron-withdrawing 
groups increases, as expected, the reactivity towards strong bases14'. 
Hine and L a n g f ~ r d l ~ ~  measured the rates of hydrogen exchange of 
l-deutcro-2,6-dihalobenzenes in the CH,O-/CH,OH system. Their data 
are shown in Table 48. Replacement of chlorine by fluorine enhances the 

(152) 

TABLE 48. Rates of hydrogen exchange 
of halobenzenes 152 in CH,O-/ 

CH30H at 100" 148 
~ 

X Y k x los (I mole-'s-l) 

F F 978 
F c1 151 
c1 c1 20-2 
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rate by a factor of about 7. This effect appears to be additive. Moreover, 
no halide ion was found, showing that proton capture by the aryl anion is, 
in this case, faster than halide ion loss from it. 

Two methods have been developed to estimate the relative rates of 
proton capture and halide ion loss. Roberts and coworkers149 evaluated 
this ratio (k,/k2, see equations 13 and 14) for the o-chlorophenyl anion 
by measuring the yield of chloride ion and the change in deuterium con- 
tent during reaction of ortho-deuterated chlorobenzene with KNH, in 
liquid ammonia. Hoffman160 has shown that the above ratio can be 
obtained, when the o-bromophenyl anion is generated in an alcoholic 
solvent, by the yields of bromobenzene recovered and bromide ion 
formed. 

Bunnett and coworkers reported the ratio k-,/k2 for o - ~ h l o r o - ~ ~ ~  and 
o-bromo- 152 phenyl anions. The o-chlorophenyl anions were generated in 
liquid ammonia-diethylether (60 : 40) by reaction with KNH2 of the 
appropriate chlorobenzene (153). The ratios k-,/k2, evaluated following 
Rcberts and coworkers149, are reported in Table 49. Both electron- 
releasing (CH,, OCil,) and electron-attracting (Cl, CF,) substituents 
increase the k-,/1c2 ratio. 

(153) (154) 

TABLE 49. Proton capture/halide ion 
loss ratio (k-,fk,) for reaction of 
substituted chlorobenzenes 153 
with KNH, in ammonia-diethyl 
ether (60: 40) and of substituted 

1 -(o-bromophenyl-)-2-sulphon- 
hydrazides (154) with CH,ONa/ 

CH,OH at 61" 151,153 

R 153 154 

H 
2-c1 
3-C1 
4-C1 
5-C1 
4-CH3 
4-CF3 
4-OCHS 

7.6 7.8 
41.0 
- 21.0 

240.0 43.0 
240-0 
11.4 11.3 

230.0 46.0 
99.0 26-0 

- 

- 
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The electron-attracting substituents (Cl, CF,) are known to stabilize 
ncgative charges on ring carbons through inductive and electrostatic 
effects. They indeed accelerate, in aromatic substrates, proton abstraction 
by ba~esl~O*l*~ and therefore stabilize the phenyl anions formed. A similar 
effect should be present also in transition states 156 and 158, leading to 
proton capture and chloride ion loss, respectively. The amount of stabili- 
zation will depend on the amount of negative charge in the transition state. 

The fact that proton capture is favoured Over chloride ion loss implies 
that the energy of transition state 156 is decreased more than that of 158, 
and therefore it may be deduced that 156 is more ’phenyl anion-like’ 
whcreas 158 is ‘aryne-like’l5l. 

CI 6- 
R 

(155) 

.H 
f NH, 

(‘158) (1 59) 

By the principle of microscopic reversibility, 158 is also the transition 
state for chloride ion addition to aryne. Following the above discussion it 
must be concluded that thc transition state for this addition occurs very 
early on the reaction coordinate. This conclusion was indeed reached by 
Huisgen and Zi rngibF and used to explain the small steric eEects found 
in the addition cf nucleophiles to 1 ,Znaphthalyne. 

The effects of CH, and OCH, substituent are more difficult to explain. 
They should destabilize phenyl 147 and, possibly, increase the 
energy level of the aryne-forming transition stateI5l. 

Similar behaviour was found in the reaction of substituted 1-(o-bromo- 
pheny1)-Zsulphonhydrazides (154) with 2~ CH,ONa in CH,OH at 
61” 152. Also in this reaction, which involves decomposition of 154 to aryl 
anions, the ratio k-.l/k2, evaluated following Hoffmann150 is increased 
both by electron-attracting and electron-releasing substiti-wnts (see Table 
49). The substituent effects, while somewhat lower, cIosely parallel those 
observed for chlorobenzenes in liquid ammonia. 
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The finding that subsCltuents Jrsrease the ratio of proton capture over 
halide ion loss is of great practical importance, since it makes it possible 
to have reactions of aryl anions with acids or other electrophiles without 
excessive decoinposition to halide ion and aryne. Examples of these 
reactions will be reported in the foIlowing section. 

B. Effects on Reactiv.%y 
1. Alkyl anions 

Decarboxylations of trihafoacetic acids are first-order reactions of the 
carboxylate anions and very probablylM3 166 they involve the rate- 
determining formation of 161, which is then trapped by water. Ths relative 

decarboxylation rates of 160 follow the 0rderl54-1~' : X, = Br, =- Br&I > 
CI,> BrClF B F3 (see Table 50). 

The sequence is in agreement with the rates of carbanion formation 
from CX,H even if probably &her factors, such as the bulkiness of halogen 
atoms, may help to expel the CO, from carboxylate anions. For irr5!ance, 

TABLE 50. Rates of decarboxylation 
of trihatoacetate ions (CX3-COO-) 

at 70" in water 

x3 ks-l Reference 

I3 Very fast 155, 158 
Br3 6 . 5 ~  155 
Br,CI 3 . 0 ~  156 
a 3  1 . 7 ~  154 
BrClF 1 . 0 ~  156 
F 3 O  2.8 x 157 

a In ethyiene glycol, extrapolated from data at higher temperatures; in the same 
s-l at solvent the rate of decarboxylation for trichloroacetate ion is 2.48 x 

555°C. 

it has been reported155. 158 that triiodoacetic acid decarboxylates rather 
rapidly at  room temperature, and hence much faster than tribromoacetic 
acid (see Table 50), even if the triiodomethyl anion is not formed from 
haloform significantly faster than the tribromomethyl anionlZ6. 
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It  is interesting to compare the behaviour of trifluoroacetic 163 and 
perfhoroisobutyric acid 164. The former is very stable in water and 

measurable rates of decarboxylation are attained only at  high tempe- lature : 
at 170" in ethylene glycol the rate of decomposition is k = 2.98 x s-1lS7. 
The latter159 is completely decomposed after 45 min in basic aqueous 
solution at 100" (kdec> s-l). 

If the stability of the resulting carbanions 165 and 166 is the most 
important factor in determining the rates of acid decomposition, we must 
conclude that 166 is much more stable than 165. This is reasonable in the 
light of the discussion in the previous sections on the destabilizing effect 
of fluorine on or-carbanioiis because of lone pair-lone pair repulsion. 

A similar example of influence in carbsnion reactions of or-fluorine, 
though in the op9osite sense, is found in the addition of dinitromethide 
ions to methyl acrylstelGO. 

NO2 
I 

I 
R-c(NO,)z + CH,=CH-CO,Me R-C-CH,--CH-C02Me 

(1 67) (1 68) NO2 
(1 69) 

The specific rates and activation parameters are collected in Table 51 
for several methide ions. The rates of addition lie in a fairly narrow range 
for all R but fluorine: the fluorodinitromethide ion (167; R = F) adds to 
methyl acrylate about 2000 times faster than the other ions in either 
solvent system. This increase in reactivity is clearly reflected in the AH* 
term: the fluoro substitution decreases it by 3 kcal/mole. This has been 
attributed to destabilization of the ground state of 167 by fluorine sub- 
stitution160. It must be remembered that fluorodinitromethane has a pK, 
in water at  25" of about 3-9 pK units higher than chlorodinitro- 
methane131*132. Both effects may be rationalized on the basis of lone-pair 
repulsion between fluorine and the negative charge on the or-carbon. 

Easy expulsion of halide ions makes i i  difficult to observe /3-halogeno- 
carbanions in saturated systems. The only example refers to a carbanion 
stabilized by /%fluorine, which has the least ability to depart as an anion 
from saturated carbon. 
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1,1,l-Trifluoro-2,2-dihalogenoethanes (170) in alkaline methanol under- 
go H/D exchange at a rate faster than fluoride ion elimination101.102. 
Data are collected in Table 52. 

X 
I 

I 
Y 

CF3- C - H 

(170) 

TABLE 52. Rates of hydrogen exchange (kexch at 
20") and dehydrofluorination (kel at 55") of 
1,1,1 -trifluoro-2,2-dihalogenoethanes (170) in 

alkaline methanol""~ 

Cl c1 10.2 1.5 
Br Br 74.0 5.5 
Br C1 22-0 2.9 
I I 29.0 51-0 

Evaluated on deuterated 170. 

The or-halogens and /3-fluorines facilitate the hydrogen abstraction : for 
comparison in the same conditions, the rate of exchange of CDCI, is 
8.9 x lo4 1 mole-1 s-l. This fact, together with the well-known reluctance 
of fluorine to depart as an anion from saturated carbon, increased by the 
presence on the same carbon of other I ~ a l o g e n s ~ ~ ~ ~ ~ ~ ,  provides us, possibiy, 
with the only clean example of the ElcB mechanism in reaction of satu- 
rated hal~genoalkanesl~~. 

2. Vinyl anions 

Kobrich and c o w o r i ~ e r s ~ ~ ~ ~  165 reacted several halogenoethylenes with 
butyllithium in ether at low temperature and then with CO,. They obtained 
the corresponding a,p-unsaturated carboxylic acids in yields usually 
better than 70% but decreasing with increasing temperature. 

R = R' = H, CI or aryl; R = H, R' = CI; R = CI, R' = H 
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The only exception was the reaction with cis-dichloroethylene where 

chloropropiolic acid was formed. 

0H BuLi ti',,= ,Li -LiCt BuLi 
w ,L. C,cI + CI-CEC-H + H' 

CI 'CI CI 
/c=c 

(1 9) 

CI-CrC*-COOH 
co, + CI--C=C-Li 

From the yields of the carboxylic acids the following stability scale 
was set uplGG: 

H, ,Li CI, ,Li H, ,Li CI\ ,Li 

< CI CI H/c=c' CI 
CI,c=c,CI ,c=c,cI < H,c=C\ 

I t  is interesting that 1 -chloro-2-fluoroethylene (cis or trans) metalates 
on the chlorine-bearing carbonlo1 : 

(20) 
LiBu FCH=CHCI FCH=CCILi 

this is in agreement with the rates of hydrogen exchange of halogeno- 
ethylenes (see section 111. A) and with the general finding that a-fluorine 
does not favour carbanions. 

Other examples are provided by the nucleophilic additions to halo- 
gen~acetylenesl"~. The base-catalysed addition of thiols and alcohols to 
chloro- and chloroalkyl-acetylenes occurs directiospecific /l? to the halo- 
genlOl ,  167-172. 

R = H, Me, n-Bu, t-Bu 
R' = Alkyl, Ph 
R2 = Me, Et 

On the contrary, the addition of the thiophenolate anion to fluoroace- 
t ~ l e n e l ~ ~  occurs with opposite orientation : 

RS- '\ 
E ~ O H  ' RS ,C=C H, F-CGC-H 

This is another manifestation of the destabilizing effect of fluorine on 
a-carbanions by lone pair-lone pair repulsion. 

Reactions of thiolates, as well as other nucleophiles, with bromo- and 
iodo-acetylenes are complicated by concurrent attacks at the carbon and 
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at the halogen atom. Recent papers have been published dealing with 
factors affecting the two possible reaction paths174176. It  is enough to say 
here that the ease of attack at  halogen decreases in the order I > Br > C1 

Halogenovinyl carbanions have been proposed as intermediates in the 
ElcB hydrogen halide eliminations from 1,2-dihaloethylene~~~~. These 
ethylenes, in fact, undergo elimination at  a slower rate than H/D exchange. 
The rates of exchange in alkaline D,O are similar for cis-dibroino- and 
dichloro-ethylene, whereas the trans derivatives follow the series : 

CHCI=CHCI > CHBr=CHBr > CHI=CHI 

Moreover, the isotope effect found for elimination ip. the cis-dibromo 
compound at 352°C is 1-03, a very low value178, which suggests that the 
rate-limiting step is indeed the halide ion elimination from the B-halogeno- 
vinyl anioc. The rates of dehydrohalogenation, collected in Table 53, 

TABLE 53. Rate coefficients and activation parameters for the de- 
hydrohalogenation of dihdogenoeihylenes with sodium methoxide in 

methanol, at 60" 177 

k Ea AS* 
(1 mole-' s-l) (kcal/mole) (cal mole-'deg-I) 

show the expected decrease in the order I > Br> Cl. Moreover, since the 
rates of hydrogen exchange of dichloro- and dibromo-ethylenes were 
found to be much higher than rates of cis-tram isomerization, a lower 
limit for the inversion of halogenovinyl carbaniom was estimated in 
the range 28-35 kcal/molens. This value was confirmed by theoretical 
calculations179. 

3. Aryl anions 

Several examples of benzyne formation through o-halogenoaryl anions 
are available and since they have been collected in a recent booklsO they 
will not be discussed here. 
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Orilzo-halogenoaryl anions are obtained via addition of halide ions to 
dehydrobenzene in tetrahydrofuran or ethanol : 

C2H50H ' (23) 
B 

This is the reverse of the formation of dehydrobenzene from aryl halides 
and demonstrates the reversibility of the processeslsl. 

Judging from the yields, the relative reactivity of halide ions is 
I : Br : C1= 65 : 8 : 1. For the reverse reaction, loss of halide ion from 
172, the relative reactivities are15o I. : Br : C1 = 100 : 40 : <2. This made 
it possible to calculate the ratios of the equilibrium constants in the 
reaction 17172172. The results obtained were about 3-2 for the ratio 
KI/KBr and about 2.5 for the ratio KBr/Kci. 

Orientation in the addition of nucleophiles to substituted benzynes 
may be influenced by several factorsls0, such as electronic and steric 
demands of the substitueat, nucleophilicity of the attacking base, solvent, 
etc. Some examples of additions to 3- and 4-halogenobenzyne (174 and 
175 respectively) are reported in Tables 54 and 55. 

X 

(174) (1 75) 

TABLE 54. Meta/ortfzo isomer ratio in nucleophilic additions 
to 3-substituted benzynes 174 

Reacting system" 

X KNH2/NH3 Reference LiPip/Pip Reference 

182 16 184 F 
c1 Large 183 
Br Largeb 183 4.9 185 
CH3 0.8 182 1-95 184 

- 100 
- 

" KHN,/NH, = potassium amide in liquid ammonia at boiling point (- -33"); 
LiPip/Pip = lithium piperidide in ?he presence of piperidine in ethyl elher at room 
temperature ( ~ 2 0 ~ ) .  

No numerical value is reported; NaNH, in liquid ammonia at reflux. 
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TABLE 55. Paralnieta isomer ratio in nucleophilic addition 
to 4-substituted benzynes 175 

Reacting systema 

X KNH,/NH, Reference LiPip/Pip Reference 

F 4.0 t 0.2 182 1.95 184 
c1 4.2 151 

- 1.4 185 Br 
I - - (1-55)* 186 
CH, 0-67 182 0.83 k 0.05 187 

- - 
- 

See footnote a to Table 54. 
a The adding compound is benzoic acid in benzene. 

The substituent effect may be explained in two alternative ways. The 
orbitals a t  which the polar addition occurs (see 176) are orthogonal to 
those of the aromatic z-system, including the lone pairs on the substituent. 
The conjugative effect of the substituent will influence the aromatic system, 
but not, at first approximation, the reactive site. Only the inductive effect 
of the substituent, therefore, is transmitted to the reacting centre. 

(1 76) 

This inductive effect will direct the approaching nucleophile in the way 
which allows the best stabilization of the resulting negative charge. That is, 
the more acidic of the two possible products will be formed in higher 
yield. This is illustrated by schemes (24) and (25), where the substituents 
R and R1 are electron-donating and electron-attracting, respectively. 

8, \ _3 B- 6’ \ I -  4 BH &’ ‘ H  (24) 
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The alternative explanation calls for a kinetic control of the isomer ratio, 
which thus reflects the electron density of the two carbon atoms of the 
formal triple bond polarized by the inductive effect of the substituents. 
In other words, the transition state for nucleophilic additions to benzynes 
should come early along the reaction coordinates and resemble the reac- 
tants more than the resulting anion. Since evidence in favour of this point 
has been presented in section 111. A, we feel the last explanation more 
adequate, although in the benzyne series both theories lead to the same 
conclusion. Moreover, experiments in the dehydroheterocycle series seem 
in agreement with the latter hypothesislBO. 

The nucleophilicity of the attacking reagent should also play a re!evant 
role since the more nucleophilic reagent is expected to be the more 
reactive and therefore less selective : the isomer ratio should therefore 
approach unity for the better nucleophile. 

Detailed studies by Bunnett and coworkers188*189 shed some light on 
this point. They examined the addition of methanol to 4-chlorobenzyne 
in the presence of various amounts of methoxide ion189. The paralmeta 
chloroanisole ratio depends on the amount of base (see Table 56). 

TABLE 56. Infiuence of base concentration on the paralrnera 
chloroanisole ratio obtained in the reaction of 4-chlorobenzyne 

and methanol189 

CH,ONa(M) 0 0.2 0.4 0.8 1.9 
Plm 4.7 3.2 2.8 2.5 2.1 

The change in the paralmeta ratio with increasing sodium methoxide 
concentration clearly shows that methoxide ion is more reactive than 
methanol toward 4-chloroben~yne'~~. The ratio of rates of methoxide and 
methanol attack was evaluated as 157 and 70 for the meta and para 
positions, respectively189. 

The different response of chlorine atom to orient attack by methanol or 
methoxide is in the expected sense. With a weak nucleophile, like methanol, 
the transition state for the addition should be attained later on the reaction 
coordinate than with a strong nucleophile such as methoxidelQO. It follows 
that the transition state should resemble the intermediate anion more and 
that the orienting effect of chlorine should be stronger. 

According to the previous discussion, a change is expected in the 
isomer ratio on passing from a protic to an aprotic solvent. This was 
indeed observed in the addition of lithium chloride and lithium bromide to 
4-chlorobenzyne (175, X = Cl) (see Table 57)lg1. 

In dimethyl sulphoxide (DMSO) solution the nucleophilicity of the 
halide ions is increased192 and the p / m  ratio, as expected, decreased. 
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TABLE 57. Paralmeta isomer ratios as a 
function of the solvent in the addition of 
LiCl and LiBr to 4-chlorobenzyne (175, 

x = .,)*Ol 

Solvent LiCl LiBr 

EtOH 3*? f 0.8 2.0 -t- 0.2 
DMSO/MeNO, 2.1 k 0.3 
DMSO 1.5 k 0.2 1.3 4 0.2 

The discovery that electron-attracting groups enhance the rate of 
proton capture versus that of halide ion expulsion in o-halogenophenyl 

152, is of particular importance to understanding the behaviour 
of trihalogenobenzenes in strongly basic media. 

It was observed by ‘Wotiz and HubalE3 that the recovered neutral 
material from the reaction of 1,2,4-tribromobenzene (177) with sodium 
amide in liquid ammonia was 1,3,5-tribromobenzene (178). 

Br 

This reaction was subsequently reinvestigated by Bunnett’s group1g3-1g5, 
who also observed similar isonierizations in several other polyhalogeno- 
benzenes. 

It was foundlg3 that by reacting perdeuterated 177 with potassium 
anilide in liquid ammonia the recovered 178 and 177 were completely 
deuterium free. This is a clear indication that aryl anions are indeed 
formed. It could suggest that 178 is formed via aryne 180 (see equation 
26). 

i 

Br 

I I 
Br Br 

(??9) (1 80) + other anions 
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The analysis of the data reported in Table 58 indicates that the aryne 
path cannot account for the experimental results. In fact (i) reaction of 
177 in the presence of added KI does not give iodide ioc-incorporated 

TABLE 58. Percentage of tribromobenzene isomers formed in the reactions of 
1,2,4- (177) and 1,3,5-tribromobenzene (178) in strongly basic media." 

Starting 
material 

Solventb Base Reaction 
time 
(min) 

177% 178% 

177 
177 
177 
177 + KI 
177 
177 
177 
178 
178 + 182c 
177 
177 
178 
175 + 182c 
177 
177 
178 

NH3 
NH3 
NH3 
NH3 
NH3-EtzQ 
NH 3- Et 2O 
NHS-EtzO 
NH3-Et20 
NH3-Et,0 
D M F  
D M F  
DMF 
DMF 
HMPA 
HMPA 
HMPA 

NaNH, 
KNH, 
PhNHK 
PhNHK 
KNH, 
PhNHK 
PhNHK 
PhNHK 
PhNHK 
t-BuOK 
t-BuOK 
f-BuOK 
t-BuOK 
t-BuOK 
t-BuOK 
f-BuOK 

1080 
480 
480 
480 
120 
120 
480 
480 
147 

5400 
0.45 

76.0 
1.67 
2.67 

1500 
1 

85 
77 
48.6 
80 
71.4 
41 
41 
0 

24 
49.4 
48.6 
0 

49.1 
59.7 
63.9 
63.6 

15 
23 
51.4 
20 
28.6 
59 
59 

100 
76 
50.6 
51.4 

50.9 
40.3 
36.1 
36.3 

100 

Various amounts of dibromo- and tetra-bromobenzenes were also formed, 

NH3-Et20 stands for a 50 : SO mixture of the two solvents; DMF is dimethyl- 

182 is 1,2,3,5-tetrabromobenzene, in catalytic amounts. 

together with bromide ion; for details see references 193 and 194. 

formamide, and HMPA is hexamethylphosphoramide. 

products, despite its higher ability to add to benzyne when compared to 
the bromide ion; (ii) from the scheme above, according to the observed 
orientation of halide ions to 3-haloarynes, a much higher 178/177 ratio 
than that observed should be expected. 

178 isomerization in 
more detail. It was found that the isomerization of 1,2,4- into 1,3,5- 
tribromobenzene is actually an equilibrium reaction. However the estab- 
lishment of the equilibrium seems to require catalysis by 1,2,4,5-tetrz- 
bromobenzene (182) or other suitable positive bromine donors. The presence 
of dibromobenzenes among the reaction products indicates that the 
catalyst may be formed by disproportionation of the tribromobenzenes 

Bunnett and ScorranolQ4 investigated the 177 

13 
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and more ehsi!y from 177 than from 178. The following scheme explains 
the experimental data: 

It is important to notice that the aryl anion (179) is stabilized by two 
halogens, other than the one ortho to the negative charge, which may 
explain why it reacts with the positive halogen donor faster than it loses 
bromide ion to give arynes. 

Another examp1elw of this reaction path for halogenoaryl anions was 
found by attempting isomerization of l-fluoro-2-chloro-4-iodobenzene 
(183) into l-fluoro-2-chloro-5-iodobenzene (184). 

It was found that conversion was possible only via reaction of aryl 
anion 185 with an iodine donor as 1 -iodo-2,4,6-trichlorobenzene (186). 
No isomerization WES observed in absence of catalyst 186 ruling out a 
conceivable 1 ,Ziodine shiftlg4. 
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Equilibrium between 177 and 178 is also attained with potassium 
t-butoxide in dimethylformamide (DMF) and hexamethylphosphoramide 
(HMP.4). The 178/177 ratios are 1.6 in liquid ammonia/ether 50: 50 at  
-29”, 1.4 in DMF and 0-55 HPMA at ca. 25OXS4. It is interesting that the 
recovered 1,2,4-tribromobenzene also appears to have undergone reaction. 
McLennan and BunnettXQ5 studied the reaction of 1,2,4-tribromobenzene- 
1-82Br under the same reaction conditions leading to the 177 +178 
equilibration. 

The recovered 1,2,4-tribromobemene was degraded eccording to the 
following scheme. The reaction leading from 177 to 187 was studied in 
detail by Bunnett and 

The radioactivity count in 187 and 188 represents the radioactivity of 
the original sample minus that of the 2- and 4-bromine respectively. 

Br Br 

I 
Br 

(1 77) 

I 

I 
MgBr 

Br 

Q 
Br 

Br 6”‘ 
The results of the radiochemical analysis indicate an equal distribution 

of the label among the three positions. This may be easily explained by a 
reaction scheme simiiar to equations (27)-(29) in which the key step is the 
positive bromine transfer from 1,2,4,5-tetrabromobenzene to 2,4,5-tri- 
bromophenyl anion (see equations 30-32). Notice that the four bromines 
of 191 arc equivalent and hence each one participates in the exchange. 

This reaction can be proved only by radioactive labelling of bromine 
and it is always present in the transformation of 177 into 178. It shows 
another aspect of the reactivity of trihalogenoaryl anions. Isomerization 
and disproportionation have also been reported, and explained with 
similar positive halogen transfer as described above, for halogenothio- 
pheneslS7, halogenoisothiazole~~~* and halogenoirnidazolesl””. 
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IV. EFFECTS ON WADBCALS 

In the previous sections the effects of halogens were considered mainly 
from the point of view of polar interactions with positive and negative 
centres. 

As far as radical stability and radical reactions are concerned, the polar 
effects, in first approximation, should not play any major role since no 
formal charges are formed or destroyed in the production of radical inter- 
mediates by homolysis of a covalent bond (equation 33) or by addition 
of a radical to a multiple bond feqnation 34). 

R-X > R ' + X '  (33) 

R+X'-R-X (34) 

However, much evidence indicates that polar effects do play a roIe in 
radical reactions. On the other hand, the classical sharp separation between 
homolytic and heterolytic processes is under critical revision and numerous 
well-documented cases of formally nucleoyhilic reactions which in fact 
occur via electron transfer to give radical ion intermediates are now in the 
literature. 

Kornblum and coworkers200, for example, reported that substitutions 
such as equation (35) occur via radical anions. 
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CH, 
I 

CH, 
4 CH,-Y-A 

CH,-? - X 

375 

X = NO,, Cl 

Recently Bunnett and Kim201 reported that unactivated halogeno- 
benzene may react with strong nucleophiles following the scheme (36). 
The other conceivable electron transfer processes (37), (38), (39) have not, 

QHal :'- - + Be+ _3 Products (36) 

A + R+ - A'+ + R' - Products (37) 

A + R' - A'- + R+ - Products (38) 

A + R' - A'+ + R:- - Products (39) 

so far, been clearly identified. However, transition states of reactions 
between a radical and a molecule in which a partial electron transfer 
occurs concurrently with the formation of the new bond have often been 
invoked to explain polar effects, sometimes large202, observed in radical 
reactions. 

A. Radical Stabilization 

The stabilization energy due to substitution of a hydrogen with a 
halogen on a radical may be evaluated through measurements of the 
appearance potential in mass spectroscopy. These data refer to gas phase 
and they may not always be applied to solution reactions because of the 
solute-solvent interactions2s. 

The data of Taft27 and coworkers on the dissociation energy of the 
C-H bond of halogenomethanes indicate that halogens stabilize methyl 
radicals by 15-20 kcal/mole and that the various halogens have similar 
effects. 

S.E. = D[CH,-H] - D[X-CH,-H] (40) 

The stabilization energies (S.E.) of the halogenomethyl radicals (relative 
to CH;) were obtained by the relationship (40) taking for D[CH,-HI 
the revised value203 of 104 kcal/mole (see Table 59). 
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Halogens have much less stabilization effect on  radicals than on tlx 
corresponding cationsZ'. As far as the order of the halogens is concerned, 
the data presented in Table 59 are opposite to what is expected on the 
basis of conjugative ability. Possibly other kinds of interaction intervcne 

TABLE 59. Dissociation energies of C-H 
bonds in halogen-substituted methanes 
and stabilization energies of mono- 

substituted methyl radicals (R') 27 

R D[R-H] S.E. 
(kcal/mole) 

- CH2-H 104" 
CH,-CH, 98 6 
CH2-F 8 9 + 3  1 5 + 3  
CH2-C1 8 8 5 5  1 6 + 5  
CH,-Br 83 + 5 2i f 5 

103 + 4  CF, 
CC13 9054  

- 
- 

a Taken from reference 203. 

as, for example, electron-electron repulsion on adjacent atoms, ground- 
state stabilization or other effects like polarizability, which seems to be 
more important in gas than in liquid phaseZs. 

The relative stabilizations of halogen-containing radicals have also 
been evaluated by estimating the dissociation energy of the carbon- 
halogen bond by kinetic methods, and from heats of formation of the 
radicals and the parent compounds203. 

The data reported in Table 60 show that whereas the results of chlorine 
ant! bromine abstraction parallel those discussed above, the dissociation 
energy of the carbon-fluorine bond seems not to be affected by chlorine 
substitution. This might be due to ground-state effects. 

TABLE 60. Carbon-halogen (R-X) 
dissociation energy (in k c a l / m ~ l e ) ~ ~ ~  

R F CI Br 
~~ 

CJ33 108 84 70 
CZH5 106 81 69 
CCI 3 106 73 54 
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Halogen substitution may also affect the geometry of the radical since 
it may have eithei pyramidal or planar structure depending on whether the 
free electron occupies an sp3-hybridized or a p-orbi t a P .  

Much evidence is available showing that alkyl radicals, and in particular 
the methyl radical, are nearly pianar with the unpaired electron occupying 
a p-orbital whose axis is perpendicular to the molecular plane205-207. 
Halogen substitution seems to modify this geometry. Fessenden and 
Schu1erzm reported e.s.r. spectra of fluorinated methyl radicals trapped in 
inert gas matrices. The hyperfine constants are reported in Table 61. 

TABLE 61. Hyperfine splitting (in gauss) of 
radicals trapped in xenon matrices at about 

- 188" 208 

Radical a H  U F  a C  

38.5 CH;" 23.0 - 
CH 2F* 21.1 64.3 54-8 
CHF; 22.2 84.2 148-8 
CF; - 142-4 271.6 

Transient signal in krypton. 

The 13C splitting is a very sensitive measure of the planarity of the 
radical site. Any non-planarity introduces s-character into the orbital 
occupied by the free electron209* zlo, and causes a rapid rise of the hyperfine 
constant because the contribution from an electron in a carbon 2s-orbital 
is - 1190 gausszo9. 

From data in the literature2l0 it was estimatedzoB that in CF; the electron 

is in an orbital having 21% s-character (FCF = 11 1.1'; 0 = angle between 
the bonds and a plane normal to the threefold symmetry axis = 17-8") 
and in CHFH in one having 10% s-character (0  = 12-7"). The CHzF' is 
near planar (Ox 5"). 

Thus the CF; radical almost maintains tetrahedral geometry (8 = 19-5', 
25% s-character). 

Similar results have been obtained from theoretical calculationsz11 
using the LCAOSCF method in the INDO approxiization (see Table 62). 
The agreement between the two sets of data is very good. The pyramidal 
structure of fluoro radicals is also suggested by the fairly large values 
calculated for barriers to inversion which are related with the energy 
difference between pIanar and pyramidal structures. 

A 
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TABLE 62. Calculated bond angles in fluoro- 
methyl radicals211 

378 

CH3 H e H  119.7 
C H ~ F  HEH 121 H e F  114 
C H F ~  FEF 109 FEH 116 

CF.9 F ~ F  112 

In Table 62 a selection of data obtained by different calculation methods 
are r e p ~ r t e d ~ l ~ ~ l ~ .  In some cases theoretical data are confirmed by experi- 
mental e v i d e n ~ e ~ ' ~ ~ ~ ' ~ .  The stabilizing effect of fluorine on the pyramidal 

TABLE 63. Calculated barriers to inversion of several 
halogeno radicals 

~~ 

Radical Barrier to Calculation Reference 
inversion method 

(kcal/moIe) 

10.5 

10.5 

5.4 

4.0 

1.9 

0-8 

0.7 
0-6 

27.4 

CND0/2 

CND0/2 

CNDO/:? 

CND0/2 

CNDO/2 

CNDOI2 

CND0/2 

SCF 
LCAO-MO- 

'CH, -4.9" SCF-MO 
(MINDO) 

212 

212 

212 

212 

212 

212 

212 
21 3 
213 
214 

a Energy difference between the less stable pyramidal and the more stable planar 
structure. 
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structure is also found in other compounds: the barrier to pyramidal 
inversion has been e ~ t i m a t e d l ~ ~ * ~ ~ ~  for NF, to be 56-59 kcal/mol, p corn- 
pared with 5-8 kcal/mole for 217. 

B. Effects on Reactivity 

Homolytic reactions, when chain processes, may be generally formu- 
lated as shown in Schemes A (equations 4144)  and B (equations 4548). 

SCHEME A: 

x2 => 2X' 
RH i- X' R' + HX 
R' + X2 RX + X' 

(44) 2R '  ---+ R-R and other terminating reactions 

SCHEME B: 
HX -+ H' + X' 

,c=c, + X' ___f /c-c\x 

't-c$x + Hx- M-c-c-x 4- X' (47) 

(45) 

(46) 
\ 0  \ *  / 

J I  
I i  4 

\. / I I I I  
2 / c - C ~ x - 4  x-c-c-c-c-x 

I I I I  
and other terminating processes 

The length of the chain depends on the relative rates of reactions (42) 
and (43) [or (46) and (47) for Scheme B] in respect of the chain termination 
processes (reactions 44 and 48, respectively), whereas the overall rate 
depeiids also on the rate of formation of the chain carrier (reaction 41). 

The effects of halogens in the organic moiety will be manifest in the 
rates of process (42) and, to a lesser degree, (43) as well as in the 'orienta- 
tion': i.e. which hydrogen will be abstracted when R is more complex 
than CH, and whether an 01 or /3 carbon will be attacked in reaction (46). 
Moreover halogen substituents may affect the stereochemistry of the 
overall process (which is definitively fixed by reaction 47). 

1. Wonaolytic substitutionz1" 

The halogenation of hydrocarbons is one of the most studied homolytic 
substitutions. The halogens have different reactivity depending largely on 
the energy of the bonds involved in the reaction. 
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Examples for halogenations of methane are in Table 64. 

G. Modena and G. Scorrano 

Reactions (42) and (43) may be very exothermic (F) or endothermic (I). 

TABLE 64. Bond energies'. 203. and estimated AH for reactions (42) and (43) 
in the halogenation of methane 

D[R--H] D[X,] D[H-X] D[R--XI AH,, AH,, 

- 3 2  -71 
c1 58 103 84 + I  -26  
Br 4 6  87 70 +I7 -24 
I 36 71 55 + 3 3  -19 

R = C H 3  104 X = F  37 136 108 

The activation energy of reaction (42) is somewhat dependent on the 
eneray of the bond to be formed (see, for example, Table 65). 

TABLE 65. Activatiolz energies of 
the hydrogen abstraction reaction 
by halogen atoms (X-) from 

et haneZ1 

X D ( H - X )  E,, (kcal/moIe) 

F I36 0.2 
c1 103 1.0 
Br 87 13.3 

It follows that the reactivity order of the halogens in respect to hydrogen 
abstraction is F > C1> Br$- I. In fact, fluorine reacts sometimes with 
explosive violence, while iodine is unreactive for all but the most highly 
activated benzylic C--H bonds. The rule that the most reactive is also the 
least selective reagent is confirmed for the halogenation reaction by the 
data in Table 66. 

TABLE 66. Selectivity of different radicals 
at 300 K 218 

F 1 1.2 1.4 
c1 1 3.9 5-1 
Br I 82.0 1600 
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The different reactivities of primary, secondary and tertiary hydrogens 
can be simply explained on the basis of the different stabilities of primary, 
secondary and tertiary radicals. Tnc different selectivity of halogens may 
reflect different degrees of bond breaking, and hence radical character at 
carbon, in the transition statel". 

However there is evidence for polar influences in radical reactions and 
many radicals, in particular halogen radicals, have electrophilic charac- 
ter202* 218. Typical examples are ch1orination2l9 and bromination220 of 
substituted toluenes whose reacticn rakes are correlated by the Hammett 
relationship with p values of -0-76 and - 1.05, respectively. 

Polar effects were invoked to explain the directing effect of halogens in 
the halogenation of halogenoalkanesZ1*. Some data for the gas-phase 
reactions : 

I 2 3 4 

X' + Y-CHz-CHz-CH~-CH, (49) 

where X, Y = Hal, CF, are collected in Table 67. According to the 
common use, data are reported in the form of Relative Selectivity (R.S.), 
that is the relative reactivity for hydrogen atoms at each carbon atom, the 

TABLE 67. Relative reactivity at the various carbon atoms in the 
gas-phase halogenation (X) of rz-butyl derivatives (Y-CC,H,-n, 

reaction 49)221* 222 

x' Y 1 2 3 4 T("C) 

F H 
F 
c1 

C1 H 
H" 
F 
F" 
c1 
Br 
CF3" 

Br H 
H" 
F 
F" 
c1 
CF, 

1 1.3 1.3 
0-3 0.8 1.0 

? 1.7 

1 3.9 3.9 
1 3.6 3.6 
0.8 1.6 3.7 
0.9 1.7 3-7 
0.7 2.2 4.2 
0.5 - 4.0 
0-04 1.2 4.3 

1 82 82 
1 80 80 

10 9 82 
9 7 90 

34 32 82 
1 7 90 

20 
20 
21 

35 
75 
35 
75 
35 
35 
75 

146 
150 
146 
150 
146 
150 

a From reference 222. 
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primary hydrogen atoms in n-butane taken as unity. The results show 
that the halogen atoms retard abstraction of the hydrogen from a 8-carbon 
following the order CF,, F > C1. 

Data on substitution /3 to a bromine atom are not easily obtained 
because of the instability of the intermediate radical which breaks down at 
moderate temperature to give the alkeneZz1. However, the very important 

CH2-Gii--CH,CH, 
I 
Br 

feature is that the hydrogen atoms on the SGXZ carbon atom as the sub- 
stituent are comparatively easily abstracted by halogen atoms. 

As the selectivity of the halogenating agent is increased in the series 
F -= C1< Br, the a-position becomes less deactivated and is actually 
rrctivated to bromination. This can be explained by considering the pos- 
sibility of stabilizatior, of the incipient alkyl radical by conjugation : 

x-~H-c,H, > 'X=CH -C,H, 

The more the transition state resembles the radical intermediate, the 
more important will be the conjugative sta5ilization (e.g. in bromination). 
In the less selective reaction (fluorination) the more important factor will 
be the inductive effect of the substituent which deactivates to the attack 
of the electrophilic radical. 

In the chlorination reaction the slight deactivation at the a-position 
follows the order Br > C1e F which suggests a balance of inductive and 
conjugative effects. 

That the a-activation is mainly due to resonance effects is shown by 
the reactions on 1,1,1-trifluoropentane. The CF, group has almost the 
same inductive effect of a fluorine atom (pK, of fluoroacetic and 3,3,3- 
trifluoropropionic acid 2-58 and 3-07, re~pectively)~, but it strongly 
deactivates even the bromination a t  a-carbonZz2. 

Table 68 collects data223 on the gas-phase reaction (50). 
1 2 3  4 

X' + CH,-CH-CH,-CH, 
I 
Y 

The features discussed in connexion with the reaction of n-halides are 
also apparent from the data of Table 68. The more selective reagent 
(Br') attacks almost exclusively the halogen-substituted secondary carbon 
to give 8 resonance-stabilized radical, whereas the attack by the Ieast 
selective radical (F') occurs preferentially a t  positions far away from the 
halogen substituent. The chlorine atom has an interniediate behaviour. 
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TABLE 68. Relative reactivity (for X = C1) or percentage of isomer 
formed (for X = F or Br) at the various carbon atoms in the gas-phase 

383 

halogenation by x', of sec-butyl derivatives (reaction 

~~ 

F H 26.8% 23.2% 23.2% 26.8% 2G 
F 23.976 0 31.9%" 44.2% 21 
c1 7-97; 0 25.5%" 66.6% 21 

C1 H 1 3.9 3.9 1 35 
F 0.1 3.6 2.1" 0.7 35 
C1 0.2 3-2 3.1" 0.8 35 

Br H 0.6% 494% 49.4% 0.6% 146 
F 92% 3%" 146 
c1 100% 146 
Br 100% 146 

a Mixtures of erythro and threo isomers (see Table 69). 

Therefore, the early generalization that the halogen directs the attack of an 
electrophilic radical away from itself is only valid for the very reactive 
fluorine atom. For the fluorination reaction a transition state very 
'reagent-like',,:an be postulated; in which the deactivating - I  effect is 
expected to be important. With the less reactive bromine radical, a 
'product-like' transition state can be assumed : this implies that the 
halogen substituent may stabilize the incipient radical by resonance. 

The  halogcnation of sec-butyl halides gives, as expected, two isomeric 
2,3-dihalogenobutanes. The two isomers, however, are formed in different 
amounts (see Table 69)223. Different explanations for the stereochemistry 
of the reaction will be discussed in section IV. B. 3. 

TABLE 69. Percentage of erythro- and tkre0-2~3-dihalogeno- 
butanes formed in the halogenation (X') of sec-butyl 

halides (RY)223 

Y = F  Y = c1 
X F" C l b  Br" F" C1" 

~~ ~ 

erythro (%) 60.2 59.4 64.3 66.6 71-4 
three(%) 39.8 40.6 35.7 33.4 28-6 

a At 21". 
At 35". 
At 146". 
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Solvents may affect the selectivity of homolytic reactions224, since they 
may interact with radicals. As an example it was reported that chlorination 
of aliphatic hydrocarbons is less selective in the liquid than in the gas 
phase225. 

More recently Tedder and coworkers226 showed that the relative rates 
of chlorination a t  the primary ( p )  and secondary (s) carbons of n-hexane 
at  313 K are 3-1 1 and 2-14 in the gas phase and CCl, solution, respectively. 
They found also that the different selectivity is caused by different con- 
tributions of the pre-exponential factors and of the activation energies. 
The values reported are: 

(gas) kJk, = (2.2 f 0.6) exp (214 f 127 cal/RT) 

(liquid) kJk, = (0.8 f 0.2) exp (597 f 20 cal/RT) 

On this basis the selectivity in the gas phase was attributed largely to 
'cage effect', whereas in the liquid phase it was related to solvation of the 
chlorine atom2". 

In  certain solvents the selectivity may become greater than in the gas 
phase, as shown by for the chlorination of hydrocarbons in 
aliphatic and aromatic solvents and in CS,, and by Walling and Mayahi2= 
for chlorination of alkanes in aromatic solvents and in carbon disulphide. 

The great effect of carbon disulphide enhancing the selectivity in the 
chlorination of n-butane is shown by the data reported in Table 70. 

TABLE 70. Reactivity ratios in the chlorination of n-butane at 68" 228 

Gas phase Liquid phase 9~ in CGH, 1 1 ~  in CS2 1 3 ~  in CS, 

s/p 3.6 2.69 5.1 6-6 8.0 

However, when n-butyl chloride was chlorinated the results collected in 
Table 71 were obtained226. 

TABLE 71. Isomer distribution in the chlorination 
of Iz-butyl chloride at 68" (relative to 1,3-di- 

chlorobutanej228 

Solvent 1,1/1,3 1,2/1,3 1,4/1,3 

- 0.158 0.478 0.397 
7-9M in CS, 0-138 0.430 0-265 
1 1 - 1 ~  in CS, 0.122 0.397 0.208 
5 . 7 ~  in CGHo 0.114 0.443 0.317 
7 . 5 ~  in CGHG 0-120 0.444 0.267 
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Ashton and Tedder229 also observed that the se:ectivity of chlorination 
of chlorocyclohexane does not increase from the gas phase to carbon 
disulphide solution as does the halogenation of hydrocarbons (Table 72). 

TABLE 72. Relative selectivities (R.S.) 
for chlorination of chlorocyclohexane 
relative to 1,4-dichlorocyclohexane 

(R.§.l,P = 1)22e 

Gas cc1* cs 2 

1,l 0.23 0.13 0.22 
1,2 0.78 0.33 0.25 
1,3 C.72 0.68 0.58 
1,4 1-00 1 *oo 1.00 

Probably the different dependence of selectivity on the various media is 
due to the intervention of different effects. In the case of aromatic hydro- 
carbons and CS, the main effect of the solvent is to complex the halogen 
atom, making it less reactive and hence more selective. In the case of 
halogenated hydrocarbons the polar effects are more important and the 
ability of the solvent to stabilize polar transition states intervenes. As a 
consequence the transition state acquires a greater polar character, the 
polar effects become more important and effective at greater distance;. 
On the other hand, stabilization by the solvent of the transition state is in 
itself an activation energy-lowering effect and hence tends to decrease the 
selectivity. 

2. Homofytic additionsZso 
The relative facility of the addition of a molecule to a double or triple 

bond via a radical chain mechanism (see reactions (45)-(48) Scheme B, 
section IV. B) depends on the balance among the strength of the bonds 
formed and broken in the p r o ~ e s s ~ ~ Q  231. 

For example, whereas the radical addition of HBr to an olefinic double 
bond is facile, the formally similar addition of HCI and HI  are both 
difficult because of the great strength of the HCl bond in the former case 
and the weakness of the C-I bond in the latter231. 

Substituents at  the double bond affect the rate and the orientation of the 
addition in a more or less marked way depending on the properties of the 
attacking radical and in particular its electrophilic or nucleophilic charac- 
ter. An example is given in Table 73 where the relative rates of addition to 
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TABLE 73. Relative rates of addition of radicals to ethylene 
derivatives 

CH; CYC~O- Br" CF; 
C,H; a 

CH,=CH2 1 1 1 1 
CHa=rJ,YF 0-53 0.69 0.014 0.16, 0.24' 
CH,=CHCl 5.7 1.7 0.301 0.61 
CH,=CHBr 7.6 3.4 0.676 0.79 
CI-I,=CF, 0.65 0.48 . 0.012 0.088 

0.1 5 
1 - 5 c  

- - CF,=CFp 10.1 
CH,=CHCH, - - - 

a At 65"C, from reference 232. 
At 40°C, from reference 233. 
At 200°C, from reference 234. 

several halogenoethylenes of two nucleophilic (CH; and cyclopropyl) and 
two electrophilic (Br' and CF;) radicals are reported. 

These results show that nucleophilic radicals attack electrophilic double 
bonds faster (see in particular the large increase in rate with tetrafluoro- 
ethylenej. On the other hand, electrophilic radicals react more slowly 
when electron-withdrawing groups are present on the double bond. 

The reactivity sequence Br>CI>F,  observed in the vinyl halides, is 
commoii to electrophilic and nwleophilic radicals. It recalls the order of 
stability of halomethyl radicals as measured by mass spectroscopy (see 
section IV. A), and, perhaps, the relative stability of the radical to be 
formed contributes significantly to the overall reactivity. 

The polar character of the radical may also affect the orientation, as 
shown in Table 74 where the relative yields of isomers obtained in the 
addition of several compounds to tr,ifluoroethene (192) are reported (see 
equation 5 1). 

CF,-CHF 

/ A  4 - 
(193) 

CF,-CHF 
\ 

X Y  + CF,=CHF 

(1 92) 

? A  
Although the isomer ratios appear to depend, to some extent, on the 

reaction conditions, the tendency for nucleophilic radicals to attack 
preferentially the most electronegative carbon (CF,) whereas electrophilic 
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TABLE 74. Addition of XY to CF,=CHF (192) (see equation 51) 

387 

XY Radical (X) Attack (%) to Reaction Reference 
conditions 

CF, CHF 
193 194 

89 

32 68 
42 st3 

95 
73 
98 

15 85 
52 48 
23 77 
20 80 
88 12 

{E 74 

{ 25 
2 

Thermal + I, 
Photochemical 
Thermal 
Photochemical 
Peroxide initiated 
Photochemical 
Photochemical 
Photochemical 
Photochemical 
Photochemical 
Photochemical 
Photochemical 

234 
235 
234 
235 
23 6 
236 
237 
238 
237 
239 
240 
241 

radicals behave in the opposite way is quite evident. For example, the 
attack at CF, occurs more easily with the CH; radical (88%)%l than with 
the CF; radical (10-30%)~~+ 235. 

Also typical is the series of phosphine radicals, in which the nature of 
the radical is gradually changed by the substituents and where, concurrent 
with increasing nucleophilicity, the attack at CF, increases from 2% to 
50%2379 238. 

On the other hand, the orientation of the addition of CFJ and HBr to a 
series of monosubstituted olefins (195) does not appear to be much 
affected by the substituent polarity, and in this attack the least substituted 
carbon is always favoured (see equation 52). Probably in this case the 
stability of the radical to be formed directs the course of the reaction (see 
Table 75). 

R-C H -CH2 

(195) R -CH -CH2 
I I  v x  
(1 97) 

When both carbons are substituted a more delicate balance of effects 
makes it difficult to predict the preferred orientation: some examples are 
reported in Table 76. 
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TABLE 75. Percentage of isomers formed in the addition of CFJ and of HBr to 

ethylene derivatives (see equation 52) 
~~ 

R X = CF,; Y = I 

197 196 

CH3 89 11 
F 91 9" 

89 l i b  
C1 N 100 
Br 
CF3 N 100 

- 
- - 

- 

~~ 

Reference 

234 
242 
234 
234 

243, 244 

X = Br; Y = I 

197 196 

Reference 

57 - - 100 - 8OC N 20' 233 

57 
57 

- - 100 - 100 
N 100 - 243,244 

- 

a Benzoyl peroxide initiated. 
Thermal reaction at 200". 
At 60°, lower 197/196 ratios obtained at higher temperatures. 

TABLE 76. Percentage of isomers formed in the addition of CFJ and HBr to 
ethylene derivatives 

CFJ HBr 
Reference Reference 

Attack to CF2 CRR, CF2 CRRl 

CF2=CH2 - 100 245 
CF2= CHF 1 1  89 234 

26 740 235 
32 68" 234 

CF2= CHCl 90 10 246 
CF2=CHCF, 40 60 247 

248 
CFZ=CFCF, 80 20 234 

- CF,= CFCl 100 

- - - 

42 

100 
72 

100 
62 
58 

100 59 

58 235 

246 
28 247 

249 
38d 250 
42" 250 

- 

- 

a Thermally initiated, in the presence of In. 
* Photochemically initiated. 

Thermally initiated. 
U.V. initiated. 
X-ray initiated. 

The results reported in Table 76 as well as those in the previous tables 
of this section show that theTe are many factors which co-operate in 
determining the rates and orientation of the homolytic addition to carbon- 
carbon double bonds. The relative stabilities of the radicals to be formed 
always play an important role but polar interactions between the attacking 
radical and the substituents at :k ethylenic carbons also contribute to the 
observed reactivity. It must be expected that in the addition reactions also, 
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as in the substitutions, the position of the transition state along the reaction 
coordinate may modify the balance between the various effects. Several 
other examples of radical additions to halogenated alkenes have been 
collected in recent reviews2"p 252. 

3. Stereochemistry 
The stereoch.emistry of the substitution reaction has been studied by a 

number of authors and there is some evidence that the reaction may be 
in some circumstances stereospecific. 

reported that chlorination of (+)-1-chloro- 
2-methylbutane (198) in the pure liquid yielded inactive 1,2-dichloro-2- 
methylbutane, it was more recently foundza that the photobromination 
of the same compound (198; 01 = + 1.38) gives optically active 2-bronio- 
1-chloro-2-methylbutane (199; a = - 1-45). 

Although earlier 

CH3 
I 

CH3 1 

I I 
H Br 

(1 98) (1 99) 

Similar resultszs were obtained in the photobromination of (+)- 1- 
bromo-2-methylbutane (a = + 4.89) which gives (-)-1,2-dibromo-2- 
methylbutane (a = - 2-86). The bromination with t-butyl hypobromite 
of the same substrates gave similar results although with lower optical 
yields (a = - 1-8/-2*0), whereas the chlorination with t-butyl hypo- 
chlorite or chlorine yields inactive material. These results were tentatively 
explained on the basis of the halogen behaving as a configuration holder, 
possibly by bridging. 

B r, C H 3-C H2-C -C H 2 C I -f C H,-C H2- C -C H2C I 

\ / 

/c,:y\ 
Hal 

(200) 

The hypothesis that halogens, particularly bromine and iodine, are 
able to bridge with the adjacent radical centre (200) has been advanced to 
explain the stereochemistry of other radical reactions (see below) and it 
finds support in e.p.r. on P-halogeno radicals in solid matrices 
which suggest a bridged structure of the radical. However, these studies 
refer to conditions quite dissimilar to those in which radical reactions are 
usually studied. In particular the lifetime of the radical species is much 
longer in solid matrices than in the gas or liquid phases. 

The intervention of bridged species in these reactions has been ques- 
tioned by Haag and HeibazSG0. They confirmed the results of Skell and 
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coworkers254 on the photobromination of I-bromo-2-methylbutane but 
on the other hand they also found stereospecificity in the photobromination 
of l-cyano-2-mp,thylbutane. Since it is quite unlikely that a q a n o  group 

CH,CH,CCH,Br A> CH3CH,CCH,Br 

CH3 
I 

I 
Br 

(Y. = -3.68 

CH3 
I 

I 
H 

a = i-3.74 

CH3 
I 

CH3 
I 

CH,CH,CCH,CN * CH,CH,CCH,CN 
I I 
H Br 

LY = +7*98 0; = Jrl.69 

(201) (202) 

would act by bridging, and the changes in optical rotation are similar, 
some other explanation for the stereospecificity must be sought. The 

suggested that the initially formed pyramidal radicals may be 
trapped by bromine faster than inversion or conversion to a planar 
structure occur. This may also explain why stereospecificity was not found 
in the chlorination with t-butyl hypochlorite. 

However, there is other evidence which may suggest that halogens act as 
bridging atoms at a radical centre. The chlorination of t-butyl bromide 
(203) with t-butyl hypochlorite at  - 78" and the photoreaction with 
chlorine at 24" gives only 1 -bromo-2-chloro-2-methylpropane (204)257. 

CH31:L3 Tk> CH,CCH,Br 

CH3 
I 

I 
CI 

f-BuOCI 

I 
Br 

(203) (204) 

The authors took into consideration the possibility of bromine elimination 
from the intermediate radical followed by readdition of BrCl. However, 
even in the presence of excess of chlorine no 1,Zdichloro compound was 
detected. Therefore the elimination-addition path is compatible only if 
the addition occurs within the solvent cage, which cannot be ruled out 
although it is not very likely. 

The formation of I-bromo-2-chloro-2-methylpropane requires the 
2 -+ 1 bromine shift and may be explained by bromine bridging across the 
two carbons. The classical controversy, whether the bridged structure is 
representative of the transition state of the shift or of an intermediate 
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along the reaction path, cannot be resolved on the basis of these results 
alone. I t  is interesting that on changing the solvent (from pcre liquid to 
CS, solutions) the photochlorination of the same t-butyl bromide (203) 
with t-butyl hypochlorite yields both 1 -bromo-Zchloro (204) and 2-bromo- 
1 -chloro (205) 2-methylpr0pane~~8. 

y 3  y 3  7% 
cs, 

C W C H 3  CI, CH,CCH,Br + CH,CCH,CI 

Br CI Br 
I I I 

(2031 (204) (205) 

The authors258 suggested that the rearranged product derives, at  least 
in part, via an elimination-addition path whereas the unrearrilnged 
product derives from direct quenching of the primary radical. However, 
the results are also consistent with the rate of chlorine abstraction being 
competitive with the rate of rearrangement to t-butyl radical or to the 
bridged species. 

Intervention of bridged structures was also invoked to explain the high 
yizlds of 1,Zdibromo derivatives obtained in the photobromination of 
bromocyclohexane and bromo~yclopentane~~~.  Moreover, the greater 
reactivity of cis-4-bromo-t-butylcycloliexane (206) in respect to the tram- 
isomer (207) (kci$ktrans > 15) 260 may suggest an anchimeric effect of the 

axial bromine. Similarly Thaler2s9 found a high reactivity for liquid-phase 
hydrogen abstraction /? to a bromine in n-alkanes whereas chlorine is 
much less effective (see Table 77). 

TABLE 77. Relative reactivities" in the liquid-phase 
halogenations (X) of l-halogenobutanes (RY) at 60" 259 

~~ 

X ' Y  1 2 3 4 

Cl Clb 0.158 0478 1 0.397 
Br 0.093 0-434 1 0.455 

0.488 1 
Br 0.062 5.78 1 

- 
- 

Br C1 0.439 

a Reactivity of Ct3) taken arbitrarily as unity. 
From reference 228. 
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The assistance of 8-bromine seems to depend on the media. In fzzt Sic 
brominztion in the liquid phase of 2-bromobutane gives results (see Table 
78) similar to those reported above for l - b r o m ~ b u t a n e ~ ~ ~  whereas the 
gas-phase brcmination occurs exclusively at the a-pcsition with respect to 

TABLE 78. Relative reactivitiesDp in the liquid- 
phase bromination of sec-butyl halides (RY) at 

600 ?GO 

~~ 

Y 1 2 3 4 

c1 - 1.00 0-0858 - 
Br - 1.00 5.13 - 

a Reaction run in 1 : 5 oromine/alkyl halide mixture. 
Reactivity of C(?) tnken arbitrarily as unity. 

the halogen (see Table 68)233. These results emphasize the point that the 
assistance of bromine is much higher than that of chlorine. 

The same conclusions may be suggested by the results obtained257 in the 
photobromination of t-butyl chloride (208), which yields 1,2-dibromo-2- 
methylpropane (209) probably via eliminaticn-~ddi:ion, in the sense that 
the lack of assistance makes the elimination path predominant. 

CH3 
I 

> CH,-C-CH,Br 
I 
Br 

CH3 
I B r2 CH3- C-CH, 
I 

CI 

(208) (209) 

The intcrvention of the elimination-addition mechanisms has been 
recently stressed261* 262. Ashton, Tedder and Walton262 observed thzt 
hydrobromic acid pronotes elimination and, since it is formed in the 
abstraction step of bromination reactions, the elimination-addition 
process becomes more important at  later stages of the reaction. I t  has also 
been observed that the composition of the products changes with hydro- 
bromic acid concentration and hence with the progress of tht: reaction261* 262. 

These very recent results may call for a revision of earlier work in this area 
and of the kjpothesis advanced. 

The bridging by bromine in the liquid-phase bromination of 2-bromo- 
butane to give 2,3-dibromobutane has been claimed259 to explain the 
preferential formation of the nzeso isomer. 

However meso (or erytho) isomers were also found to be predominant 
in the halogenation of 2-chloro- and 2-fluorobutanes (see Table 69)2"3. 
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Since in the latter cases the intervention of bridged species seems unlikely, 
the observed stereochemical course might be better explained on the basis of 
preferred conformations in the reagents and iniermediate radicals. 

Similar problems arise in the analysis of the stereochemistry of the 
radical addition of HBr to ole fin^^^^. The addition to l - b r ~ m o - ~ ~ ~  and 
1-chl0ro-cyclohexene~~5 gives more than 99% of the cis-lY2-dihalogeno- 
cyclohexane. Similar preference for anti addition266 was also found in other 
cyclic l-bromoalkenes (see Table 79), although in the small rings, possibly 

TABLE 79. Percentage of anti 
adducts in the hydrobromic 
acid addition tc l-bromocycio- 

alkenes2ee 

1 -Fromocyclobutene 79 
1 -Bromocyclopentene 94 
l-Bromocyclohexcne5 99 
1 -Bromocycloheptene 91 - 

a From reference 264. 

because of cis repulsion of ihe halogens, substantial amounts of products 
derived from syn addition are formed. 

On the other hand, the stereochemistry of addition to 2-bromo-2- 
norbornene (210), which gives 5/7 of trans-2,3-dibromonorbornane (211) 
and 2/7 of exo-cis-2,3-dibromonorbornane (212), indicates that both the 
attack of the bromine radical and of HBr occurs from the least hindered 
ex0 side and hence that conformational factors are important267. 

The addition of hydrobromic acid to l-chloro26s (213) and 2-chloro269 
(216) -4-t-butylcyclohexene, which gives the products reported in equations 
(53) and (54) may again be exp!ained on the basis of the requirement for 
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t-butyl groups to be equatorial throughout the reaction. Consequently the 
bromine must assume the axial position in both cases. and the hydrogen 
too must enter axially to avoid two halogens in the axial position. The 
intervention of bridged species was postulated but it does not seem 
compulsory. 

Q CI 1- H B r  (54) 

The addition of HBr to open-chain halogenoolefins map be stereospecific 
in some particular instances. Thus the radical addition to cis (218) and 
trans (221) 2-bromobut-2-ene at - 78" in excess liquid HBr is anti stereo- 
specific but at room temperature a mixture of nieso (25%) and racemic 
(75%) products is formed270 from either olefin. 

(219a) H 

II 
Br 

(219b) 
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The stereochemistry observed was related to  the formation of a weakly 
bridged 8-bromo radical. This may easily open at higher temperatures 
and hence allow for decreasing selectivity with increasing temperature. 

The above results might also be explained by assuming that a t  low 
temperatures the rotation around the C-C bond is slower than hydrogen 
abstraction and that the attack from the less hindered side to give a 
staggered conformation is favoured over attack from the opposite side 
to give an eclipsed conformation. 

4. Worncilytic aromatic substitution 
Substituent effects in homolytic aromatic substitution are usually small 

and therefore large differences in the behaviour of the four halogens 
cannot be expected1* 271. 

As already seen in the previous sections the nature of the radical, its 
electrophilic or nucleophilic character, may affect both overall rates and 
partial rate factors. The rates of attack by phenyl radicals, a presumed 
‘neutral’ radical, on halogenobenzenes are slightly faster than attack on 
benzene (see relative rates in. Table 80) but halogens are not very effective 

TABLE 80. Relative rates of substitution of C,H,X with benzoyl peroxide at 
80°C 272 

X 

H NO, F c1 Br I CHI 

Relative 1.00 2.94 1.03 1.06 1-29 1.32 1.23 
rates 

as typical resonance interacting sub~tituents~’~. Although the differences 
in relative rates are small there is a clear trend of increasing reactivity with 
increasing atomic weight. All halogens have similar orienting effects, as 
shown in Table 81, where two other substituents are also reported for 
comparison. 

TABLE 81. Isomer ratios in the phenylation of 
CIHSX with benzoyl peroxide at 80” 

X orrho meta para Reference 

F 54 31 15 273 
C1 50 32 18 274 
Br 50 33 17 275 
I 52 31 17 275 
CF, 29 41 30 276 
CH, 67 19 14 277 
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and faster with nucleophilic radicals than the phenyl radical271. 
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Brorno- and chlorobenzene react more slowiy with electrophilic radicals 

TABLE 82. Relative rates of arylation with 
substituted phenyl radicals (XC,H;) at 80" 271 

Relative rates (C,H, = 1) 

03NC6H6 CICoH, BrCoH, 
X 

0.94 1.17 1.5 
- 

P - N O ,  
p-c1 1.5 1.02 
p-Br 1.8 
p-OGHB 2.9 1.6 - 
H 4.0 1-5 1.7 
p-Me 5- 1 2.0 - 

- - 

The polar effects are more evident when the differences in the attacking 
radicals are greater. In Table 83 the relative rates of attack on substituted 
benzenes are reported for r, nucleophilic (cyclohexyl), an electrophilic 
(phenylethynyl) and a 'neutral' (phenyl) radical. All the halogenobenzenes 

TABLE 83. Relative reactivities (C,H, = 1) for reactions 
of substituted benzenes (CsH,X) with radicals 

Radical 

X Cyclohexyl" Phenyl* Phenylethynyl" 

F 1-9 1.0 0.57 
c1 3.5 1.1 0.50 
Br - 1.3 0.35 

0.76 1.2 2-25 CH3 
CF, 2.0 1.0 - 

a From reference 278. 
From reference 278 evaluated on the basis of data in Table 81 ; see also Table 80. 
From reference 279. 

are less reactive than benzene toward the phenylethynyl radical and more 
reactive toward the cyclohexyl radical. 

The isomer ratios are differently affected by the halogens when radicals 
have more pronounced polar character. However, the differences are 
always small in an absolute sense (see Table 84). The effect of substituents 
on the orientation depends on the electronic demand of the attacking 
radical. Even though the differences are not great, fluorine, the effects of 
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TABLE 84. Isomer ratios of homolytic substitution in C&X 

X = F  x = c1 X = Br 
Radical -- 

ortho rneta para ortho riieta para ortho rneta para Reference 
-_____ 

CH; 57 37 6 62 28 10 55 34 1 1  280 

CLK 54 31 15 50 32 18 50 33 17 0 

p-OZNCSH; - - - 60 24 16 61 25 14 281 

cyclo-C,H;, 61 35 4 54 34 12 58 32 10 278 

C,H,-C=C' 42 28 30 52 26 22 50 30 20 279 

See Table 83. 

which are exalted, shows an increased preference for para orientation as 
the electrophilic character of the radical increases. It is of particular 
interest to compare partial rate factors for attack at  the para position in 
halogenobenzenes (see Table 85). 

TABLE SS.  Partial rate factors forpara position 
in homolytic substitutions of halogenobenzenes 

(CeH5X) 

X CYCIO-C,H;, CeH; C,H,-C=C' 

F 0.47 0.86 1 *04 
c1 2.5 1.2 0.66 

0.43 Br - - 

With nucleophilic or 'neutral' radicals the para position is deactivated 
whereas with the electrophilic phenylethynyl radical it is slightly activated. 
This suggests that in the fluorobenzene reactions the polar effects are more 
discriminating than with other halogenobenzenes, probably because the 
transition state occurs late on the reaction coordinate resembling rather 
the intermediate radical where stabilization through resonance will be 
important. 

1.  

2. 

3. 
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1. INYRQDUCTION: CLASSlFlCATlON O F  REACTIONS 
AND MECHANISMS 

In discussing reactions of organic compounds, our first preoccupation is 
with the structure of starting materials and products. The range of molecules 
with which we are concerned is limited by the techniques which we have 
available for the study of entities which can be isolated, and by the kinetic 
stability of these entities. As the techniques become more and more 
sophisticated, we can hope to recognize more and more fleeting inter- 
mediates, and so to characterize an increased complexity in sequential 
reactions. 

As soon as we start to consider the mechanism of a chemical reaction, we 
are attacking a problem which is very much more complicated, and the 
inferences that we may wish to draw from our experimental data are likely 
to  be less certain than those that we can reach relating to structures. A 
complete knowledge of the mechanism of a chemical reaction at the least 
requires a precise knowledge of the energies and entropies of all those 
geometrical states which have a finite probability of being attained by the 
reactants in the course of conversion into the products. Most of these 
states have an existence for no longer than the duration of a molecular 
collision or two, and so they are not capable of observation as isolated 
entities. 

In practice, we concern ourselves mainly with sections through an 
energy surface which c ; ; ~  ?x uscd to dcscribe the ocrraii transformation. 
The section which we use is that which relates to the bonds being made 
or broken. Maxima are the transition states dividing reactants from 
intermediates and products ; minima represent the starting materials, 
intermediates and products. Kinetic methods help us to define (a) the 
stoicheiometry and (b) the change in energy and change in entropy in 
going from starting materials to transition state. Various physical methods 
involving examination of the system during reaction help us to recognize 
intermediates; the existence of these can sometimes also be inferred from 
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experiments desigced to remove or ‘trap’ a fleeting substance, though 
interpretation of such experiments is fraught with the danger that some 
new reaction may have been evoked by the trapping reagent. 

In principle, theoretical calculations may also be used to define the 
properties of transition states; ultimately it may be pcssible to define 
mechanisms in this way. In  this chapter we shall discuss one important 
example of this approach as applied to reactions of organic halides. In 
practice, however, experimental recognition of mechanistic complexities 
has generally preceded theory, as the examples which we need to draw 
upon in discussing organic halides will establish clearly. 

One further general point is relevant to the reactions we shall be considcr- 
ing. Chemical reactions can occur both in the gas phase and in solution; 
most of those to be discussed in this chapter are in the latter category. The 
involvement of the solvent involves energies of solvation and energy 
changes during the reaction, often quite as important in determining the 
course of reaction as the strengths of the forming and breaking bonds. The 
solvent may also have the dual role of solvation and of reaction; and the 
mechanics of the process of collision in solution are rather different from 
those involving collision in the gas phase, since once two particles have 
come together within their sheath of solvent molecules, they may undergo 
repeated collision before becoming separated again. Such repeated 
collisions are referred to as ‘encounters’, and for non-reacting particles the 
average behaviour over a large number of encounters may be approximately 
the same as that associated with the larger number of more random 
collisions that would have occurred if the solvent were not there. If, on the 
other hand, reaction occurs at some t i n e  during the encounter, it is 
difficult to know whether the assembly of particles involved in the encounter 
should be regarded as an  intermediate or not; if a solvent molecule is 
one of the particles specifically concerned in the reaction it is hard to 
define its role as distinct from that of the sslvating solvent molecules. 

If we consider in very general terms the physical process which we are 
describing when we draw an energy diagram of the conventional kind 
(e.g. Figure 1) to represent the changes occurring zkng a reaction path 
leading from A to products in a thermal reaction, we must realize that we 
are implying a physical process (e.g. collision between molecules) which 
transfers energy (e.g kinetic energy) into the mode of vibration which 
leads to passage through the transition state, and having reached the 
trat,;;Im state we imply a further process (which may also involve 
collision) which allows deactivation as the transition state is transformed 
into products. The simplification usually made is to consider only the mode 
of vibration which leads to passage through the transition state to one 
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particular product, as from A to €3. The very process of deactivation, 
however, may contribute to the determination of the product. Thus if this 
collisional deactivation involves the solvent, the possibility of divzrsion of 
the still highly activated system at some intermediate point (e.g. as 
indicated in Figure 1) is a very real one, and is not describable in terms of a 
discrete intermediate on  the reaction path, though it may be important in 
defining the exact nature of the product; as for example whether this 
comprises B or C (Figure l), or a mixture of the two. 

Energy 

Transition state 

Possible point of 
invdvement of 
extraneous molecules 
colliding to bring 
about deactivation of 
the  trunsition state. 

L 

A 

Reaction co-oidinate 
FiGURE 1. 

Considerations of this kind leave areas of uncertainty in mechanistic 
discussion of any reaction in solution. In this chapter we shall attempt to 
show that there are various major groupings of mechanisms of the reac- 
tions with which we are concerned, and that these major groupings each 
have some important common characteristics which are distinguishable by 
experimentally observable phenomena of major importance in determina- 
tion of products. 

Authors have from time to time sought to simplify mechanistic dis- 
cussion by invoking ‘Occam’s razor’, ‘Entia iron sunt multiplicanda praeter 
necessitated’. The present writers maintain that, even if we agree on some 
free translation of this doctrine, the simplification thereby introduced 
is wholly illusclry as applied to the scientific situations under discussion. 
If ‘Occam’s razor’ has any application outside the field of abstract 
philosophy, it can be applied only to  a closed system of logic. In dealing 
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with mechanisms in the present state of knowledge, we are always dealing 
with open systems, where more can be discovered by experiment and where 
our present theories are an app-oximation to a truth which can be defined 
on!y within the limits determined by our restricted techniques and insight. 
Application of ‘Occam’s razor’ applies an additional blinker which may 
appear to help us in the short term, but in so doing tends to leave us 
satisfied not to speculate beyond the immediate realm of knowledge. 

The reactions with which we will be concerned are of the type: 

\ ,c-x -I- Y 4 >c-Y + x (X Gr Y = Halogen) 
1 I 

Substrate Reagent Products 

We shall use the terms ‘substitutiofi’, ‘replacement’ and ‘displacement’ 
synonymously to  describe such a process. Substrates, > C-X, will 

include saturated and unsaturated compounds. As far as the broad 
classification of mechanisms is concerned, we shall include reference to 
nucleophilic substitution, where the reagent Y attacks by way of a pair of 
electrons, and the leaving group is displaced as X-; to electrophilic 
substitution, where attack is by an electron-deficient centre in the reagent, 
which may be a simple ion (e.g. Cl+) or a complexed form (e.g. Cl-Z) and 
the displaced group leaves behind its bonding pair, thus being removed as 
X + ;  and to homolytic substitution, where the bond-fission involves the 
departure of X as a halogen atom. 

The Brarnsted approach is accepted, namely that the overall charge-type 
of the reaction is for many purposes of secondary importance; electrophiles 
can be neutral or positive, nucleophiles can be negative or neutral without 
affecting, except in matters of detail, the general nature of the chemical 
reaction under study. With this framework in mind, we can classify the 
two main types of heterolytic substitution involving carbon-halogen 
bonds as electrophilic and nucleophilic ; we shall deal separately under 
each heading with reactions at saturated and unsaturated centres. 

In discussing the mechanisms of these reactions, we make no attempt to 
be exhaustive. Most of the processes with which we are concerned have 
been the subjects of excellent reviews; our purpose is to draw attention to 
the range of mechanisms available, to the most important characteristics of 
and variations within each mechanistic category, and to recent develop- 
ments which give further insight into the complex phenomena which can be 
observed. 

In most cases, the mechanistic possibilities available for any one kind of 
carbon-halogen bond are in principle available for the others. Qualitative 

I 
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differences between the halogens relevant to the mechanistic discussions 
with which we shall be concerned include the following2: 

(i) The bond energies of C-X bonds follow the sequence F > Cf > Br > 1. 
(ii) The hydration energies of the halide anions follow the sequence 

F- > CI- > Br- > I-. 
(iii) The hydrogen-bonding power of the halogens decreases in the order 

F 2 CI, Br, I. 
(iv) The van der Waals radii of the covalently bound halogens decrease 

in the order I > Br > C1> F, so that non-bonding interactions with equzlly 
distant molecules or groups are least for fluorine and greatest for iodine. 

(v) The covalent bond-lengths of the halogens decrease in the order 
I > Br > C1> F. 

(vi) The first ionization energies of the halogens decrease in the order 
F > C1> Br > I, so that the ease of formation of isolated cationic halogen 
follows the reverse order. 

(vii) The availability of d-orbitals allowing expansion of the octet of the 
halogen involved in a C-X bond decreases in the order I > Br > C1> F. 

(viii) The influences described under (iv), (v), (vi) and (vii) are all 
probably concerned in determining that the ease of bridging to a cationic 
centre decreases in the order I > Br > C1> F. 

(ix) The electronegativities of the halogens decrease in the order 
F > C l > B r > I .  As a result, adjacent atoms can be partly denuded of 
electrons; fluorine, because of its small size and short bond length, is 
particularly effective in this way. 

(x) The polarizability of halogens decreases in the order I > Br > C1> F, 
so that in systems where direct interaction with external reagents can be 
important, the importance of sequence (iii) becomes diminished. 

These factors interact in a complicated way in any real situation, so that 
it is often not possible to predict the order of reactivity of a series of 
compounds containing halogens. Experimental observation, however, 
often tells us which of the various influences are the most important in a 
particular instance. We shall draw attention as far as possible to the range 
of halogens over which each of the mechanistic possibilities has been 
investigated. 

Classification of ineci~aitisms. The common use of labels for the classifica- 
tion of organic: reaction mechanisms started with the realization that more 
than one mechanism was possible for a single reaction; the familiar terms 
S,l and SN2 are particular examples deriving from this concept. When 
only the limiting simple cases represented by such examples are considered, 
it is reasonably easy to define precisely what the symbols are intended to 
mean. Application to multi-stage processes, however, becomes complicated 
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and introduces difficulties, some of which are semantic, but others which 
are real and may be at  present unresolved ar,d in practise unresolvabie. 
Some of these difficulties have produced unprofitable and acrimonious 
controversies. We shall refer to some of them in the course of the text; a t  
this point some general remarks will s2ve later repetition. 

We hold that none of the currently used classificatory symbols for organic 
mechanisms are wholly satisfactory in giving a comprehensive way of 
describing multi-stage reactions. But we think that it is convenient to use 
symbols such as S,1,5"2, S,l where appropriate because they are so 
familiar as used in current lirerature. 

In using these, the symbol S ;efers to a n  overall stoicheiometric 
substitution (e.g. R-X+ Y --f R-Y +X), quite independent of the reaction 
path and any mechanistic detail. Addition processes (Ad) and elimination 
processes (E) are other classes of reaction for which it is common to use a 
label indicating the stoicheiometry. 

The subscript E or N has niechaaistic connotation because it defines 
reactant and substrate in a heterolytic process. Thus OH-+RCl-t ROH 
+C1- is a nucleophilic substitution of chlorine in RCl regarded as the 
substrate. Likewise PhH + RC1-t PhR + HCI is a nucleophilic substitution 
in which RCl is the substrate. This may be further extended as in the 
example 

-. / t \+ ,c-c-CI I + CI- ,c=c, 4- CI-CI - 
I 

which is a nucleophilic substitution at chlorine. The common characteristic 
of these reactions is that the leaving chlorine takes with it the bonding 
pair of electrons; any reaction sequence, or any step in any reaction 
sequence which may be analysed in this way, can be called a nucleophilic 
substitution. In  the same way, if in a particular step or  in a particular 
stoicheiometry (e.g. R-X+ Y --f R-Y +X) the bonding electrons of 
R-X may be analysed as becoming the bonding electrons of R-Y, then 
the reaction is called an electrophilic substitution and given the symbol 
S,. If the subscript H is used, then one electron of the bonding pair becomes 
associated with each fragment. 

Each step in a multistep reaction may be given such a descriptive label. 
The convention was early established that the rate-determining step was 
given a nomenclature appropriate to the overall process. Thus SNl refers 
to the process 

R C I L  R +  + CI- 
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occurring as part of a nucleophilic substitution whose stoiclieiometry is 
represented 

RCI + Y- - RY 4- CI- 

The qualifying numeral then refers to the number of moIecuies necessarily 
involved in covalency change in the rate-determining stage; it carries a 
prime if the reaction has proceeded with accompanying rearrangement. 
Further qualification is then sometimes necessary, essentially when it 
becomes necessary to indicate that a simple one-stage mechanism is not 
under observation : too mechanical an association of such labels will 
bring together some strange bed-fellows. The reader will appreciate this if 
he thinks about the terms SN2, SN2(C+), SN2(Ar). All of these are used 
quite commonly; all refer to nucleophilic substitutions with two molecules 
necessarily undergoing covalency change in the rate-determining stage, but 
they involve very diverse sequences. 

The possibility of isomeric transition states of the same kind (even 
perhaps involving the same bonds) is not excluded in the use of any such 
symbolism and becomes a very real possibility in some cases. Furthermore, 
the use of a particular symbol to  describe a reaction having a particular 
transition state implies no particular assumption as to what intcxnediate 
stages, if any, precede formation of the transition state. 

The question of whether or not covalency is changing, and if so in what 
particles, is perhaps one of the most difficult to answer by reference to 
definitive experiment. It brings one immediately ink the situation of having 
to argue whether or not forces of solvation involve covalent bonding. We 
shall take the view that they need not. Applying ourselves now to reactions 
of nucleophiles, reasonable criteria for covalent interaction are (a) whether 
a better nucleophile interacts more strongly, and (b) whether an isotope- 
effect can be observed on the formation or breaking of the appropriate 
bond. 

In any real case, we recognize that we often either do not have the 
information or have an experimeptal result which is ambiguous because 
our experimental probe is not sufficiently sensitive. 

il. NWCLEOPHILIC REPLACEMENTS 

A. Nucleophilic Replacement of Halogens at Saturated Cenlres 

8 .  Birnolecular ( S d )  processes 

a. Kinetic criteria. The existence of bimolecular processes of nucleophilic 
dispIacement of halogen from saturated centres are part of the very obvious 
fabric of organic chemistry; alkyl halides react with anions and with 



416 P. B. D. de la Mare and B. E. Swedlund 

neutral molecules at different rates and under different conditions, and 
thereby give products of substitution. Any of the methyl halides, for 
example, can act as alkylating agents for a wide variety of nucleophiles, as 
in the cases mentioned below. 

MeBr + PhS- - MeSPh + Br- (1) 

(2) MeBr + CH(CO,Et), - MeCH(CO,Et), + Br- 

Kinetic measurements which establish the second-order, and hence 
bimolecular, nature of the process can be traced back into the early history 
of physicochemical investigations; examples include the bimolecular 
reactions of alkyl halides with the thiosulphate anion3. 

MeBr + S,O:- - MeS,O; + Br- (3) 

The necessity of categorization arose when it began to become clear that 
more than one mechanism is available for these reactions. Hence arose the 
use of the symbol SN2 to refer to a bimolecular nucleophilic substitution; 
the term bi~nofecu/ar was specified as implying that two molecules were 
rmessarily undergoing covalency change in the rate-deteimining stage of 
the reaction. 

The experimental characteristic which is most cogent in identifying this 
type of process is that which establishes that the formation of a new bond 
makes easier the breaking of the old one; where it can be shown that one 
reagent performs the reaction more rapidly than another (as when ethoxide 
ion is more effective than ethanol), or that the kinetic form is bimolecular, 
good evidence for the existence of the SN2 mechanism is provided. 
Difficulties arise with processes which are called soholytic because the 
solvent is the reagent; here we cannot apply the kinetic criteria without 
varying the solvent and so vitiating our conclusion. We shall return to this 
problem later. 

b. Comparison of Iralogens. The results quoted in Table 1 show that the 
relative reactivities of corresponding fluorides, chlorides, bromides and 

TABLE 1. Relative reactivities (RCl = 1) of aliphatic 
halides in bimolecular nucleophilic displacements 

with sodium ethoxide in ethanol 

X: F C1 Br I 

n-C4H8X at 50" 0.004 - 29 - 
CZHSX at 55" - 1 -00 29 58 
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iodides by the SN2 mechanism are unambiguously in the sequence 
F < C1< Br < I; only a limited number of investigations of fluorides have 
been made, and these have been summarized4. The comparison given in 
Table 1 is illustrative and is derived from data summarized elsewhere5. 
This sequence establishes that bond-breaking is a very important factor 
influencing the rates of reaction, even in quite strongly solvating solvents: 
as we shall see, aromatic halides behave quite differently. 

c. Stereochemical criteria. The most notable structural feature of the 
SN2 mechanism is derived from the fact that it requires a new bond to be 
formed at the same time as the o!d bond is broken in order to facilitate the 
latter process. Since carbon is a small element in the first row of the 
Periodic Table, with a maximum covalency of four (i.e. effectively having 
only s and p orbitals available for bonding, and being able to expand its 
octet by the use of d orbitals only with the expenditure of much energy), 
any transition state involving a fifth bond to carbon and an excess of 
electron-density must of necessity be highly congested. 

It turns out, furthermore, that the accommodation of five groups around 
carbon, two of them being partly bonded to the centre by four electrons, 

X 
;c 1.- 

I "Y  
(1 1 (2) 

has rather precise geometric requirements. The geometry 1 is favoured 
over gecmetry 2 by such a large energy-difference that even when the 
entering and leaving groups initially have opposite charge, so that electro- 
static interaction would favour the latter, it is the former that is experi- 
mentally observed. This is established experinientally through the 
observation that bimolecular nucleophilic substitution is accompanied by 
inversion of configuration (Walden inversion) over a very wide range of 
substrates and nucleophiles. I t  has been stated, for example6, that 
'inversion of configuration in SN2 reactions is one of the most unqualified 
and absolutely dependable phenomena ever observed in the field of organic 
stereochemistry'. 

Ingold (reference 7, p. 516) discussed the theory of this phenomenon 
from a qualitative quantum-mechanical viewpoint, considering that the 
geometric arrangement 1 would minimize the repulsive exchange 
integrals between the altered and preserved bonds and so give a transition 
state of lower energy. Only recently have attempts been made698 to calculate 
the relative energies of 1 and 2 taking into account the energies of all the 
bonds. The case chosen was the hypothetical symmetrical exchange involv- 
ing attack on methane by the hydride ion (X = Y = H) and it was concluded 
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that for this reaction in the gas phase, inversion is preferred to retention by 
about 0.64 eV(ca. 15 kcal mole-l). In this calculation, only contributions 
from s and p orbitals were considered; Gillespieg had previously discussed 
the possib!e intervention of d orbitals and had reached qualitatively similar 
conclusions. 

A consequence of the crowded nature of the transition state is that the 
introduction of bulky groups at the reaction centre is generally associated 
with a decrease in reaction rate. The rather precise geometric requirements 
are partly responsible for a further feature, that large groups in the 
8-position (e.g. R, R1 in 3) can be just as effective in hindering replacement 
as are similar groups in the a-position (e.g. R3 in 3). The most spectacular 
illustration of this comes from the extraordinary unreactiviiy of neopentyl 
halides (e.g. Me,CCH,Br)lC; this was shown to be associated with the 

SN2 mechanism by Dostrovsky, Hughes and Ingold”, and can be illustrated 
by the rate and energy sequences in Table 2. 

TABLE 2. Relative rates and Arrhenius activation energies for bimolecular 
substitutions of primary alkyl bromides, RBr, with ethoxide ions in ethanol 

R: Me Et mPr iso-Bu neo-Pentyl 

Relative rate of reaction of 17-6 1 0.28 0.030 0*0000042 
RBr with OEt- in ethanol 
at 55°C 

EA (kcal mole-’) 20.0 21.0 - 22.8 26.2 

d. Calculatioii of steric e#ects. These studies led Hughes, ingold and 
coworkers to attempt to calculate the influence of steric hindrance on 
reactions of this kind. For arithmetical simplicity, the symm-etrical 
exchange reactions 

X-+RX- X R + X -  (4) 

were considered and the reactions of methyl halides were taken as the 
standard of reference. Among a number of other simplifying assumptions 
was the important one that there is no appreciable internal steric strain in 
any of the initial states of the halides concerned. 
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The results of the calcuiations were compared with experimental results 
(i) for the symmetrical exchange reactions to which they referred, but 

carried out ir? acetone, with the lithium salt of the exchanging anion; 
(ii) for the similar unsymmetrical exchange reactions in the same 

solvent; 
(iii) for other bimolecular exchange reactions in other solvents, where 

relevant data were available. For full details, the original papers1'* l2 

should be consulted; results particularly relevant to  the present discussion 
are presented in a slightly modified form in Table 2. 

TABLE 3. Comparison of experimental results with theoretical calculations of 
Arrhenius parameters for symmetrical bimolecular exchange reactions, 

RBr + Br- in acetone. 

Series : a- Alkylated 8- Alkylated 

R: Methyl Ethyl iso- n- iso- neo- 
Propyl Prop11 Butyl Pentyl 

EA (kcal mole-', obs.) 15.8 17.5 19-7 17.5 18-9 22-0 
Ed (kcal mOk-', 27-4 28.2 29.0 28.2 29.7 34.7 

calc.)" 

lccal mole-', obs.) 
AEd (EF - ETt; - 1.7 0.0 2.2 0.0 1.4 4.5 

AEA (calc.) - 0.8 0.0 0.8 0.0 1.5 6-5 

log,,B (I3 in 1 10.7 10.1 9.7 9.8 9.6 8.6 

log,,B (B in 1 13.1 12.6 12.2 12.3 12.1 11.1 

kOg1,B (bg,,BEt - 0.6 0.0 0-4 0.3 0.5 1.5 

mole-ls-', obs.) 

mole-' s -', caic.) 

- logl,BR, obs.) 
Alog,,B (calc.) - 0.5 0.0 0.4 0.3 0.6 0.9 

Gas-phase values, see text. 

A feature of the calculations was the relatively small degree of extension 
of the C-Br bond calculated for the transition state (initial state, 1.91 A; 
transition state, 2-25 A). This implies that both the breaking and the 
forming bond are quite strong in the transition state. This feature was also 
apparent in the Calculated results for hydride exchange referred to  above. 

Since the calculations refer to a hypothetical iezetion in the gas phase, 
comparison of these values with those observed [e.g. for R = Me, 
E, (calc.) = 27-4 kcal mole-l, Ed (obs.) = 15.8 kcal mole-l] show the 
importance of solvation in this reaction. The calculated Arrhenius 
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frequency factors [e.g. for R = Me, logl,B (calc.) = 13.1, log,,B (obs.) = 
10.71 were also somewhat lower than the calculated values, and this again 
was held to be a refiexion of so!vation in all its forms, including solvent-ion 
and ion-ion interactions. It was considered, however, that solvation differ- 
ences between initial and transition states would be nearly independent of 
the alkyl residue and so could be neglected in discussion of structural effects. 
In the 13-alkylated series (Table 3), the observed increments in activation 
energy are very close to those calculated; the calculations reflect also &he 
fact that the introduction of the last methyl group to form the neopentyl 
structure has by far the largest effect. Calculations of increments in 
Arrhenius B-values (which can of course be translated into increments in 
entropy of activation) were also in quite reasonable agreement with the 
observed values. 

The overall picture derivable from the comparison between theory and 
experiment for the /I-alkyl-substituted series of compounds is that of a 
quite good agreement, establishing the soundness of the assumptions made 
concerning the transition state and of the physical basis of the calculations, 
including the approximations involved. Turning now to the a-alkylated 
series, where polar effects might be expected to be more significant, the 
Arrhenius B-factors were well predicted by the calculations. In this series, 
however, the energies of activation showed systematic discrepancies, which 
could be removed if it were assumed that methyl groups had a polar effect 
which resulted in an increased energy of activation to the extent of ca. 
1.0 kcal mole-I per a-methj.1 group. We adopt this as a conclusion to be 
drawn from the comparisons in Table 3; Hughes, Ingold and coworkers 
preferred to include this as a theoretical correcting factor and then to 
compare theory with experiment over the whole range of a- and 13-methyl 
substitution. 

It is probable now, by the use of a computer and by using more recent 
information concerning bonding and non-bonding potential functions, that 
the energy surfaces for such exchange reactions could be defined tbeoretic- 
ally in greater detail. Two important experimental extensions of the original 
papers have been made. Winstein and coworkers13 showed that the 
exchanges observed between t-butyl bromide and halide ions in acetone 
probably come mostly through elimination-addition processes, rather than 
by S,-2 reactions*. 

*The results in Table 3 stand on their own feet, without inclusion of 
the results for t-butyl bromide. For the latter compound, the values of EA and 
log,,B calculated from the results for methyl bromide by using Hughes, 
Ingold and coworkers’ assumptions were respectively 2i.3 kcal mole-1 and 
10-5; the experimental values for the reaction now known to be mainly 
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Cook and Parker17 have re-examined one of the unsynimetrical exchange 
reactions (RBr + Cl-) in another solvent (N,N-dimethylformamidej. Their 
results in general terms confirm the earlier findings. 

e. Kinetic isotope efSects in S,2 reactions. Kinetic isotope effects are 
useful in studies of reaction mechanism because they can reveal the nature 
of the changes in bonding brought about by going from the initial state to 
the transition state. They arise from changes in zero-point energy of the 
*&rations Of the system r;nder studJ, and SO aie *;cry dependent 01; the 
relative masses of the particles involved. For this reason they are greatest in 
magnitude for the lightest element, hydrogen ; but they are still significant 
for heavier atoms and, if sufficiently precise experimental measurements 
can be made, the results can be helpful, especially since thz theory of 
isotope effects can be made quantitative to the extent that the direction and 
maximum possible isotope effect associated with any given bonding change 
can be calculated18. 

A number of results are available for halides known to be reacting by 
the SN2 mechanism. For a direct displacement, we need to distinguish 
between isotope effects resulting from change in the entering group, in the 
leaving group, and in the central carbon atom at which substitution is 
occurring. Effects resulting from isotopic change in the entering group tend 
to be small, thus the maximum value expected for a 12C : 14C isotope effect 
is csi. 1-12 at 25"; but for the reaction of methyl iodide with cyanide 
ions1s, values of k2(12CN-) : k2(13CN-) around 1.01 have been obtained. 
Such relatively small values arise because of opposing, partially cancelling, 
components in the frequency changes18. 

Changes in the leaving group, however, can be larger in relation to the 
theoretical maximum. Thus for second-order reactions of substituted 
benzyl chlorides with various anions in ethanol or aqueous dioxan, 
35Cl : 37Cl isotope effects of ca. 1.006-1-007 were obtained20, the theoretical 
maximum here being about 1.01. This work establishes that a relatively 
large chlorine leaving-group isotope effect is characteristic of S,2 reac- 
tions, and thzt in these particular examples the C-CI bond is substantially 
extended and weakened in the transition state. 

elimination were 21.8 kcal mole-' and 10.7. This implies that the exchange 
should have made a major contribution to the observed reaction. It is by no 
means impossible that the rather constrained and heavily congested transition 
state normally leading to substitution actually decomposes to products of 
elimination; if so the concept of merged substitution and elimination first 
proposed by Winstein, Darwish and H~lness '~,  and subsequently abandoned15, 
should be revived for this case, though probably not for most otherP. 
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Related results for tiucleophiles reacting with i?-bu tyl chloride and with 
some substituted benzyl chloridesz1 are summarized in Table 4. For the 
same substrate, the more reactive thic-anion gives isotope effects larger 
than those found for the corresponding oxy-anion; and for the same 
nucleophile the more reactive benzyl chlorides have isotope effects larger 

TABLE 4. Rates and chlorine leaving-group isotope effeci:s for some SN2 
reactions in methanol 

Substrate: p-MeOCnH,CH,C1 C,H,CH,CI p-O,NC,H,CH,Cl C4H,C1 
T T :  20" 20" 20" 40" 

Nucleophile, 
PhS-; 104kz 

Nucleophile, 
PhO-; 

Nucleophile, 
n-C4HBS-; 10akz 

: k p C 1 )  

Nucleophile, 
CH30-; lo4& 
k2(36c1) : kZ(37c1) 

k2(35c1) : k,(37~1) 

k2(35c1) : IC,(~?C~) 

820 
1.0098 

130 
1 ~0095 

0.12 
1.0080 

760 
1.0092 

0.080 
1 -0079 

1000 
1 -0087 

0.20 
1.0076 

2-3 
1 a0084 

3.1 
1.0081 

0.01 
1.0074 

than that observed for the less reactive n-butyl chloride. Within the series 
of benzyl chlorides, however, the size of the isotope effect is better 
correlated with the extent of conjugative electron release from the aryl 
group, and hence with the expected weakness of the C-Cl bond in the 
transition state. 

It is obvious that complicated factors, including probably factors of 
solvation1s*21, contribute to the small differences and it will be seen later 
that the magnitude of these effects does not distinguish clearly the S,2 from 
other mechanisms. Few results have been recorded for other halogens; the 
report22, that the cxchange of iodide ions with methylene di-iodide 
exhibits an  'inverse' isotope effect, is surprising and deserves careful 
confirmation and extension to other systems. 

Central-carbon-atom isotope effects have also received attention. Some 
of the results1*. 19, 231 24, 25 are summarized in Table 5. 

The first point to  be made from consideration of these results is that 
SN2 reactions show central-atom isotope effects of quite substantial 



7. Heterolytic mechanisms of substitution 423 

magnitude; clearly the change in bonding around the reaction centre is 
reflected by the existence of this eEeci. "uifferent halides when reacting with 
the same nucleophile show only small differences, but in so far as the 
differences are significant, the effect is smaller the weaker the bond to be 
displaced. Different iiucleophiles reacting with the same halide can show 

TABLE 5. Central-atom carbon isotope effects for &2 reactions of methyl and 
substituted aralkyl halides 

Halide Nucleophile Solvent T"C k2(12C) : .k,(*4C> Reference 

p-MeC,H .%CH ,CI 

C,H,CH,Cl 
CoHGCH ,Br 
C,H,CH( Me)Br 
MeCl 
MeBr 
Me1 
Me1 
Me1 
Me1 
Me1 

p-CICeH 4CH aC1 
CN - 
CN- 
CN- 
OMe- 
OEt - 
CN - 
CN- 
CN - 
PhNEt, 
OH- 
Pyridine 
NEt, 

80% Dioxan 
80% Dioxan 
80% Dioxan 
MeOH 
EtOH 
HZ0 
H7.O 
H ZO 
MeOH 
50% Dioxan 
Benzene 
Benzene 

40 
40 
40 
0 
0 

11 
11 
11 
63 
25 
25 
25 

1.09 
1.11 
1.10 
1.10" 
1.07" 
1-15" 
1.15" 
1.14" 
1-12 
1 -09 
1-14 
1.10 

18 
18 
18 
23 
23 
19 
19 
19 
24 
25 
25 
25 

a The original experimental result was obtained by determining k,(12C) : ~c,('~C) 
and has been corrected appropriately18. 

different isotope effects, and these do not obviously depend on the charge- 
type of the reaction. The relatively low value for the reaction of methyl 
iodide with the hydroxide ion may be attributable to the unsymmetrical 
nature of the transition state, with its relatively highly weakened C--I 
bond. 

The reactions of the ara!kyl halides show further that the isotope effect 
can be reduced by structural features which would tend to increase the 
extent of bond-breaking in the transition state by stabilizing the positive 
charge on the reaction centre. Thus 1-phenylethyl bromide reacting with 
sodium ethoxide has an isotope effect smaller than that observed for benzyl 
bromide. Electron-release from within the aryl group also somewhat 
reduces the isotope effect. 

All these isotope effects in SN2 reactions have 'normal' temperature 
coefficients, slightly decreasing with increased temperature. 
f. Structural ('polaf) eflects. The effect of change in structure on the 

rates of Sx2 reactions has been a matter of some controversy, which has 
become confused from time to time in different ways: sometimes through 
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failure to recognize the great importance of steric hindrance in these 
bimolecular reactions, and sometimes through an ur-willingness to accept 
the complex ways in which change in structure can alter reactivity. 
Theoretically, one would expect that electron-release towards the centre at  
which replacemerit wzs occurring could increase the ease of separation of 
the departing halogen, but could at the same time reduce the ease of attack 
by the nucleophile. Early reviewsz6* 27 clearly recognize the conflicting 
requirements of bond-making and bond-breaking, and exemplify them. 
Thus Baker and hTatl;an2R shov;cd fix thc i c a C t h  ~f iiitiaie i ~ i i ~  with 
substituted benzy! bromides that the rate-sequence was as shown in 
Table 6. So in a situation where steric hindrance by the new substituent 
should be minimal, both electron-withdrawing and electron-releasing 
substituents can facilitate the reaction. 

TABLE 6.  Rates of displace- 
ment of bromide by nitrate 
ion from substituted benzyl 
bromides in acetone at 40°C 

Bromide 104k2 

2,4-Dinitrobenzyl ca. 33 
p-Nitrobenzyl 8.2 
Benzyl 4.3 
p-&But ylbenzyl 6.8 
p -  Met hyl benzyl 7-5 

When such subslituents are attached directly to the reacting centre, iheir 
effects would bs expected to become larger and, qualitatively, the dual 
possibilities can be exemplified here also. From among the many examples 
that could be chosen, we select three because they are well documented as 
to mechanism, and because the influence of steric hindrance can be allowed 
for semi-quantitatively. Some of the relevant resultsz9 are given in Table 7: 
they refer t o  symmetrical halide exchanges in acetone. 

These results may be analysed in terms of a polar effect, which may have 
an inductive and a conjugative component and may either increase or 
decrease the rate of reaction, and a steric effect, in which congestion 
produccd by the replacement of a smaller by a larger group will raise the 
energy of the pentacovalent transition state and so reduce the reactivity. In 
the series CH,Br, PhCH,Br, Ph,CHBr, hydrogen is being successively 
replaced by the undoubtedly larger phenyl group. Since the observed rate is 
not reduced by the introduction of one phenyl group, this group must 



7. Heterolytic mechanisms of substitution 425 

surely be exerting a facilitating polar influence which is only overcome by 
the steric effect when two such groups are introduced. 

Secondly, consider the bromine substitucnt, which is poweifully electron- 
withdrawing by its inductive effect, with a less dominant electron-releasing 
influence ( - I ,  +R) .  The inductive effect must be important in determining 
the very modest reactivity of methylene dibromide and its analogues. 

TABLE 7. Rates (k3 and Arrhenius parameters (E,*, B) for symmetrical 
bimolecular isotopic exchange reactions of halogen between organic halides 

and lithium halides in acetone. 

Substrate 

CHaCl 
PhCHZC1 
CBr, 
CH,Br, 
CH,Br 
PhCH,Br 
Ph,CHBr 

Nucleophile (M) lWk, 0°C 
(1 mole-ls-l) 

~~ 

EA 
(kcal mole- 

log,,B 

S -1) 

-l) ( B  in 1 mole-l 

LiCl (0.028) 
LiCl (0.028) 
LiBr (0-024) 
LiBr (0.024) 
LiBr (0.024) 
LiBr (0.024) 
LiBr (0.024) 

0.16 
0.16 

Very small 
0.23 

1120 
1120 

3.3 

20.2 
18-3 

20.9 
15.8 

17.2 

- 

- 

10.4 
8.9 
- 
10-7 
10.7 

9.2 

Comparison of the increment in activation energy, (BrCH,Br-CH,Br, 
AE, = 5.1 kcal mole-I: Table 6) with the corresponding value for the 
methyl substituent (MeCH,Br-CH,Br, AE, = 1.7 kcal mole-l: TabIe 3) 
shows that the former value is substantially larger, despite the fact that thc 
methyl group is similar in size to  the bromine SL bstituent30. 

Tiirdly, consider the methoxyl substituent, which is powerfully electron- 
releasing by the conjugative effect but only modestly electron-withdrawing 
by the inducthe effect (-1, + R). This group, when attached directly to the 
reaction centre, very strongly facilitates SN2 substitution. An approximate 
estimate of the extent of this facilitation has been given3'; methoxymethyl 
chloride is more reactive than methyl chloride with ethoxide ions in 
ethanol at 0' by a factor of about lo5. 

The theoretical description of the facilitation of bimoleculsr substitution 
by conjugative electron release (as with the methoxyl and phenyl sub- 
stituents) can be put in the following way, by using valence-bond language. 
One of the contributors to the resonance hybrid which describes the 
transition state is such a structure as 4, and a conjugatively electron- 
releasing group R (R = OMe, Ph, etc.) allows further contribution of an 
extra structure 5, absent if the substituent does not have the power of 
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conjugative electron-relcase. Hence reaction must be facilitated by this 
structural feature. 

R 
I 

Y-SH, X- 

(4) 

g. Modjied S,2 transition states. From the above results, it can be 
deduced that the transition states for SN2 substitutions are olrieil very 
closely balanced in their response to polar effects; the rate can be enhanced 
by either electron-releasing or electron-withdrawing conjugative effects, 
and it  can be diminished by either electron-withdrawing or electim- 
releasing inductive effects. Further complexities are indicated by some 
comparisons given in Table 8 from the work of Cook and who 

TABLE 8. Rates of bimolecular (SN2) reactions of some 
alkyl bromides, RBr, with chloride ions 

R Solvent T"C log,,kz 

MeCH, Dimethylfarmamide 100 0.95 

MeCH(Me) Acetone 100 -1.0 
t-BuCH(Me) Acetone 100 -3.4 

t-BucSH, Dimethylformamide 100 - 3.26 

point out that the rate-diminution through introducing a t-butyi group in 
place of a methyl group is much greater in the primary system (Alog,,k,, 
4.2) than in the secondary system (Alog,,k,, 2.4). They consider several 
possible interpretations. One is that the trsnsitiozl state for substitution in 
t-BuCH(Me)Br is so much loosened by C-Hal bond extension, as compared 
with the situation in neopentyl bromide, that steric effects are no longer so 
large. Consideration of distortion of the calculated energy surfaces around 
the transition-state configuration for neopentyl bromiderL, however, 
indicates that this is unlikely; loosening of the transition state occurs 
whenever new bulky groups are introduced, but one can reduce steric strain 
in this way only at  the cost of bonding energy of incoming and outgoing 
groups, and this bonding energy is substantial enough to keep the transition 
state fairly tight. 

A second possibility, which the present writers favour, is that the polar 
effect has become modified in the neopentyl system by such loosening of 
:he C-Hal bond as has occurred; so that there is now more carbonium 
character in the transition state, and in consequence the methyl group when 
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introduced to form the secondary system of t-BuCH(Me)Br is now by its 
hyperconjugative effect a facilitating, rather than by its inductive effect a 
retarding, influence. This hypothesis is consistent with the views developed 
in t.he previous section; we may note also the possibility that the entropy of 
activation is higher for the reaction of t-BuCH(Me)Br thar, for that of 
neopentyl bromide. 

Yet a third possibility considered by Cook and Parker is that the transi- 
tion state for SN2 substitution should bc considered to be not like 3, as was 
proposed by Hughes, lngold and coworkerP, but more like the so-called 
E2C transition state. As applied to Cook and Parker’s particular example, 
the representations under consideration are 6 (SN2), 7 (E2C-like) and 8 
(intermediate between 7 and the transition state for an E2 elimination, 
though considered to be leading to substitution). 

I 
H 

(6) 

The hyperconjugative structure 7 must bring one hydrogen atom of the 
methyl group into such great proximity to the entering group Y that the 
steric repulsion between them would, on the usual assumptions concerning 
non-bonding interactions, be prohibitive. Structure 7, therefore, provides 
no rationale for its adoption in preference to 6,  which minimizes the total 
energy of the system by minimizing those repulsions which lie on the 
steepest part of the repulsive potential energy curves. Structure 8, however, 
does provide a new feature: the bond indicated as partly formed between 
H and Y alIows some additional stabilization which in principle might 
offset the non-bonding steric interaction. Not enough is yet known to 
enable calculations to be made which would determine whether or not this 
is a real possibility; it seems to raise again the question of whether in 
certain cases the transition state which normally would lead to substitution 
might lead concurrently to elimination (see footnote in section 11. A. 1. d). 

2. lntramolecular (‘internal’) processes 

We have already noted that the forma1 definition of an SN2 reaction 
requires the involvenlent of two particles in covalency change in the rate- 
determining stage of the reaction. There are a number of well-known 
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reactions in which a nucleophilic centre can displace a halogen within the 
same molecule by a process so closely analogous to a normal S,2 reaction 
that differentiation as a szparatc class seems at  first sight to be artificial. 
Thus the reactions of chlorohydrins with bases proceed much more 
rapidly than reactions of simple alkyl halides with alkoxide ions under the 
same conditions: equation ( 5 )  shows the type of sequence involved33. 

OH 0- 
I \ I  / ‘c-c< + B __f BH+ 4- ,C-C+ 

CI (5) 
’ I  

CI 

Chiorohydrins with the reactive substituents more distant from each other 
react similarly, providing that the stereochemistry allows them to come 
within effective bonding distance and to give an SN2-like transition state. 
Similar considerations apply to the ring-closures of bromo-amines 
according to equation (6). The ease of formation of these products as it 

i”\ (6) 

N H2 
I 

(CH2),,CH2 - (CH2In-CH2 -I- H++ Br-* 
I 
6r 

relates Po ring-size was reviewed by Bennett=. I t  has been well established 
that the stereochemistry of these intramolecular reactions is similar to that 
of the corresponding intermolecular SN2 processes, and proceeds with 
formal inversion of configuration at  the centre of displacement. 

Despite the obvious analogies between these inter- and intramolecular 
reactions, there has been some argument as to whether this mode of 
description is proper. For in the rate-determining step of the intramolecular 
process, only one molecule is formally involved in the rate-determining 
step, and so by analogy with the customary use of the term SN2, it would 
be possible to describe these reactions as proceeding by a unimolecular 
mechanism, which could be called SNl. We shall be discussing SNl 
reactions in some detail below (cf. section 11. A. 7); the problem of 
classification would probably not result in argument if cases such as those 
mentioned above were the only ones with which we were concerned. But 
the analogy with bimofecuiar nucIeophilic substitutions of the inter- 
molecular kind becomes more strained, the more unstable the product of 
nucleophilic displacement becomes. Perhaps the case that has invoked the 
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most discussion is that of the solvolysis of the a-bromoproyicnate ion. 
This has been regarded as an SNl process with retention of configuration 
(reference 7, pp. 523 ff.) giving an intermediate 9, and classifiable in a 
way different from that appropriate to the corresponding reactions involv- 
ing a carboxylate-ion substituent p-, y- or 8- to the departing halogen35, 
where the sequence is SN2, followed by SN2, giving overall retention of 
configuration by way of two formal inversions. 

0- 
I /H o=c-c, 

I Me 
Br 

Q- 
-Br-- I -=.. +,H - o=c--%, 

Me 
(9) 

/ \ ,H o=c-c, 
Me 

k o  
, (7) 

(1 0) 

The question of whether the reaction actually gives an cl-!zctor?e (lo), and 
so differs from the other cases only because a-lactones undergo subsequent 
reactions different from those of their /3-, y- and &analogues, has been 
discussed by other workers : Winstein, Grunwald and coworkers36 
concluded that no firm distinction could be made between the intermediacy 
of 9 and 10 on the basis of the existing evid, wce. 

The writers consider that most rigid schemes of classification, if pressed 
too far, introduce unhelpful semantic difficulties; the iEtramolecular 
reactions clearly have analogies both with SN2 and with unimolecular 
processes, and we shall return in a later section to the kinetics and stereo- 
chemistry associated with the formation of unstable intermediates of 
displacement such as 9 or 10. 

3. Bimolecular radical-ion processes 
These reactions have recently been reviewed3?. When the salts of 

nitroparaffins are allowed to react with an alkyl halide, the usual mode of 
reaction is a normal bimolecular replacement of halide, giving the product 
of 0-alkylation; this product is not isolated, but is decomposed to give 
oxime and aldehyde, as in equations (8) and (9). Kornblum and coworkersm 

(8) 
+ 

RCH,X + Li+[Me,CNO,]- + RCH,ON=CMe, -I- LiX 
I 
0- 

(9) + 
RCH,ON=CNle, __3 RCHO + Me,C=NOH 

I 
0- 
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have shown that for benzyl halides the reaction takes this course, giving 
good yields of benzaldehyde, whether the leaving group is chlorine, 
bromine or iodine. These nucleophilic anions are potentially ambident in 
chzracter ; being resonance-hybrids between such forms as 11 and 12 
below, they might be able to initiate nucleophilic attack from the carbon 
instead of from the oxygen centre. The fatter type of reaction can in certain 

Me,C=N-O- - Me&N=O 
+ + 
I 
0- 

I 
0- 

(11) (1 2) 

cases become dominant, especially for the reactions involving attack on 
p -  and o-nitrobenzyl chlorides: In the example of equation (10) 

p-O,NC,H,CH,CI 4- Li+[Me,CNO,]- - p-O,NC,H,CH,CMe,NO, + LiCl 

(1 0 )  

the yield of the product of alkylation on carbon was 92% in dimethyl- 
formamide as solvent. 

An interesting feature which arose from more detailed study was that 
the corresponding iodide gave only 8% of the C-alkylated product, the 
remainder being that of normal SN2 replacement and subsequent decom- 
position. The results are summarized in Table 9. For 0-alkylation, the 

TABLE 9. Rates and products in the reaction of some 
nitrobenzyl halides with the lithium salt of 2-nitropropane 

in dimethylformamide at 0 "C 

Halide Second-order rate-coefficients (k2, 
1 mole-l s-*) 

k,(total) k,(carbon) kdoxygen) 

p-OzNCoHdCHZCI 0.023 0.02 0.002 
p - 0  ,NCGH,CH ,Er 0.34 0.068 0.27 
JJ-O~NCBH~CH 2 1  1.9 0.15 1.8 
/?r-OO_NCCH,CH,Cl 0.001 3 - 0-00 1 3 
in-0,NCoH4C14,Br 0-28 - 0.28 
/n-O,NCGH 4CH 2 1  1.4 1.4 - 

sequence of reactivity, I > Br > CI, and the spread through the series, is that 
observed for other S,2 reactions both for m- and for p-nitrobenzyl halides. 
The much smaller spread for the C-aikylation of the p-nitrobenzyl halides, 
and the consequent change in product-ratio with change from iodide to 
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chloride, would be unexpected for an SN2 process. It was shown by using 
electron spin resonance spectroscopy that a solution of the lithium salt of 
2-nitropropane in dimethylformamide converts other nitro-compounds into 
detectable amounts of their radical-anions by electron-transfer and that the 
inclusion of modest proportions of otherwise inert nitro-compounds in the 
medium in which p-nitrobenzyl chloride was reacting with the lithium salt 
of 2-nitropropane diverted the product of reaction to that of' mainly 
0-alkylztion. It was proposed, t he re fo~e~~ ,  that carbon-alkylation in this 
system is effected through the intermediacy of a radical anion. Later 
showed that a chain-process was involved, so we can amplify the mechanism 
as in equations ( i  i j-( 15). 

p-O,NC,H,CH,CI + CMe,CNO,I- - [p-O,NC,H,CH,CII' + [Me,CNO,I' (11) 

Chain-initiating process : 

(11) (1 2) (1 3) (1 4) 

Chain-propagating processes : 

(13) - [p-O,NC,H,CHJ' + CI- (1 2) 

(1 3) 

(1 4) 

(1 5) 

(15) + [Me,CNO,]- - [p-O,NC,H,CH,CMe,NO,]' 

(1 6) 

(16) + p-O,NC,H,CH,CI ___j p-O,NC,H,CH,CMe,NO, + (13) 
(product) 

Chain-terminating process : 

(55) + (14) - p-O,NC,H,CH,CMe,NO, (product) (15) 

In still later work40 it was shown that the C-alkylation of some j3-keto- 
esters by nitrophenyl-substituted alkyl halides (particularly tertiary halides, 
such as p-ni trocuniyl chloride) can also involve chain-reactions with 
radical-anions as intermediates ; these could often, but not always, be 
inhibited by traces of such chain-breakers as cupric ions and could be 
trapped by oxygen to give products of oxidation. Aliphatic amines have 
been shown also to be able to act as nucleophiles in such radical-chain 
processesu. 

It would seem that the formation of radical-anions under conditions 
normally conducive Lo the heterolytic bimolecular (SN2) mechanism is 
particularly important only for nitrobenzyl halides. When radical-anions 
are preformed from aromatic hydrocarbons, they are known to be excellent 
reagents for the removal of halogen from organic halides. For example, the 
decomposition of organic halides, including many relatively unreactive 
fluorides, with sodium biphenyl is a basis for the determination of halogen 
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in organic corn pound^^^. Some measurements of relative reactivities of 
organic halides with radical-aaioiis have been made43* the reactions are 
bimolecular in dioxan as solvent, and alkyl chlorides seem to react more 
rapidly than the corresponding bromides or iodides, thus reinforcing 
Kornblum's view that these reactions are differentiable from ordinary 
SN2 processes through a study of structural effects. 

4. Birnolecular replacements with rearrangement (SN2' processes) 
When a simple aliyiic halide is allowed to ieact with aii anionic nucleo- 

phile, an SN2 reaction usually occurs and the product is that of replacement 
without rearrangement (e.g. equation 16). 

CH,=CHCH(Me)CI + OEt- > CH,=CHCH(Me)OEt + CI- (16) 

It was first proposed independently by Hughes45 and by Winsteinq6 that 
the analogous bimolecular mechanism giving rearrangement could exist. 
The process can be formulated as in 17. The simplest form that could be 

y Q  CH,=~-CH(R)-X 0 

(1 7) 

taken by any such reaction might be considere:d to be that in which attack 
by Y- and displacement of X were synchronous, and no intermediate of 
life longer than a molecular vibration existed before the transition state 
was reached, but more complex elaborations are possible, leaving un- 
changed the essential feature that both bond-forming and bond-breaking 
processes are concerned in the rate-determining step. 

Systems in which this mechanism has been realized are essentially those 
in which steric or polar influences inhibit attack at the centre to which the 
displaceable group is attached, at the same time preferably facilitating 
attack by the nucleophile on the double bond by withdrawal of electrons. 
Some neutral nucleophiles, including secondary amines in particular, seem 
to promote reaction by this mechanism, though the reason for this is not 
completely clear. Since one of us4' has reviewed in some detail the scope 
and characteristics of this type of rearrangement, we shall concentrate here 
on some recent publications in the area. 

First, and perhaps most important, is the report1* that the reaction of 
diethylamine with 3-chlorobut-1-ene (equation 17) gives substantial 
isotope effects. Values obtained were: 

kz('2C,) : k2(l4Cl) = 1.057; 

k,('2C3) : kz('4C3) = 1.079; 

k2("C2) : k2(I4C2) = 1.074 

k2(35CI) : k2(37CI) = 1.011 



7. Heterolytic mechanisms of substitution 433 

These results should be compared with those quoted earlier for SN2 
reactions; they establish that in the transition state considerable bonding 
changes are occurring involving the leaving chlorine and all three carbon 
atoms of the allylic system. The view is therefore supported. that a synchro- 
nous mode of displacement is under observation. 

EtzNH f CH,=CH-CH(CH,)CI - Et,NCH,--CH=CHCH, + HCI (17) 

Secondly, an  important comparison has been made between allylic 
chlorides and allylic bromides reacting with and without rearrangement by 
bimolecular mechanismsa. The results for bimolecular exchanges between 
isotopicslly labelled bromide ions and the isomeric 1- and 3-methylally1 
bromides and between chloride ion and the corresponding allylic chlorides 
are summarized in Table 10. 

TABLE 10. Rates (k,) and activation parameters for exchange and rearrange- 
ment of 1- and 3-methylallyl halides in acetone (bromides) or acetonitrile 

(chlorides) 

Compound 

CH,=CHCH(Me)Br 
CH,= CHCH(Me)Br 
BrCH,CH= CHMe 
BrCH2CH=CHMe 
CH,=CHCH( Me)CI 
CH ,= CXCH( Me)Cl 
ClCH,CH=CHMe 
ClCH,CH=CHMe 

Halide 

Br - 
Br - 
Br- 
Br - 
c1- 
Cl - 
c1- 
c1- 

Mechan- 
ism 

106k, at 25°C 
(1 mole-l s-l) 

879 
14.9 

141,000 
5 
2-87 
0.01 33 

0.0053 
315 

~ 

AH* A S  
(kcal mole-') (em.) 

15.9 - 19.1 
18-8 - 17.7 
14.1 - 15.0 

20-8 - 33.9 
24.2 - 13.4 
18-8 - 11.6 
24.3 - 14.9 

ca. 18 ca. - 19 

The use of isotopic tracers in such an investigation has thc advantage 
that exchange does not change the starting material chemically, so that 
both s N 2  and SN2' processes can be investigated under the same conditions, 
even if the first is much more rapid than the second. The pattern of results 
for the very labile bromides is reproduced for the chlorides, which are 
very much less prone to spontaneous rearrangement. For the 3-halogeno- 
butenes, with these reagents as with others, the 3-carbon atom is the 
preferred site of nucleophilic attack, and the s N 2  mechanism predominates; 
but this preference over attack on the 1-position with consequent rearrange- 
ment is not very great, so that suitable structural modifications cf the 
system would be expected to reverse the major mode of attack. It was the 
realization of this fact that led to the investigations of such compounds as 
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CH,=CHCHCl, and CH,=CHCH(t-Bu)Cl referred to in the review 
mentioned above". 

Thirdly, Bordwell and coworkers49 have added significantly to their 
earlier contributions in the study of the SN2' mechanism by examining the 
reactions of a further number of cyclic unsaturated sulphones with 
nucleophiles. 3imolecular substitutions with allylic rearrangement have 
been identified for the reactions of secondary amines with a number of 
substrates, of which 18 is a representative example. 

MeCHCl 

(1 8) 

These workers have expressed reservations concerning the mechanistic 
classification of most of these alIyjic substitutions with rearrangement 
which other reviewers and investigators have been prepared to include in 
the category of S,2' processes. ClaLsification of reactions which could 
follow a multi-stage path is, of course, to some extect a mntter of subjective 
judgement; difficulties of this kind associated with the exclusion of the 
route involving normal substitution followed by rearrangement (SN2, 
then S,i) for certain examples in this field have been considered by one of 
us47, as also by otherss0. One path which Bordwell considerss1 not to be 
excluded for a number of cases is the sequence involving intramolecular 

(22) 

SCHEME 1. Some possible routes for bimolecular substitution accompanied by 
anionotropic rearrangement of R2C(X)-CH=CH2 

rearrangement followed by bimolecular substitution, elaborated by the 
inclusion of an intermediate which could react with the nudeophile, as in 
Scheme 1. 

This view has been c r i t i c i~ed~~ ,  and the writers consider that, Bordwell's 
view to the contrary notwithstanding, the path 19 e 21 +22 has in fact 
been made quite improbable for a number of important representative 
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examples. The route 19 8 20-z22, on the other hand, is not so easily 
excluded; it deserves discussion in the more general context below 
(section 11. A. lo), since it has been proposed also for simpler systems. 
Here ws shall note only that the transition state for this route is isomeric 
with that for the SN2’ conversion of 19 into 22, and in our view could be 
described as ‘not SN2” only if the C-X bond were completely bruken 
before reaction with Y-. 

Other elaborations of and variants on the sN2’ mechanism have been 
referred to in the review already cited4’. Attention on one of these may be 
focused by reference to the inclusion by Bordwell and coworkers49 of 
comparisons of chlorides, bromides and iodides as leaving groups in some 
of the reactions they assert to be sN2‘ p,-ocesses. They find that, although 
the sequence of reactivity for organic halides, I > Br > C1, is on the whole 
maintained in these systems, there are considerable variations in the 
magnitude of the differences between the different halogens. Instances are 
quoted in which the rates of displacement of these three halogens by the 
same nucleophile are nearly equal. This result suggests that bond-breaking 
has begun to make less contribution to the transition state than it does in 
the corresponding sN2 reactions of simple alkyl and ally1 halides. The 
possibility then arises that some of these processes might be examples of 
the sequence : 

RX + Y -  7 [YRX]- - YE’ + X- (1 8) 

Here we consider [YRXI- as an intermediate rather than as a transition 
state, and either its formation or its decomposition could be rate-determin- 
ing. The formal analogy with the route 19 ~t 20+22 (Scheme 1) is obvious; 
we are considering other possible transition states isomeric with that 
implied by the label &2’. Elaborations of the sN2 displacement, first 
recognized clearly through exactly the same type of observation, are 
referred to in relation to bimolecular nucleophilic substitution at un- 
saturated centres (section 11. C), and related problems arise in categorizing 
electrophilic substitutions at unsaturated centres (section 111. A). The most 
powerful criterion enabling us to establish which bonds are uadergoing 
covalency change in the rate-determining step involves measurement of 
primary isotope effects, and study of the effect of the change in the leaving 
group (the so-called ‘element effect’)53 is only a partial substitute in 
diagnosing whether or not the breaking bond is making a contribution to 
the transition state. Amcng the halogens, the comparison of fluorine with 
chlorine, bromine and iodine as leaving groups gives the most sensitive 
experimental probe, and it is a pity that Bordwell and his group have not 
been able to include the fluorides in their investigations. 

15 
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There have in fact been rather few mechanistic investigations of the 
reactions of allylic fluorides. A number of preparative examples of 
bimolecular displacements with rearrangzment have been recorded for 
highly substituted fluorocompounds, as has been discussed elsewhere4'. 

5. Unimolscular (&I) reactions 
The idea of ionization as a mechanism for replacement had been 

adumbrated by a number of investigators prior to 1933, but it was only in 
that year that Hughes, Ingold and Patel= set out clearly for the first :ime 
the important proposal that t.here are two distinctive mechanisms for 
nucleophilic substitution in an  organic halide. One of these is the S,2 
mechanism which we have already considered ; the other is one in which the 
rate-determining stage is the ionization of the organic halide (equation 19). 

Equation (19) does not, of course, represent the whole process; in Scheme 
2 the reaction path is elaborated and for future reference we include an 
indication of the stereochemistry of reactants, intermediate 23 and 

R,s+ s- 
Transition state for heterolysis: R,-~icc-....,x 

R2 
(24) 

SCHEME 2. First approximation to a description of the reaction path in &1 
replacements of alkyl halides. 

products. The geometry of the transition state for the rate-determining 
heterolysis is shown approximately in 24. Provided that the rate of the 
Combination of the intermediate carbonium ion with Y- is fast in com- 
parison with the rate both of ionization and of the ionic recombination of 
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the carbonium ion with X- (i.e. provided that k ,  is greater than both k, and 
k-l), then replzcement proceeds at  the rate of equation (20), and we are 

d[products]/dt = k,[RR'R2CX] (20) 

describing a unimolecuIar process (with only one molecule involved in 
covalency change in the rate-determining stage), nucleophilic in character 
(because the departing X leaves with its bonding pair of electrons), and 
giving products of substitction; the categorization S,-1 is complete. 

The most satisfactory experimental criterion for such a reaction is 
achieved when it is possible to show that with two nucleophiles of widely 
&Rerent nucleophilic power (e.g. a hydroxylic solvent and the derived 
lyate ion) the reaction proceeds at  the sitme rate. This gives clear evidence 
that the nucleophile is not concerned in covalent bonding with the alkyl 
halide in the transition state to an extent sufficient to contribute to the 
stabilization of the transition state. It is not assumed that the solvent is not 
concerned in the reaction at all; in the S,l process, as indeed also for the 
SN2 mechanism, the solvent plays a vital role in sohating ions and ionic 
intermediates, and so allowing the whole process to take place. But only in 
the S,2 mechanism, and not in the SNl sequence that we are now consider- 
ing, does the nucleophile (be it solvent or anion) plzy :he role of a reagent 
which by its covalent bonding facilitates the departure of the leaving group. 

There are a number of systems in which the kinetic behaviour approxi- 
mates to the l imihg  situation that we have just described; important 
examples include the hydrolyses and alcoholyses of t-butyl halides, 
I-phenylethyl halides and diphenylmethyl halides. 

Some of the criticism which followcd this proposal was answered by 
reviews which revealed how extensive was the experimental evidence 
supporting the generai c o n ~ e p t ~ ~ . ~ ~ .  The criticism had led to the focusing of 
attention on the limiting properties of the particular carbonium ionic 
sequence indicated in Scheme 2, as illustrated by the behaviou of a range 
of compounds which, though including a large number of solvents and 
structural types, did not exhaust the field of possibilities. The kinetic 
method was used to analyse the effects of added salts in terms of departures 
from the behaviour expected under the conditions that k,+kk,; when this 
condition does not hold, then the effects of added anions X- (common 
with the displaced anion), Y- (effecting replacement) and others (not 
effecting replacement) on rates and products can be predicted to differ in 
characteristic ways; in particular, added X- retards the reaction whilst 
other anions do not. Good agreement between theory and experiment was 
reported in a number of illustrative cases and the conclusions have been 
confirmed and extended in later work5&* 56. 
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The stereochemistry of the products of the reaction has adso been 
established to be diagnostic of mechanism in favourable cases. Whereas 
reaction by the SN2 mechanism gives complete iilversion of configuration, 
the sequence of Scheme 2 gives complete racemization provided that the 
intermediate carbonium ion becomes completely free from the influence of 
the departir?,o group. Behaviour approximating to this was recorded for the 
solvolysis of I-phellylethyl bromide. 

Product-composition was also shown to be diagnostic in ccrtain cases. 
Where more than one product can be produced from the intermediate 
carbonium ion, and where two or more different substrates can be used to 
produce the same ion, then if the sequence is as indicated in Scheme 2, and 
if the carbonium centre becomes completely free from the departing group 
before it undergoes further reaction, then the same products would be 
expected from the different sources. Various tests of this kind have been 
devised : one, involving a mesomeric carbonium ion and rearranged 
products, is the allylic system in which 1,l-dimcthylallyl chloride and 
3,3-Jimethylallyl chloride can give the same mesomeric carbonium ion (25) 
and hence the same products. The results for aqueous solvolysis under 
neutral conditions show the expected limiting behaviouS7. 

+ + 
[ Me,C - C H = C H, - M e,C = CH - C Ha] 

( 2 3  

From 1940 onwards, therefore, organic chemists began to find it 
acceptable to write carbonium ionic structures for unstable intermediates. 
The most important and obvious departure from the limiting behaviour of 
Scheme 2 is shown by study of the stereochemistry of the products, and 
was recognized at  an  early stage in the work of Hughes, Ingold and 
coworkers. Reactions proceeding by the SN1 mechanism give the limiting 
stereochemical result, complete racemization, only if the carbonium ion 
has long enough life to lose chirality by interaction with the environment 
before reaction with the nucleophile occurs. In fact, this limiting situation 
is only rarely achieved, and often the observed result is racemization 
accompanied by an excess of inversion of configuration, the amount of 
inversion depending very critically on the conditions of reaction. 

A qualitative explanation for this result was given in terms of a shielding 
effect exerted by the leaving It was suggested that, after passage 
through the transition state, subsequent reaction with the nucleophile is 
sufficiently rapid that the carbonium ionic centre is still affected by the 
nearness of the leaving group in the sense that there is greater ease, or 
greater probability, of capture of the nucleophile from the side of the 
originally asymmetric centre remote from the leaving group. 
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This view has never been disproved and, although it has been criticized 
as ‘vague’, it remains as a clear interpretation of inversion accompanying 
racernization in S,l reactions. A number of other phenomena in the 
chemistry of reactions proceeding through carbonium ionic intermediates 
can be exp!ained in similar termss8. It is not, however, the only possible 
interpretation. Doering and Z e i s ~ ~ ~  proposed an alternative in terms of 
discrete intermediates, the formation of which follows the original rate- 
determining ionization. Streitwiesers9 gave an anaiysis and extension or” 
these views, making use of free-energy diagrams to illustrate the sequence 
of events envisaged as starting materials are transformed i3to products. We 
present an expansion of his treatment in Figure 2, though the strict 

Non-chid inverted R m i c  
mote’ol F!%ng in temio te  int-iate intermediate product product 

transition 
state 

Reoction ca-ordinate 

FIGURE 2 

propriety of describing reactions in terms of sections of free-energy surfaces 
might be thought hard to justify, and the nature of the reaction co-ordinate, 
which must change as the new reagents are successively introduced along 
the reaction path, is ditiicult to specify. 



440 

It  can be seen that the successive stages on the reaction path are envisaged 
as follows: 

(i) A transition state, 26, rate-determining for the whole reaction, with 
what may be called a relaxed tetrahedral geometry, and a stretched 
C- - .X bond. 

(ii) An intermediate, 27, still retaining its chirality, but with the three 
bonds which will be retained in the product more nearly coplanar with the 
central carbon atom. 

(iii) A very rapid conversion, still needing some energy of activation, of 
27 to a new, still chiral, intermediate, 28, in which the solvent is now 
partly bonded to the reaction centre. 

(iv) The decomposition of 28 by alternative pathways, both of which 
must involve some energy of activation. The first of these leads to inverted 
product, the second to  yet a third intermediate, 29, which has now lost 
chirality with its loss of X- and decomposes to give racemic product. 

I t  will be noted that the concept of ‘shielding’ is still invoked in this 
description; all the way from starting material to inverted product 30, 
one face of the carbonium ion is shielded from S by X. The new feature is 
that the coriversion of starting material to inverted 30 or racemic 31 
product can be treated as a competition of two activated processes leading 
from the common intermediate 28; hence the relative proportions in the 
final product can be used to caiculate the ratio of the rate-coefficients for 
these two processes. It is true that this description is iess vague; something 
is to be gained from it if it is correct, but if it is incorrect for any reason 
(e.g. if there is some by-pass route to  either inverted or retained product), 
then our precise description becomes precisely wrong. 

The kinetics of the overall solvolysis do not help in resolving this 
problem; it should be emphasized that we are discussing a situation in 
which the rate-determining transition state does not contain the solvent 
covalently bound to the reaction site. The solvolyses of t-alkyl halidesG1 
and of 1-plienyiethyl halides62 normally fall into this category. At least two 
new phenomena have to be accommodated in our description of the 
reaction. The first, which may have been adumbrated by Read and 
TaylorG3, was put on a firm footing by Okamoto and coworkersw. They 
made extensive studies of the solvolyses of 1 -phenylethyl chloride in 
solvents containing alcohols and phenols and showed that, although the 
earlier reports of overall inversion of configuration are correct and apply 
Over quite a wide range of conditions, yet other solvent mixtures (par- 
ticularly those containing phenols) give products (alcohol or ethers) of 
excess retention of configuration. 

P. B. D. de la Mare and R. E. Swedlund 
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The classical scheme, even in its elaboration shown in Figure 2, does not 
allow such a result except when special configuration-holding groups are 
present. Okzmoto’s interpretationM is essentially that particular types of 
hydrogen-bonding between the departing group and the nearby solvent can 
bring one of these into the vicinity of the developing carbonium ionic 
centre in such a way that retention of configuration is effected (e.g. as is 
represented in 32, in which SOH ciiii be phenol or another hydroxylic 
component of the solvent mixture). This concept can be developed as an 
extension either of the ‘shielding’ or of the ‘intermediate’ type of formula- 
tion, and has been supported by still more recent experiments relating to 
the structural effect of the leaving groupG5. 

Ph 

(32) 

Further new information is sometimes revealed if the overall rate of 
reaction can be followed by more than one technique. In particular, there 
have been a number of studies in which it has been shown that the rate- 
coefficient for a solvolysis followed by titrimetric measurement of the 
production of the displaced group can, in suitably chosen systems, be 
smaller than that for what would have been expected to be the same 
reaction followed by change in optical activity. Among the reactions for 
which this type of behaviour has been established are those of p-chloro- 
benzhydryl chloride in aqueous acetoneG6 and of 1 -phenylethyl chloride in 
aqueous acetone and other solventsG7* G8. 

This observation implies that the starting material has in part racemized 
oi undergone some other change before solvolysis is complete. This could 
happen in a number of ways, a trivial one of which would involve bi- 
molecular exchange between the developing halide ion and the unchanged 
organic halide. Another, which would not require the postulation of a new 
intermediate, involves ionic recombination of the carbonium ion and its 
counter-ion. This could be 65969 as indicated in 33, in which the 
nucleophilic component of the partly separated ions finds its way to  the 
opposite face of the carbonium ionic centre through appropriate motions 
of the two components. 

Analysis of the effects of added salts on the various rates of reaction, 
including the rate of exchange of added radiochloride ion between 
starting material and solution, indicates that the effects of electrolytes are 
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very specific. Ingold (reference 7, p. 497 ff.) has argued that results of this 
kind do not necessitate the assumption that intermediates other than the 
fully formed carbonium ion are involved on the reaction path. Taking now 
a different point of view, it has been suggestedG7 that all OF the results that 

we have mentioned so far can be accoinmodated by the rather elaborate 
Scheme 3, This assigns a very positive role to the solvent, as in Doering and 
Zeiss's proposaP, variants of which have been adopted by a number of 
writers"* ' O 9  '1. 

SCHEME 3. Possible role of a co-ordinating solvent ( S )  on the course of solvolysis 
in a mixed solvent. 

In  the original publicationo7, the by-pass route from 34 to 37 was omitted, and the 
scheme was specialized to describe the situation with an inert co-ordinating solvent, 
such as acetone or dioxan. The more general situation is presented here; when S is 
hydroxylic, a further set of products add to the complexity of the situation, but do not 
alter the general principle. 

In  the formulation of the scheme, it is implied that R-X is enantiomeric 
with X-R, R-OH with HO-R, and that structwes 34 and 37 are 
enantiomeric, as are structures 35 and 36. Each interchange (e.g. 34 35, 
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35 + 36) is considered as proceeding with inversion of configuration 
because of some form of shielding; partial racemization could be allowed 
to accompany any of these processes without altering the conclusions. The 
initial ionization is held to be only partly reversed, and not to include 
either component of the solvent in covalent bonding with the reaction 
centre. 

The formal advantage of such a scheme, at  least as it appears to the 
present writers, is that in principle, whilst not excluding the concurrent 
operation of still more processes involving other intermediates, it enables 
almost any combination of results to be accommodated. The following are 
examples. 

(i) When the polarimetric rate exceeds the titrimetric rate, this is 
ascribed to the fact that interchanges between 34, 35, 36 and 37 compete 
effectively with the onward reactims leading from these intermediates to 
products of soivolysis, but when the pojarimetric rate equals the titrimetric 
rate, then the onward reactions supervene over the interchanges. 

(ii) When the exchange reaction can be shown to be internal, there must 
be a direct path from 34 to 37. 

(iii) When the equilibrium between 34 and 35 is established more rapidly 
than is that between 35 and 36, then exchange can involve overall retention 
of configuration; but in the converse situation excihange will involve 
racemization. 

(iu) If the bulk of the product is derived from 34, then solvolysis will 
proceed with overall inversion of configuration. 

(v) Alternatively, if the bulk of the product is derived from 35, because 
its reaction with water is faster than its reaction with solvent to form 36, 
then solvolysis will involve retention of configuration. 

The above scheme includes all the concepts of the earlier proposals, 
including two different types of intermediate, [Rf C1-] and [Rf OH,], 
which must both be considered to have lifetimes longer than a molecular 
collision. Arguments by analogy for the existence of both types of inter- 
mediate are implicit in most discussions of such reactions; the main 
warnings against. the indiscriminate postulation of discrete intermediates 
are those in the writings of Hughes and Ingold. Ingold (reference 7, 
p. 497 ff.) gives a careful analysis of the position as he assesses it. I t  is 
clear that the precision gained from the description given in Scheme 3 is 
largely illusory from a predictive point of view since, even if the proposal 
be in essence correct, very subtle changes in the relative rates of the various 
proposed reactions could modify the overall results (rates, salt-effects, and 
stereochemistry) in a way which would be difficult to analyse except a 
posteriori. 
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So far, we have confined attention to results Dbtained in sohen3 of 
relatively high die1ectri.c constant, in which we might hope to find that 
electrolytes can be treated as behaving according to the limiting form ofthe 
Debye-Huckel equation at accessible dilutions. Studies in solvents of very 
low dielectric constant, however, require the consideration of ionic 
aggregates higher than ion pairs, and studies in some of these solvents 
have provided further evidence concerning the potential complexity of 
reaction paths which start with ionization of an alkyi halide. Winstein and 
coworkers72 for example, have examined the unimolecular solvolyses of a 
number of alkyl halides and arenesulphonates in acetic acid. This solvent 
dissolves many salts, but because of its low dielectric constant (ca. 6) the 
ion pairs thus formed are not extensively dissociated under equilibrium 
conditions. Any pair of ions closer than about 40 A will attract each other 
by more than the average kinetic energy, and so can be considered to form 
an ion pair. 

For many substrates, it was found that the effects of added salts were 
similar to those found in the more conventional solvents; typicaily, for 
non-common-ion salts (e.g. LiClO,) the rate increases approximately 
linearly with salt concentration. Some organic halides, however, of which 
choiesteryl chloride is an example73, showed also a ‘special’ salt effect, 
which took the form of an initial rapid acceleration of the rate, curving off 
into the normal, more-or-less linear, behaviour when the concentration of 
added salt reached about 10-3~ .  Two theories have been proposed for 
interpretation of the results. The first is that indicated in Scheme 4 and 
advocated by Winstein and coworkers72. 

RX --+ +------ [RfX-] T- - -_- -- [ R ‘  IIX-1 ,:.=:t Ri f X- 

(38) (39) 
’Intimate ’Solvent- Dissociated ions 
ion pair’ separated 

ion pair’ 

Y 

Products Products Products 

SCHEME 4. ‘Two ion pairs’ interpretation of solvolyses in acetic acid. 

The reaction is here cmsidered to involve up to three different discrete 
intermediates, separated by activation barriers : the ‘intimate ion pair’ 
(38), the ‘solvent-separated ion pair’ (39) and the carbonium ion. All of 
these are considered to be affected by salts in different ways, all can lead to 
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products of solvolysis or exchange, or indeed sometimes of other rcactions. 
The special salt effect is considered to arise because the added salt scavenges 
away the solvent-separated ion pair and thus suppresses reversibility 
through this intermediate. 

The second possibility was considered by Topsom and is presented in 
Scheme 5 foliowing Ingold's formulation of it (reference 7, p. 507); in 
principle, the carbonium ion should be added as a possible intermediate. 

a 
Products Products of solvolysis 

or exchange 

SCHEME 5. Ion-quadruplet formulation of solvolyses in acetic acid in the 
presence of an added electrolyte, MY. 

In this proposal, a slightly more specific interpretation of the scavenging 
process is given, and the activated process separating the two routes to the 
products is regarded as the internal reorganization of the ion-quadruplet 
40. It is agreed that the results establish the existence of one intermediate 
other than the carbonium ion on the pathway to solvolysis, but, retzining 
consistency with his views concerning reactions in aqueous media, Ingold 
prefers to leave open the question of whether two such discrete inter- 
mediates are involved, as Winstein's interpretation (Scheme 4) requires. 

In benzene as solvent, similar principles apply, though even more 
complicated behaviour has been recorded. The reactions of triphenyl- 
methyl chloride with anions and with alcohols have been studied by 
Hughes, Ingold and  coworker^^^, and by Swain and his g r ~ u p ~ " ' ~ .  Ingold 
(reference 7, p. 503 fF.) has summarized the results and his interpretation. 
He stresses that the application of that form of the kinetic theory based on 
the assumption that intermediates are preser,t in stationary 77 may 
be invalid in solvents of such low dielectric constant (benzene has dielectric 
constant 2-25) because of the great distance over which interionic forces are 
operative. For example, two univalent ions might be considered to be 'ion 
pairs' at any separation less than about 500 A, and ion pairs themselves are 
expected to aggregate into higher multiplets as soon as they are formed. As 
far as the nucleophilic substitutions are concerned, activated processes 
involving internal reorganization of ion-quadruplets are considered to 
intervene on the reaction path. 
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6. The SNZ (C+) mechanism 

When reaction involves initial ionization of the alkyl halide, but the 
later processes have higher activation energies than the initial ionization, 
these processes become partly rate-determining. The kinetic form then 
reverts to second-order and the rate-determining transition state again 
involves two molecules, though one of these is not the original alkyl halide 
but instead the carbonium ion. This situation can arise when the carbonium 
ion is relatively stable (or is stabilized by complex-formation) and reacts 
relatively slowly with the substituting nucleophile, as for example in the 
reaction of triphenylmethyi chloride with hydroxylic solvents in nitro- 
methane78 (equations 21, 22). This mechanism can be categorized as 
S,2(C+) on the convention that the whole process (equations 21, 22) is a 

(21 1 

(22) 

substitution, the reagent which effects the substitution is a nucleophile, two 
molecules are concerned in the rate-determining stage of the reaction, and 
this involves not the organic halide, but the carbonium ion. Of course the 
mechanism is a variant of the S,l mechanism and situations intermediate 
between the two can exist, as for example in some of the circumstances 
which can be consequent on reaction according to earlier schemes. 

Pocker and B u c h h ~ l z ~ ~  have recently discussed the behaviour of 
triphenylmethyl chloride in diethyl ether as solvent, with added electrolytes 
to modify the properties of the medium. Kinetic studies of exchange with 
labelled chloride ion were supplemented with calorimetric, conductometric 
and spectromerric studies of various solutes, which included lithium salts 
and hydrogen chloride. A relatively simple kinetic form was observed, but 
both the equilibrium position for the ionization of triphenylmethyl 
chloride and its rate of exchange with chloride ions were very powerfully 
promoted by the presence of lithium perchlorate. The reaction path was 
described in terms of the equilibria shown in equations (23) and (24). These 
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faat 
P h , C C I v  Ph,C+ + CI- 

Ph,C+ + ROH f Ph,COR + H+ d O W  sN2(c+)  

Ph,CCI + E[Li+ ClO;] 7 [Ph,C+ CIOi Li+ ClO;] + [Li+ Cl-] 

Ph,CCI + 2[H+ ClO,-1 > [Ph,C+ CI0,- H+ CIO;] + HCI 

(23) 

(24) 

results focus further attention on the importance of ionic aggregates in 
determining the course and rate of such a reaction. 

Leffekso has recently re-examined salt effects on the methanolysis of 
triphenylmethyl chloride in benzene and has reached the co~cl~sinr?  that 
the results are accommodated no better by Winstein’s than by Ingold’s 
mechanism. 
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7. Unimoiecular processes with internal nucleophilic participation 
by groups bearing lone pairs of electrons 

We have already noted in section 11. A. 2 that there exists an important 
mode of replacement of halogen (and of other related leaving groups) in 
which a group bearing a lone pair of electrons suitably located in the 
molecule undergoing substitution can assist the ionization of the halogen 
by internal nucleophilic attack in a process which is formally unimolecular. 
In Winstein’s terminology, such groups are called ‘neighbouring groups’ ; 
and we can note that a neighbouring group, like an external nucleopb.ile, 
can be negatively charged (e.g., G-j or neutral (e.g. NH,), and may be 
located at  any distance from the centre of substitution, provided that in the 
transition state it can get near enough to the reaction centre and can be 
suitabiy disposed geometrically to give a transition state approximating to 
that of an SN2 reaction. The geometric requirements are in part illustrated 
by the effect of ring-size on the rate of reaction, as has already been noted. 
The additional stereo-electronic restrictions are particularly evident in the 
reactions of 2-substituted cyclohexyl halides, where It has been established 
that trans disposition of the 2-substituent is necessary for effective 
participationa1* 82. 

Neighbouring-group participation in nucleophilic substitution reactions 
can have a variety of consequences, depending critically on the structure 
and chemistry of the intermediate which results from the initial ionization. 
The simplest situation that can arise is when the ring-closed intermediate is 
stable and reaction onwards to give the product of overall substitution does 
not occur, or occurs so slowly that it is easily studied as a separate reaction. 
Some cases of this kind are mentioned in section 11. A. 2. Another limiting 
situation exists when the intermediate is very unstable under the conditions 
of reaction, and the bonding of the neighbouring group to the carbonium 
centre is unsymmztrica! (41) throughout the course of silbstitution. The 
overall reaction sequence then resu!ts in retention of configuration 
(equation 25), as in the solvolysis of the a-bromopropionate ion discussed 
earlier (section 11. A. 2). 

Tnis reaction sequence has considerable historicai significance, since the 
realization of its mzzhanistic consequences led to the unravelling of the 
mystery of the Walds:: inversion, a problem which had puzzied organic 
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chemists for many years. Reviews7pa3 srlmmarize the mr?in features and we 
do not need to give details here. We should stress, however, that the 
stereoclteiiiical consequences are independent of the nature of the bonding 
between G and the carbonium centre in 41 (Le., for example, whether it is 
covalent or electrostatic in character), of whether or not measurable 
assistance is given to the heterolysis by the formation of this bond, and 
indeed of whether or not the formation of this bond is synchronous with 
the loss of the leaving group, always provided that the bond when 
established is sufficiently strong to prevent loss of stereochemical 
specificity at the carbonium ionic centre, and that the further reactions at 
this centre are slow relative to  the development of the bond in question. 

If, however, the development of the bond between G and the carbonium 
ionic centre is synchronous with the ionization, then the latter will in 
principle be facilitated by the presence of the neighbouring group. To 
establish whether or not this has happened, it is necesszry to be able to 
evaluate what influence the group G would have had on the rate of 
reaction in the absence of neighbouring-group interaction in the transition 
state. Winstein and coworkersaLDa2 made efforts in this direction by 
producing estimates of the ‘driving force’ contributed by representative 
substituents in certain specified systems. Their results, some of which are 
given in Table 11,  showed that, other things being equal, neighbouring- 
group participation makes a iarger contribution to the rate of substitution 

TABLE 11. Estimates of ‘driving force’, Lo, for replacement assisted by neigh- 
bouring groiips G in lY2-disubstituted ethanes, G--CH2CH2--X 

GinGCH,CH,X: HOCH,CH,S I NH2 0- Br OH C1 

Lo (kcal mole-l, 25°C) 13 8.7 8.0 6.0 4-5 1.3 0.0 

for replacement at  primary than at secondary or tertiary centres, and also 
makes a greater contribution when the group G is attached to a tertiary 
centre than when it is attached to a secondary or primary centre. 

For weakly interacting groups, however, it remains difficult to establish 
whether or not there is significant covalent assistance to the ionization in 
the heterolysis, despite the substantial or complete stereochemical control 
of the overall course of the reaction. The chlorine substituent is one such 
group, and another is the important CO; group, discussed earlier (section 
II. A. 2). 

We now need to consider the situation in which the participation by the 
neighbouring group G gives an intermediate which, though reactive enough 
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to proceed onwards under the conditions of heterolysis, yet develops a full 
covalent bond to saturate the carbonium ionic centre before further 
reaction destroys the intermediate thus formed. Some of the consequences 
are set out in Scheme 6. 

SCHEME 6 .  Some chemical and stereochemical consequences of heterolysis 
assisted by neighbouring-group participation. 

Two methods have been used for establishing this type of behaviour. 
The first is applicable when the two carbon atoms to which G is attached in 
the intermediate 42 have different substituents attached to them. Then, if 
reaction is followed from the appropriate starting material, the existence of 
an  intermediate such as 42 is made probable by the observatioii that part or 
all of the product is derived by migration of the group G. An example is the 
conversion of 3-methyl-3-methoxy-2-bromobutane (43) into 3-methoxy-2- 
methylbutan-2-01 (45) by treatment with aqueous silver nitrate (equation 
26)sz. 

Me A+. OMe Me0 
I -Br' / \  

Me&-CHMe + Me&-CHMe (26) 
I +OH- 

Me&-CHMe 
I 
OH 

I 
Br 

(43) (44) (45) 

The second method is applicable when the two carbon atoms of the 
system are symmetrically substituted. Then, migration through an inter- 
mediate such as 42 can be established through examination of the stereo- 
chemistry of starting materials and products. Thus (Scheme 7) the optically 
active rhre0-2~3-dibrornobutane (46) gives racemized acetate, since the 
replacement with retention of configuration is accompanied by an equal 
proportion of replacement with migration of bromine through the 
intermediacy of the non-chiral bromonium ion (47). The diastereoisomeric 
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Br 
Me.,. I 

,c-c. 
fi I \“Me 

OAc H 

SCHEhfE 7. Acetolysis of a tltreo-2,3-dibromobutane. 

starting material, on the other hand, gives the chiral intermediate (48), 
and so gives replacement with retention of optical activity despite the 
accompanying migration. 

Scheme 6 can be elaborated even further, to take account or the 
possibility that there are activation barriers separating the open carbonium 
ion, the partly bridged ion and the fully bridged ion and also, in appropriate 
solvents, between one or more different kinds of ion pair. The complex of 
possibilities is indicated in Scheme 8. Here the first row of intermediates 
are ‘intimate ion pairs’, the second row are ‘solvent-separated ion pairs’ 
and the last row are free carbonium ions. Product-determination at any 
stage prior to the formation of fully bridged species (whether involving an 
intermediate or the interception of an activated species as it loses energy by 
collision) can be used to interpret any situation in which the alternative 
starting materials 49 and 50 give different product-mixtures. The scheme 
has the advantage of symmetry and generality, and can be extended by the 
inclusion of any other kind of intermediate that might be appropriate to a 
particular situation; the predictive power is, however, not great, nor is it 
easy to assign definite intermediates to any particular experimental 
situation. 

These considerations do not exhaust the ramifications of substitutions 
controlled by neighbouring-group participation. With certain complex 
neighbouring groups, the chemistry of the intermediate written for 
generality as 41 is such that its further reactions EPY ilot necessarily involve 
either or” the two carbon atonis iildicaieit hi iiie fomiuia. Under these 
circumstances, replacement may be effected with inversion of configuration 
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SCHEME 8. Elaborated scheme, using 'Win-+ JLein-type' intermediates, for 
replsrcements accompanied by neighbouring-group participation. 

at  the reaction centre, sometimes with modification of the participating 
group. The conversion of trans-2-acetoxycyclohexyl bromide into the 
diacetate of cis-cyclohexane-l,2-diol through the ortho-ester (51) is a well 
known example (sequence 27)84. These considerations give such reaction 
sequences considerable importance in stereospecific synthesis. 

Neighbouring-group interaction can also modify the course of other 
reactions accompanying nucleophilic substitution. Thus the proportion of 
the isorjleiic P i d i i C t S  of e!i~.insticn formed in the hydrolysis of 1,2- 
dichlor0-2-rnethylpropane~~ is probably modified in favour of 53 through 
the neighbouring-group interaction indicated in 52 (sequence 28). 
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OAc H 0 -3r- 
d 

Me 
I 
C+ 0 +H,O 

-H+ 

Me, ,OH - 

8 
T A c  ?Ac OAc ?H 

8. Unimolecular processes with participation by neighbouring 
carbon or hydrogen 
Interaction between a neighbouring group and a carbonium ionic centre 

is not confined to groups bearing a lone pair of electrons. Shoppees6 
showed that the acetolysis of cholesteryl chloride (partial formula 54) 
occurs with retention of configuration, whereas the saturated analogues 
undergo substitution with inversion of configuration. The generally 
accepted interpretation is that the double bond can provide electrons for 
the interaction indicated in 55, and hence protect the carbonium centre at  
the 3-position to allow overall retention of Configuration in the formation 
of 56. 

Aryl groups can also participate in a similar way. Baird and Winsteina7 
have exemplified this by examination of a case in which the intermesate is 
sufficiently stable to be isolated (equation 30). 
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The possibility that saturated groups might simiiarly participate it? 
replacement reactions was first indicated by Nevell, de Salas and Wilsons6; 
see also reference 7, p. 767. We can illustrate several situations that may 
aike by reference to the solvolyses of camphene hydrochloride, isobornyl 
chloride and bornyl chloridesg. All of these compounds give products 
derived from the camphene hydrate system. The first-order solvolysis of 
bornyl chloride (57) takes place at a rate which is of the same order of 
magnitude as that of a secondary chloride such as isopropyl chloride. The 
corresponding reaction of isobornyl chloride (58), however, is much faster, 
by a factor of several powers of ten. The rate of the non-rearranging 
solvolysis of camphene hydrochloride (59) is also much faster than that of 
its structural analogue, t-butyl chloride. 

The most direct interpretation of these results is that the electron 
movements shown in 57 have to be consecutive, for steric reasons; so this 
solvolysis is non-accelerated, though it gives rearranged products. The 
movements shown in 58, on the other hand, can be concerted, so that an 
accelerated rearrangement can occur; so can those in 59, but here the 
intermediate (60), which in its simplest form is the same for all three 
isomers, gives non-rearranged products. 

‘non-classical’, ‘synarteiic’ and ‘anchimeric’ by different groups of workers. 

T L  illc type ~f intermediate concerned in such reactions has been termed 
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Subsequent investigation has documented many related examples and 
there has been much argument concerning the possible contributions of 
steric hindrance and steric acceleration to the rates of these reactions. 
Since there have been excellent summaries and assessments of the 
evidence7*90 we need not do more than state that there is excellent kinetic, 
stereochemical, spectroscopic and isotopic-tracer evidence that bridging by 
alkyl groups across two alternative carbonium ionic centres can occur in 
stereo-electronically suitable situations. By analogy with the situation 
occurring with simpler carbonium ions, however, it is not surprising that 
the simple formulation of solvolysis through an intermediate (e.g. 60) 
common to more than one starting material needs to be modified when 
completion of the reaction can occur before the ion has had time to relax 
to its equilibrium conformation. 

The corresponding bridging by hydrogen accompanying the solvolysis of 
halides undoubtedly can occur, but the scope of this reaction can hardly be 
claimed to have been delineated fully. Rearrangements of isobutyl into 
t-butyl systems have long been recognized (equation 31)91. One of the 

t Me,COAc (31) 

best-documented examples is the hydrolysis of 2-chloro-2-methylpropan- 
1-01, which reacts unimolecularly in water to give 21% of isobutyraldehyde 
(equation 32). It WS considered that the rearrangement of the cation 61 

A6OAC 

HOAc 
Me,CHCH,I - 

+ 
Me,C(Cl)CH,OH - Me,C+CH,OH - Me,CHCHOH - Me,CHCHO (32) 

(61 1 

probably occurred intra-, rather than intermolecularly, since it had been 
shown that the analogous cation Me,C+CH,OMe could undergo intra- 
molecular hydrogen-sl~ift~~. It may be noted that the related cation 
Me,C+CH,Cl gives only a very small proportion of rearrangement to 
isoburyraldehyde under analogous conditionss5. Recently it has been 
showng3 that only minor amounts of interconversion of isomeric secondary 
carbonium ions by hydrogen shift occur in the solvolysis of 3-bromo- 
pentane in 60% ethanol. 

Hydrogen shifts are well known also in the solvolyses and rearrange- 
ments of bicyclic systemsw. 

9. Electrophilically assisted processes 
Electrophilic assistance to the heterolysis of the C-X bond is possible 

in principle for either unimolecular or bimolecular processes. For 
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solvolysis of halides in hydroxylic solvents, catalysis by acids has been 
established for alkyl fluorides, but not for chlorides, bromides or iodides. 
I t  would seem4* 95,gG that primary and secondary alkyl fluorides, when 
undergoing solvoljsis in solvents such as aqueous ethanol, use a bimole- 
cular mechanism. Catalysis is shown by added hydrogen fluoride, and 
autocatalysis by the hydrogen fluoride formed in the reaction. The 
transition states are probably of the type H,O - - . R. - - F - - H -  . F, and 
no doubt the difference between fluorides and other halides arises because 
of the relatively great strength of hydrogen bonds invoiving fluorine. It is a 
matter of taste whether significant covalent chara1;ter should be attributed 
to the new bond involved in the catalytic process. 

Tertiary alkyl halides show little autocatalysis, but considerable specific 
hydrogen-ion catalysis. Here we see a catalysed ionization, with a transition 
state of the form [R- - .F- - *HI+, rather than a catalysed bimolecular 
replacement. This type of reaction seems to be established also for suitable 
arylalkyl chlorides (e.g. 1 -phenylethyl chloride) undergoing exchange with 
chloride ions in aprotic solventsD7. In these solvents, it seems that the 
hydrogen chloride molecule can act as a general acid in catalysing the 
exchange reaction. 

Catalysis by salts of metals appears normally to be SNI-like, with 
transition states of the form [R * - .Hal * - -MI+. The most cogent argument 
supporting the availability of transition states of this form derives from the 
nature of the products ; both heterogeneous silver-catalysed and homo- 
geneous mercury-catalysed solvolysis of neopentyl halides have been 
shown to give rearranged p r o d u ~ t s ~ ~ ~ ~ ~ .  It is hardiy likely, with such a 
hindered substrate, that the anion can be directly concerned in the transi- 
tion state. 

In the solvolyses of substituted benzhydryl chlorides in 80% acetone, 
evidence for the importance of ion pairs as intermediates in the reactions 
assisted by mercuric ions has been adducedlOO. Mercuric ions also promote 
racemization and halogen exchange : complicated sequences of inter- 
mediates clearly are iniplica’led, particularly in dipolar aprotic solvents. 
Other studies have been made with simpler secondary substrateslOl. The 
reactions of various tetra-alkylammonium and silver salts with 2-octyl 
chloride and with 2-octyl bromide in acetonitrile, and of the latter com- 
pound with silver perchlorate in benzene, are powerfully catalysed by silver 
ions, and the catalytic process also requires the particigation of the anion as 
a kinetic partner. In benzene, the role of the anion could be environmental, 
but acetonitrile has a relatively large dielectric constant. It seems more 
reasonable, then, to deduce from the kinetic form that the anion must in 
this solvent be involved in covalency change in the transition state. The 
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products are like those of an SN1 process, being partly racemized and 
accompanied by products of elimination. Ingold (reference 7, p. 482) 
writes the rate-limiting stage of the reaction as in equation (33), the 
products being regarded as determined by stages still later on the reaction 
path. 

(33) X- + R-Hal-. -Ag+X- - [X- RC Hal- Ag]+ + X- 
The reactions of fluorides and of iodides do not seem to have been 

examined extensively in relation to these mechanisms, though electrophilic 
catalysis by silver ions of solvolyses of iodides is well recognized prepara- 
tively. A mode of electrophilic catalysis of replacement of halide which is 
perhaps accessible only for iodides has been examined recently by Noyes 
and c o w ~ r k e r s * ~ ~ * ~ ~ ~ .  The kiretic form and the effect of change in structure 
on the rate of exchange between iodine and substituted diphenylmethyl 
iodides, Ar2CHI, in carbon tetrachloride and in hexane as Lolventsj 
indicate that the reaction can proceed through a carbonium ionic inter- 
mediate, the iodine molecule behaving as an electrophilic catalyst by 
assisting heterolysis as indicated in equation (34). In the solvent used for 

Ar,CHI + 12- [Ar,CH+ I;] (34) 

the kinetic measurements, the intermediates and transition states must have 
the nature of ion pairs rather than of free ions; kinetic evidence for the 
participation of more than one iodine molecule was obtained also. 

slow 

10. Mixed and other muiti-stage reactions 
We have already noted some of the controversies that have developed 

around the mechanisms of nucleophilic substitution. These have been 
particularIy acute in the field of soholytic processes : here the kinetic 
criterion of mechanism cannot be applied directly, since the concentration 
of the solvent cannot be changed without varying its properties. Such 
reactions have been the subject of a detailed and informative review60. The 
rather natural desire to produce a fully unifying theory has led to a 
recurrence from time to time of the view that nucleophilic substitutions are 
always bimolecular ; fundamentally, this hypothesis always founders on the 
observation that with some substrates the reactivity is clearly not dependent 
on the strength of the nucleophile. The alternative view that all these 
reactions require both a nucleophile to displace and an electrophile to 
assist the departure of the leaving grouplo3 is excluded on similar grounds; 
there are many cases, for example, where if the solvent were acting as an 
electrophilic catalyst for heterolysis, a proton or a general acid should be 
more effective, and is fcund not to be. 
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Rather recently, Sneen and  coworker^^^*^^^ have suggested that perhaps 
all reactions hitherto regarded as bimolecular in fact proceed through 
ionization to give an ion pair, which is then attacked nucleophilically. This 
view has been supported by claims concerning the relationship between 
rate and product-composition particularly in the presence of added azide 
ions, the substrates being substituted benzyl and secondary halides. 
Relationships between rate and product-composition in the presence of 
inore than one nucleophile are, however, rather difficult to analyse ; 
earlier, Olson and Halfordlo5 used such a relationship as evidence that any 
solvolysis of an alkyl ha?& js bimolecular. Kohnstam and coworkedoe 
have analysed Sneen and Larsen’s examples, and also their own data on the 
solvolysis of 4-methoxybenzyl chloride, in terms of the two alternatives 
shown in Scheme 9, both of which are themselves rather simplified 

Y- 
e R Y  

SCHEME 9. Alternative simplified reaction pathways in the ‘border-line’ area of 
solvolytic displacements. 

versions of the sophisticated elaborations we have already discussed. The 
results establish that the rates and product-compositions can be fitted 
equally well by Scheme 9(b) as by Scheme 9(a). 

Criteria based on this type of kinetic relationship are likely always to be 
ambiguous; the fundamental reason seems to be that the substrate 
considered to be attacked in Scheme 9(a) is isomeric with the starting 
material, and leads to a transition state isomeric with that under considera- 
tion for the bimolecular component of Scheme 9(b). More sophisticated 
mechanistic probes, however, can give a less ambiguous answer. The most 
cogent objections to the view that all nucleophilic substitutions involve 
prior ionization come from the incidence and magnitude of heavy-atom 
isotope effects in representative nucleophilic substitutions: these isotope 
effects, characteristically greater for bimolecular than for unimolecular 
processes, establish unequivocally the importance of the bond-breaking 
process in ihe rate-determining stages of both these reactions18. Similar 
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deductions have been madelo' from the relative rates of displacement in 
charged and uncharged systems such as BrCH,CO,H and BrCH,CO;. 

Evidence which further defines the degree of nucleophilic participation 
by solvent in the solvolyses of some halides in the region of the mechanistic 
border-line, where concurrent SN1 and SN2 mechanisms might be expected, 
has recently been obtained by Schleyer and coworkersloB. They have 
examined the response of rate to change in solvent for the solvolyses of a 
number of secondary and tertiary halides and toluene-p-sulphonates, using 
as referencc compounds those derived from the adamantane system (62). 

(62) 

For l-adarnantyl bromide, for example, solvent-participation whether in 
solvo!ysis or in elimhation is precluded for steric reasons; the back face of 
the bridge-head carbon atom is inaccessible and strain defeats the develop- 
ment of a double bond at the bridge-head. Comparison with t-butyl 
bromide and with t-butyl chloride shows that there exists an  excellent 
correlation between the rates of solvolyses in these tertiary systems over a 
solvent-range giving a rate-spread of at least five powers of ten; illustrative 
rate-comparisons are given in Table 12. Schleyer concluded, therefore, that 

TABLE 12. First-order rate-coefficients ( 109kl s-') for 
solvolyses of l-adam-anty! brG~iiCc, :-!xtyl bromide 

and t-butyl chloride at 25°C 

Solvent t-Butyl t-Butyl l-Adamantyl 
chloridelog bromidelog bromideID8 

~-~ 

40% EtOH 1.29 x lo6 - 1-21 x lo6 
HCOzH 1.1  x los - 8-25 x lo4 
60% EtOH 1.27 x lo5 3-76 x lo6 7-19 x lo3 
90% EtOH 1-73 x lo3 7.14 x lo4 2.47 x 10 
CH3COzH 2.13 x loz - 2.38 

the t-butyl compounds undergo solvolysis by a limiting S,l mechanism, 
free from any significant contributions from nucleophilic solvent-participa- 
tion and rate-determining elimination. With 1-adamantyl bromide, it was 
noted also that the inclusion of azide ion in the solvent resulted in very 
little capture of this nucleophile. 
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Marked divergences of behaviour were noted, however, for simple 
secondary substrates, a result which was taken as suggestirig that, in the 
reactions of these compounds, some degree of nucleophilic assistance was 
under observation. No doubt this result can be accommodated in terms of 
concurrent Sxl and SN2 processes, as in Kohnstam's treatment, with 
appropriate elaboration of the former mechanism when ion pairs can be 
implicated. In  secondary systems where for steric reasons solvent participa- 
tion is inhibited, limiting behaviour is observed, an example being the 
solvolysis of 2-adamantyl toiuene-p-sulphonate. 

Kohnstam and coworkers have used two further criteria to explore the 
nature of the mechanistic border-line. One of the methods employedl10 
involves study of the variation of salt effects with structure. p-Phenoxy- 
benzyl chloride solvolyses faster in 70% dioxan than p-methoxybenzyl 
chloride does, although both are uniniolecular. In the presence of salts with 
anions more nucleophilic than the perchlorate anion, the rates are increased 
by an amount too large to be attributable to a salt effect. The relative rates 
for the bimolecular reaction now observed are reversed, but the catalytic 
rate increases with the nucleGphilic power of the anion more rapidly for the 
compound least reactive in solvolysis. This is what would be expected if the 
nucleophile were contributing to the ease of reaction by covalent bonding 
in the transition state of the rate-deteqmining stage of the reaction. 

Kohnstam has used another line of approach by way of studies of the 
temperature coefficient of the enthalpy (otherwise the heat capacity) of 
activation, AC". It has been found that the ratio of AC+ : AS* for uni- 
molecular solvolyses in aqueous acetone is nearly independent of the 
nature of the substrate provided this is a halide or toluene-p-sulphonate, 
and that its value is consistently greater than that for avoweciiy bimoiecuiar 
solvolyses under the same experimental conditions. Table 13 shows the 

TABLE 13. Entropies of activation, and hC* : A S *  ratios, for solvolyses of 
4-YC,H4CI-I,C1 in aqueous acetone a: 50°C 

Y :  NO, H Me p-MeOC,H, PhO Me0 
--- 

- - - -AS*,  50% acetone 23.5 22.4 15.7 

AC+ : AS*,  50% acetone 0.84 0.95 0.34 
70% acetone - 24.0 17.5 12.8 12.0 12.0 

- - - 
70% acetone - 0.91 1.19 2.3 1 3.60 3.83 

application of this criterion to the hydrolyses of 4-substituted benzyl 
chloridesll'. 

Only the last two entries in the table show valucs of the ratio, ACq : AS*, 
approxinlating to those expected for typical S N ~  reactions (2.9 in 50% 



460 P. B. D. de la Mare and B. E. Swedlund 

acetone, 3.7 in 70% acetone). It was concluded that the solvolyses of the 
remaining compounds probably have considerable bimolecular character. 

The use of this method has some difficulties: partly because of the need 
to  determine rate-coefficients over a wide range of temperature with very 
great accuracy, and partly perhaps because of the difficulty of allowing for 
the temperature coefficient of the solvation energy and entropy of the initial 
state. In favourable cases, however, it !eads to conclusions similar to those 
obtained by other methods, identifying a class of reaction in which the 
solvent can be attributed no covalent role in ths formation of the transition 
state, and another class for which varying degrees of covalent participation 
by the solvent can be inferred. 

B. Nucleophilic Replacement by Halogen at Saturated Centres 

1. Halogen exchange reactions 
The halide ions are well established as nucleophiles, and the genera1 

principles and mechanisms of replacement are as applicable to the forma- 
tion as to the displacement of carbon-halogen bonds. In the discussion 
above we have covered some of the more important aspects of the former 
type of process, and have indicated their considerable part in the develop- 
ment of mechanistic theory. 

One of the best known uses of halide exchange reactions and their close 
analogues is the preparation of iodides from chlorides, bromides or aryl 
sulphonates in ac tone  (equation 35)'12. This reaction would proceed to an 

R-X + KI- RI + KX4 (35) 

unfavourable equilibrium but for the precipitation of the insoluble 
potassium salt. The reaction was used by Conant and coworkersll3 in 
pioneer studies of the kinetic form and effect of structure on the rate of 
such reactions, but was abandoned by later investigatorsll. l2 because of the 
possible uncertainties arising from the heterogeneity of the reaction 
mixtures. 

These exchange reactions, when carried out in homogeneous solution, 
go to fairly balanced equilibrium positions, despite the fairly wide varia- 
tions in the carbon-halogen bond energies (C-F, 116; C-Cl, 81; 
C-Br, 66; C-I, 57 kcal mole-l) and in the solvation energies of the 
individual ions (in water, F-, 121 ; C1-, 87; Br-, 80; I-, 70 kcal mole-I) 2. 

This makes it clear that the rates of the individual exchange processes 
must depend on the balancing of a number of opposing factors, their 
differences becoming small because of the partial cancellation of oppos- 
ing differences114. For a single substrate in hydroxylic solvents, the 
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estabiished115 order of nucleophilicity for attack on carbon is I-> Br-> 
C1-> F-. This order is partly determined by the fact that the ions have to 
become partly desolvated in the transition state. In acetone, a dipolar 
aprotic solvent, the same order of reactivity, I- > Br-> C1-, is found12. 
The counter-ion can be considered, however, as contributing tG the solva- 
tion energy of the nucleophile by the formation of ionic aggregates, 
including ion pairs. 

The reactivity can be treated by using Acree’s ‘dual theory’, in which it is 
assumcd that the solvated ions can be regarded as two species, one a 
reactive free ion and the other an unreactive, or much less reactive molecule 
or ion p a i P .  Treatments of this kind have been used for reactions in 
ethanolllG and in acetonell’. With acetone, however, the low dielectric 
constant introduces a number of theoretical difficulties. One is the fact that 
any pair of ions within a radius of ca. 13 8, should be considered to form an 
ion pair, so that to describe the salt in terms of the properties of two species 
having the limiting properties respectively of free ions and ion pairs seems 
inappropriate118. Furthermore, ion-pair dissociation constants have to be 
calculated from measurements of conductivity made very far from the 
range of concentration where the theory of electrolytes is satisfactory. By 
using the dual theory, however, Parkerllg obtained the orders of reactivity : 
Br--I-> C1- for reaction with MeI; Br-> I--Cl- for reaction with 
MeBr and MeCl; and CI- > Br- > I- for reaction with n-butyl-p-bromo- 
benzene sulphonate. No doubt the limiting order, F- > C1-> Br-> I-, the 
reverse of that obtaining in hydroxylic solvents, would be observed if the 
reactivities of the unsolvated gaseous ions could be measured, when the 
influence of bond-formation would not be obscured by the conflicting 
requirements of solvation. 

I t  would be valuable to have measurements of the heats of solution of the 
relevant salts in a number of dipolar aprotic solvents; failing this, a number 
of workers, including Parker1lsP 119 and Winstein and  coworker^^^^^*^ have 
emphasized the sensitivity of reaction rate to change in solvent by compar- 
ing the relative rates of displacement of iodide from methyl iodide by 
chloride a t  25°C as follows: 

Solvent : MeOH H,NCHO MeNHCHO Me,NCHO Me,CO 
Relative rate: 1 12 45 1 . 2 ~  lo6 1.6 x lo6 

Many of the preparative procedures involving the formation of alkyl 
fluorides by exchange with anhydrous hydrogen fluoride, or with potassium 
fluoride under homogeneous or heterogeneous conditions, no doubt make 
use of the bimolecular mechanism; the use of catalystslZ1 such as SbCI, 
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suggests the intervention also of mechanisms involving electrophilic 
catalysis, but mechanistic work on these reactions is lacking. 

2. Reactions of ethers and of alcohols with hydrogen halides 
The cleawge of ethers by hydrogen halides is analogous in mechanistic 

character. Both the proton and the nucleophile play a vital part in the 
reaction: the proton by forming an  oxonium ion, so facilitating the 
heterolysis, and the nucleophile by attack on carbon to effect the dis- 
placement. The importance of the kinetic role played by the latter is 
exeniplified by the course of the Zeisel reaction, which can be used for 
determining methoxyl groups because the methyl group is (particularly for 
steric reasons) very readily attacked by the powerfully nucleophilic iodide 
ion (equation 36). The kinetics of the cleavage of diethyl ether by hydrogen 

MeOR' + HI- Me1 + HOP.' (not MeOH -+ R'I) (36) 

bromide have been examined in a number of solvents, aceiyl bromide 
being added to combine with the alcoholic product122. The rate was found 
to  be proportional to the concentration of diethyl ether and to [HBrI2 in 
toluene and some other soIvents, to [HBr]P in chloroform and to [HBr] in 
acetic acid. I t  would seem that the birnolecular process (63), which in its 
simplest form involves attack by halide ion on the oxonium ion, can result 
in more than one kinetic form, depending on whether or not the nucleophile 
is provided by the same molecule that provides the proton. 

(631 

These results, and those of rela Ed studies, have led to general accep .ance 
of the view that primary ethers are cleaved by hydrogen halides by an s N 2  
attack on an oxonium ion formed in p re -eq~ i l ib r ium~~~ .  Lewis acids, such 
as boron trichloride, can also act as catalysts, taking over the role of the 
proton by co-ordination with the oxygen atom. Electron-release to the 
reaction centre, however, increases the importance of SNI-like processes, 
so that secondary alkyl, and to a still greater extent tertiary alkyl, benzhy- 
dry1 and trityl ethers tend to adopt the uiiimolecular mechanism124. 
Considerable interest arises in the possible part played by the SNi mechan- 
isma3s125. In this, the transition state (64) wouid lead to replacement with 
retention of configuration. It has been shown that 1 -phecylethyl phenyl 
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ether reacts with hydrogen chloride in solvents toluene, 3-pentanone and 
isobutyl alcohol to give the corresponding chloride with 85-90% retention 
of configuration, the rates and stereochemistry of the reaction being only 
slightly affected by the nature and dielectric constant of the solventlZG. It 
was considered that the transition state was SNI-like, but involved a rather 
tight ion pair; the insensitivity of race to change in solvent probably results 
from opposing solvent effects on protonation and heterolysis. 

Similar results have been obtained for the formation of alkyl halides 
from alcohols and hydrogen halides. Here the kinetic results tend to be 
complex, because the rates of reaction are markedly affected by the 
accumulating products. The influence of change in structure on the rate can 
be interpreted as indicating the intervention of the SN2 mechanism for 
methyl alcohol and the primary alcohols, and of the S,l mechanism for 
secondary and particularly for tertiary The rate-sequences 
Me > Et, and r-Bu > i-Pr > n-Pr, seem to be well documented, in agreement 
with the above deductions127* lZ8. As far as the stereochemistry is concerned, 
it has been shown that 3,'7-dimethyloctanol-3 with hydrogen chloride in 
pentane as solvent can give either of the enantiomeric chlorides: at 25", 
inversion of configuration predominated, whereas at much lower tempera- 
tures (e.g. - 78"), retention was observed129. Arcus130 surveyed the 
experimental results for the reactions of the phenyl alkyl carbinols with 
hydrogen bromide, and concluded that they could be interpreted sensibly 
in terms of competition between three mechanisms, SN2, SNl and S,i. The 
last mechanism seemed to be favoured by electron-release to the reaction 
centre, suggesting that its transition state must have considerable carbonium 
ionic character. 

3. Replacement of hydroxyl by halogen by the use of thionyl 
chloride and related reagents 
Similar conclusions have been drawn from the stereochemistry of 

replacement of hydroxyl by halogen through the use of non-metallic acid 
halides. The conversion of alcohols to chlorides by the use of thionyl 
chloride involves the intermediaie chlorosulphite, formed by nucleophilic 
attack on sulphur, and decomposing according to equation (37). Sincc 

ROSOCI- RCI + SO, (37) 

inversion with some racemization is observed for the first-order decomposi- 
tions of secondary chlorosulphites in iso-octane as solvent, it has been 
presumed \hat the S,l mechanism is implicated131. There is evidence that 
the three bonds not directly concerned in the reaction have to be able to 
relax from tetrahedral towards trigonal geometry in the transition state, 
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since apocamphyl chlorosulphite (69, which is made fairly rigid by the 
bridging ring, does not decompose to give the chloride332. Retention of 
configuration in the formation of cholesteryl chloride from cholesteroleG is 
taken as evidence that the configuration-holding properties of neighbour- 
ing groups characteristic of reactions proceeding by the SNl mechanism 
are revealed also in chlorinations by thionyl chloride. The holding of 

OSOCl 

configuration by the phenyl group, together with accompanying group- 
migration, has been established also through the stereochemistry of 
replacement in the 3-phenyl-2-butyl system133. 

In all of these studies, it is clear that the rate of decomposition of the 
chlorosulphite responds to electron-reiease to the reaction centre. Chloride 
ions catalyse the decomposition of the chlorosulphite and promote reaction 
by the Sx2 mechanism, with characteristic icversion of configurationra. 
Primary systems are relatively unreactive by the SN1 mechanism; l-butyl- 
1-deuteriochlorosulphite decomposes only slowly, with predominant 
inversion, presumably through the SN2 route135. 

The conversions of alcohols into halides by reaction with one or other of 
the halides of phosphorus have generally been presumed, because of the 
stereochemistry of the reactions, to follow similar The stoi- 
cheiometry of typical reactions can be represented as in equations (38) and 
(39). General experience would suggest (reference 7, p. 535 ff.) that 

ROH + PBr, -+ ROPBr, - RBr + POBr, 

ROH + PCI, - ROPCI, - RCI + POCI, 

(38) 

(39) 

retention of configuration is less often encountered with halides of 
phosphorus than with thionyl chloride, though retention resulting from 
neighbouring-group interaction is knowne6. Where retention of configura- 
tion is found in the absence of any such special structural influence, it has 
often been assumed that the SNi mechanism is under observation ; examples 
which can be cited are the decomposition of secondary chlorosulphites in 
dioxan (rather than in iso-octane) as solvent131. Related cases occur in the 
reactions of allylic chlorosulphites. Here, despite the competition that can 
exist between the reactions dqi~t:Z! 32 ecp~tioa (40); reai'rangcrncn: can 
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apparently become the exclusive path67. The circumstances which can lead 
to replacement with rearrangement through a six-membered transition 
state, rather than replacement with retention or with inversion of configura- 
tion, have been reviewed elsewhere4‘~ 57 ; the results generally support the 

picture of these replacements that has been built u p  from studies of non- 
rearranging systems. 

It seems to the writers that, although the experimental results establish 
the existence of unimoiecular and of bimolecular reaction paths in the 
formation of halides from alcohols, the exact status of the SNi mechanism 
remains uncertain. Observation of predominant retention of configuration 
is not sufficient to characterize such a mechanism, even in the absence of 
neighbouring groups, since Okamoto and coworkersM* have shown that 
the phenolysis of 1-phenylethyl chloride can give retention of configuration. 

,:3ther routes to retention involving nucleophilic attack by solvent are 
theoretically possible and difficult to rule out in individual cases. The 

fundamental point at issue, formulated for the decomposition of a chloro- 
sulphite, is whether in the transition state the breaking and forming of the 
two bonds concerned in the reaction are concerted processes, as indicated 
by the arrows in 66, or sequential, as in 67+68. A reaction can be held to 
be ‘not SNi’ provided that it can be established that the bond broken in 67 
is compZeieZy broken before the formation of the C-CC: bond (in 68) begins. 
The commonly discussed examples in which the SNi mechanism might be 
operative provide scant definite evidence on this point. In other systems, 
however, a case can be made for the existence of the concerted mechanism. 
Thus the rate of rearrangement of allyl thiocyanate to allyl isothiocyanate 
(equation 41) does not respond to change in solvent137. Here an intra- 
molecular concerted process may be implicated ; whereas the corresponding 
rearrangement of cinnamyl thiocyanate (PhCH=CHCH,SCN) is slower, 

CH2=CH -CH,-SCN > CH,=CH-CH,-NCS (41 I 
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occurs without allylic shift, is sensitive to change in solvent, and is catalysed 
by zinc chloride. In the latter case, reaction through an ion pair is suggested. 
If this view is correct, the thiocyanate system provides examples of both 
types of mechanism within a relatively small range of structural change. It 
may be, therefore, that the decomposition of chlorosulphites, chloro- 
phosphites or chlorophosphates can also provide examples from each class. 

C. Nudeophilic Replacement of Halogen at Unsaturated Centres 

I .  The  bimslacular mechanism: general considerations and the  
possible existence of the synchronous mechanism 
Aryl and vinyl halides are commonly considered to be rather inert to 

nucleophilic replacement and in this respect contrast sharply with the alkyl 
halides, most of which are relatively reactive. In order to realize bimolecular 
substitution of halogen at unsaturated carbon, some facilitating feature 
must be present. This may be structural; thusp-O,NC,H,Hal is much more 
reactive than C,EI,Hal; N=CCR=CRIHal than HCR=CRIHal; and 
O=CRHal than H,C=CRHal. Other possible facilitating features 
include temperature, an alteration in the relative solvation of inirial and 
transition states (as when a dipolar aprotic solvent is used instead of a 
hydroxylic solvent), and the use of a catalyst. 

One of the tasks in investigating these reactions is to define the limits of 
usefulness of the various forms of facilitation since in altering conditions in 
favour of a bimolecular process, other competing mechanisms may also be 
helped and may then supervene. As an example of this, nucleophiles which 
are strong bases may attack at hydrogen and thus bring about replacement 
by an elimination-addition sequence. Other examples will be outlined later 
in this article. 

Direct replacement of one nucleophile by another in a bimolecular 
reaction analogous to the S,2 process is conceptually perhaps as simple a 
process as could be envisaged for these reactions at unsaturated centres. It 
has been known for very many years138 that second-order kinetics 
characterize such reactions as that shown in equation (42). It was natural, 

2,4-(02N),C6H,CI + OEt- - 2,4-(02N),C6H30Et + CI- (42) 

therefore, at an early stage in the discussion of the mechanisms of these and 
related reactions, for some authors13g~140 to favour strongly the simple 
hypothesis that the transition state is that of a direct displacement, with 
forming and breaking bonds both incomplete, as is illustrated in 69 for 
displacement by an amine. On the other hand, it had been known also1412142 
that similar compounds could react with anions to form identifiable 
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p; 
(69) 

complexes (equation 43). It was, therefore, equally natural for other 
~ 0 r k e r ~ 1 ~ ~ * ~ ~ ~  to prefer the view that the mechanism normally involves the 
stepwise co-ordination-heterolysis” sequence (44),, in which either the 

0 2 N d o O M e  - + OEt- ___f -0 Oi;$;; - (43) 

NO2 NO2 
(70) 

formation of the complex 74 or its breakdown could in principle be rate- 
determining. 

(44) ArX + Y- 7’ [ArXYI- ir ArY + X- 

(71 1 (72) 

A number of important and comprehensive reviews and booksla* 145-148 

are available to document the evidence that the stepwise mechanism, 
which has often been labelled SN2(Ar) to distinguish it from the synchro- 
nous SN2 process, is important for nucleophilic replacements at  aromatic 
centres and that the rate-determining transhion state may indeed lie on 
either side of the central intermediate. In  this article, our discussion of the 
two-stage mechanism wilI be limited to a consideration of a few special 
points of interest. The question of the existence or otherwise of the one- 
stage mechanism remains umesolved, though caveats have been entered149 
with regard to the assumption of its non-existencet. 

The general characteristics of nucleophilic substitution at a vinylic 
centre are essentially the same as those cf nucleophilic aromatic substitution, 

* We here follow Ingold’s’ terminogy: co-ordination is the converse of 
heterolysis, just as coiligation is the converse of homolysis, see also section 
11. C. 6. 

t The logical situation of anyone who wishes to exclude mechanisms on the 
basis of ‘simplicity’ or of ‘Occam’s razor’ (which says nothing about simplicity, 
despite statementPo to the contrary), having at one time been that the 
synchronous should be preferred to the non-synchronous mechanism, must 
now be the reverse. 

16 
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but the two reactions have the important difference that any long-lived 
intermediate formed by co-ordination with a nucleophile can now in 
principle undergo rotation about the original double bond and that the 

R,-/ H 
C 

I 

Y 
R1...y...X 

(74) 

- T1 
(75) 

and other 
co nf o r rn ati o n s 

R, /H 
C 
II 
C 

R" \Y 

SCHEME 10. Some possible reaction paths in nucleophilic replacement at 
vinylic centres. 

product can in principle have the same geometrical configuration as the 
starting material or the 'inverted' configuration. Scheme 10 illustrates some 
of the possibilities. 

In Scheme 10 we have included indication of the nature of transition 
states which would lead by  synchronous processes to replacement with 
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respectively retention (78) or inversion (79) of geometric configuration. Both 
these possibilities were the subject of early theoretical discussion143* 151-153. 

The experimental facts relating with certainty to such reactions are 
available only for a limited number of cases. For the ethyl /3-chloro- 
crotonate system (Scheme 10: R = EtOCO, R1 = Me), it has been shown 
that the reactions with thiolate ions follow second-order kinetics and give 
mixtures of products predominantly involving retention of geometric 
configuration, whether 73 or its geometric isomer is the starting material. 
Reaction paths involving prior elimination, or prior prototropic rearrange- 
ment, have been excluded and the starting material did not rearrange during 
the course of reaction. The formation of both isomers from a sing!e starting 
material was icterpreted as indicating that the reactions were stepwise 
rather than synchronous. Other cases more stereospecific in character are 
known, l', as has recently been reviewed by R a p p ~ p o r t ' ~ ~ ,  and 
the possibility must be recognized that these cases give the nearest known 
hpproximat;on to a synchronous displacement of this kind, the favoured 
transition state for which must be 78 (as is forced in the SN2(Ar) reaction) 
rather than 79. Studies of heavy-atom isotope effects would probably be 
useful in throwing light on the extent of bond-breaking in the transition 
states for some of these reactions. 

2. The co-ordination-heterolysis sequence 
We have noted already that reactio2 by the sequence invoking co- 

ordination followed by heterolysis from the same centre (equation 44) has 
been reviewed extensively, both in connexion with and 
with ~ i n y l i c l ~ ~  replacements, and only a few special points will be made 
here. 

a. Comparison of the halogens as leaving groups. One of the important 
lines of argument which focused attention on the existence of this 
mechanism was the observation that the relative leaving abilities of the 
halogens as nucleophiles from aromatic systems were very different from 
those prevailing in aliphatic systems. In the latter case, fluoride is the most 
difficult anion to displace, the order being F c C1< Br < I (see section 11. A. 
1). In the former case, however, though chlorine, brornice and iodine are 
all replaced at rather similar rates, fluorine undergoes reaction much more 
rapidly. Table 14, taken from Miller's c o m p i i a t i ~ n ~ ~ ~ ,  exemplifies this. 

Similar ratios have been noted for the picryl halides reacting with 
hydroxide ions: in their reactions with water1j6 the F : C1 replacement 
ratio can be as high as 22,000 : 1. Such results are hard to rationalize 
except on  the basis that for the fluoro-compounds the C-F bond-breaking 
has not become very important in the rate-determining transition state. 
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This transition state probably therefore, in this case, lies to the left of the 
intermediate 71 (equation 44)53. The results do not, however, constitute a 
disproof of the synchronous mechanism, particiilarly for the heavier 
halogens. 

As far as the writers are aware, no valid comparisons of the full range of 
halogens being displaced from a vinyl centre under circumstances establish- 
ing the co-ordination-heterolysis mechanism have been made, though 

TABLE 14. Relative reactivities (RCl = 1) of aromatic halides in 
bimolecular nucieophilic replacements with sodium methoxide in 

methanol 
~ ~~ 

X i n R X :  F c1 Br I 

- - R = CGH6 at 200°C 1960 1 
R = ~ - O , N C G H ~  at 50°C 312 1 0.85 0.36 
R = 2-O2NC,H, at 50°C 722 1 0-70 0.33 
R = 2,4-(OzN),C,H, at 0°C 890 1 0.69 0.15 

reactivity-sequences in which fluorine is replaced more readily than chlorine 
at a vinylic centre have been r e p ~ r t e d l ~ ~ ) ~ ~ ,  together with some relative 
rates of displacement of chlorine and bromine. 

b. The identijkation of stable complexes. Meisenheimer's beautiful 
experimentslO which established the existence of complexes between 
nitro-substituted aromatic compounds and anions, and showed that these 
complexes could be decomposed to give products of replacement, have 
been followed by very wide documentation of their formation, and a 
recent review157 summarizes some aspects of their chemistry which seem 
particularly important at  this tine. Both anionic141 and neutrall5*. 159 

complexes are kcown and of course it will be clear from what has been said 
already that much information concerning the intervention of unstable 
substances of this general type has been derived from kinetic studies by a 
number of research groups. Reference to some of these has already been 
made; other important contributions come from work by Zollinger and 
coworkers160, by Bunnett and his grouplG1, by Bourns and his group16e and 
by Illuminati and coworkers1G3. I n  general, complexes are less readily 
obtained in bulk concentration for halides than for aromatic ethers reacting 
with nucleophiles. 

Careful attention should be paid to the fact that in a complex organic 
molecufe, and particularly in unsaturated compounds, there may be 
alternative sites for effective attachment of a reagent, that attack a t  only 
one of these sites can initiate replacement by a particular mechanism, that 
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the reaction under study need not necessarily involve the most thermo- 
dynamically stable of these potential intermediates, and that the establish- 
ment of the physical existence of one of these intermediates does not 
necessarily implicate it in the particular reaction path under study. We 
will meet this situation again in our discussion of electrophilic aromatic 
substitution ; we can illustrate it in relation to nucleophilic aromatic 
replacements by noting that the kinetics of methanolysis of 80 and of 81 are 
affected by the reversible formation of complexes by  attack on the carbonyl 
or cyano groups respectively, though the final product of reaction involves 
displacement of the chlorine substituent in each case1@'. Genera1 chemical 
intuition tells one in such c: case that the reversibly formed complex is not 
concerned with the main reaction, but the kinetic form in itself gives no 
information on this point. 

Unsubstantis?ted conclusions concerning the orders of stability of anionic 
intermediates have been reached through neglecting the above considera- 
tions. Whenever a halogen-substituted alkene reacts with a nucleophile, 
the possibility exists of attack on either of the two vinylic carbon atoms 
(e.g. equation 45). A substitution product results from only one of these 

(45) 

carbanions, but to draw conclusions concerning orders of stability of such 
anions165n166 has no sound basis. 

c. Isotope efects. The study of isotope effects would seem to  provide a 
potentially important method of studying nucleophilic aromatic substitu- 
tion. Some information is available from this source162, but none for the 
reactions of halides as far as we know, although one study of vinylic 
compounds has been rnadel6'. There have been some attempts to examine 
deuterium isotope effects in the reactions of secondary amines with aromatic 
h a l i d e ~ ~ ~ ~ p l ~ ~ .  They show that the proton-loss from nitrogen is of little 
importance in the rate-determining steps of the reactions investigated, of 
which an example is the reaction of piperidine and [ 1-2H]-piperidine with 
4-chloro-3-nitrobenz0trifluoride'5", a result which is not very revealing as 
to the detailed mechanism. 

- 
R,C=CHF + Y- <> R,CY-CHF 7 R&CHFY 
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Recently, solvent medium isotope effects have been examined using 
EtOH and EtOD as solvents167. Results are given in Table 15. Comparison 

TABLE 15. Solvent medium isotope effects in some typical nucleophiiic sub- 
stitutions and comparison with elimination 

Substrate Reagent T°C k,(EtOD) 
k *( E t OH) 

l-Chloro-2,4-dinitrobenzene OEt- 25 1.84 
1 -Chloro-2,4-dinitrobenzene Pyridine 90 1-30  
l-ChIoro-2,2-di(p-nitrophenyl)-ethylene OEt- 25 1.83 
12-Butyl chloride (SN~) OEt- 70 1-34 
n-Butyl chloride (E2) OEt- 70 1-71 

being restricted to nucleophilic substitutions by ethoxide ions, it seems that 
attack on unsaturated centres is subject to a larger solvent medium isotope 
effect than is attack on a saturated centre. Further study is needed to clarify 
whether this generalization is of wide utility. 

a! StructuraZ eflects. It is well known that nucleophilic aromatic and 
vinylic replacement is powerfully accelerated by electron-withdrawing 
groups. One of the earliest systematic investigzitions was by Berliner md 
Monack168, and there have been a number of more recent surveys148~163*169 
in which the Hammett equation and its modifications have been used for 
correlation of structural influences in this and other reactions. 

We draw attention here to some pGints of special interest. First, nucleo- 
philic aromatic substitution is one of the few reactions which are inhibited 
by electron-release and yet show the Baker-Nathan order of substituents, 
Me > t-Bu > H, thus giving a reactivity-sequence affected by para-sub- 
stituents (R) in the order R = H > t-Bu > Me. The inhibition of reaction- 
rate by an alkyl group can be attributed to electronic effects of polarization 
and polarizability operating by hyperconjugation, thus giving the charac- 
teristic Baker-Nathan order of reactivity. Other interpretations, particularly 
those which would associate this order c,.;th steric effects on Ixnci-contrac- 
tion, break down, as has been discussed in more detail by Berliner170. 

Secondly, activation of nucleophilic aromatic substitution can be 
essentially inductive in nature, as is shown by the power of the NMe$ 
s ~ b s t i t u e n t ~ ~ ~ -  171. Conjugative effects can contribute also: this is shown by 
the fact that a p-nitro is considerably superior to a p-NMe,+-group in 
activating power f G r  these r e a ~ t i o n s l ~ ~ ~  171. In valeace-bond language, this 
implies that structures like 82 contribute to the resonance hybrid of the 
intermediate anion, helping to  delocalize the attacking electron pair, and 
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related structures help to stabilize the transition state relative to the initial 
state. In support of this view, steric interference with the co-planarity of the 

0;+,0- 6 
X Y  

(83) 

nitro-group and the aromatic ring reduces the activating power of the 
n i t r o - g r o ~ p l ~ ~ *  14% 172. There exists an interesting difference between the 
nitro- and the NMe,C-groups in relation to their effects in nucleophilic and 
electrophilic substitution; the nitro-group is much superior in activating 
the former, but the two groups have almost the same effect in deactivating 
the latter reaction173. It seems possible to the writers that this difference may 
indicate the operation of the form of electron-movement shown in 83, 
evoked by s n  electron-deficient reagent as a manifestation of the molecule’s 
polarizability. This M auld operate in the direction of diminishing the 
deactivating power of the nitro-group in electrophilic substitution, but 
would not be operative in nucleophilic sub~t i tu t ion l~~.  

Thirdly, it should be noted that both secondary and primary steric 
effects can be significant in determining the rate and orientation of nucleo- 
philic aromatic sub~t i tu t ion l~~.  

Fourthly, Bunnett and his group have drawn particuiar attention to the 
fact that influence of poiarizability involving London forces of attraction 
can become important in nucleophilic aromatic substitution, particularly 
when a polarizable reagent such as the benzenethiolate ion attacks adjacent 
to a polarizable substituent. Thus, whereas in reaction at 0°C a 2-methyl 
substituent inhibits the reactions of 4nitrofluorobenzene with OH-, with 
OCH,, with NH, or with CSHl,NH, by factors in the range 2-30, it 
accelerates by a factor of nearly 2 the reaction with the benzenethiolate 

e.  Possible catalysis by electrophiles. In cases where the reaction of 71 
(equation 44) to give products is the rate-determining stage of the reaction, 
catalysis by electrophiles might be observed. In particular, since separation 
of fluoride ion from carbon is known to be susceptible to catalysis by acids 
in saturated systems, the reactions of aromatic fluorides might be suitable 
for observation of such facilitation, which, however, would not be observed 
if (as has been deduced from the F :  C1 leaving-group ratio), the rate- 
determining stage were earlier in the reaction path. 

i0n175. 



474 P. B. D. de la Mare and B. E. Swediund 

Bunnett and N~delrnanl '~  made a particularly careful kinetic search for 
acid-catalysis in the reaction of the benzenethiolate ion with 2,4-dinitro- 
fluorobenzene, and found no evidence for such enhancement of reactivity 
under a number of experimental conditiom. They concluded that these 
results supported the view that the formation of the intermediate is rate- 
limiting in this case, and presumably also in many related ones. 

J Examples in which the second (heterolysis) stage of the seaction can 
become rate-determinirtg. For aromatic halides, therefore, it would seem 
that the situation in which the decomposition of the intermediate 71 
(equation 44) becomes rate-determining is difficult to realize. Illustrations 
have been found, however, in the reactions of some amines with 2,4- 
dinitrofluorobenzene. Thus Bunnett and Randalllo' found that the reaction 
of Iv-methylaniline with 2,4-dinitrofluorobenzene is sensitive to base- 
catalysis, whereas reactions of the chlorine and bromine analogues are not. 
They suggest that the considerable accelerations observed for the fluoro- 
compound are consistent with reaction according to Scheme 11. Here the 

PhMeJH F PhMeN 

/ <+PhNHMe> -PhNHMe QNoz I I non-calalysed (a) 
QNoZ / + HF 

N+ NO, 
/ \  

-0 0- 

(84) 

N 0 2  

(b )  + OAc- 

Y 

PhMeN 

QNo2 + HOAc 3- F- 

NO2 
SCHEME 11. Possible paths in reaction of N-methylaniline with 2,4-dinitro- 

fluorobenzene in ethanol with and without added acetate ions. 

non-catalysed reaction path labelled (a), and the general-base-cataiysed 
path labelled (b), both contribute independently; in the latter, the second 
stage is rate-determining. More recently, Bunnett and GarstlG1, whilst 
confirming this interpretation, have expressed doubt concerning its 
extension to other cases involving less spectacular catalysis. There are, 
however, several points about reactions of this kind which are not fully 
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understoodlM. In particular, it is not clear whether the stage of proton-loss 
from the intermediate 84 or the stage involving loss of fluoride is rate- 
determining. From the effects of phenols and of bifunctional catalysts such 
as 2-pyridone, Pietra and Vitali177 have proposed a cyclic transition state, 
one representation of which would be 85, thus indicating the further 
possibility that both these stages may in some cases become 17'. 

(35) 

The corresponding situation in vinylic systems has been discussed 
very recently by Rappoport and Ta-Shmaa2 with reference to the 
reactions of 1 , 1 -dicyanrl-2-p-dimct.hylaminophenyl-2-ha~ogenoethylenes, 
y-Me2NC,H,C()o=C(CN), (X = F, Cl), with aromatic amines in various 
solvents. Variations in the kineti; form depending on the substrate, the 
halogen and the mediam were noted, and the F : C1 rate-ratio varied also 
with the conditions of reaction. From the careful discussion it becomes 
apparent that the several reaction paths discussed above (which in some 
cases can be elaborated by detailed consideration of the influence of 
hydrogen-bonding), may all compete in suitable circumstances. 

3. The unimolecular mechanism 
For many years it was assumed that the unimolecular route for replace- 

ment of halogens at unsaturated centres is not available. Recent work, 
however, has put this reaction path on a firm basis for vinylic cations. Grob 
and coworkers178 examined kinetically the solvolyses of substituted 
a-bromostyrenes in 80% ethanol. The reactions were shown to follow 
first-order kinetics, and to give a mixture of products of substitution and 
elimination (sequence 46). The reaction was considerably faster in a more 

9 ArC(OH)=CH, + ArCOCH, 
-Br- 

ArCBr=CH, - > ArC4-=CH2 -H+ (46) 
-ArC-cH 

polar solvent, as is expected for the situation where charge becomes well 
developed in the transition state, and electron-releasing groups very 
powerfully increased the rate of reaction. The unimolecular mechanism of 
solvolysis, with the first stage of sequence (46) rate-determining, was 
proposed to account for these results, and it has been generally accepted155, 
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More recent evidence relating to this mechanism has come from 
study of the effect of change in the leaving group. Rappoport and GaP79 
have shown for the reactions of trianisylvinyl halides in 80% ethanol at  
120°C, the rate ratio kBr : k,, = 58, a result which supports reaction by 
the unimolecular mechanism. Further details concerning the intermediate 
stages have been given by Rappoport and ApeloiglgO. The 1,2-dianisyl-2- 
phenylvinyl halides (86; X = C1, Br) and their geometric isomers on 

p -  M e 0 C 6H 4, ,C6H40Me -P 
,c=c, 

Ph X 
(86) 

solvolysis with and without added nucleophilic anions in a variety of 
solvents give almost indiscriminate formation of mixtures of geometrically 
isomeric products. This makes it almost certain thai the product-forming 
intermediate 87 is linear, rather than bent. A further important feature, 

Ar,C=C+-Ar 

(87) 

which throws light on the geometry not only of the product-forming 
intermediate but also of the transition state, has been revealed by the work 
of Grob and coworkerslsl. They have examined the solvolyses of substituted 
butadienes (e.g. CH,=CBr-CMe=CHMe and more highly C-methylateci 
derivatives) in 80% ethanol. The reactions are not affected by added 
triethylamine; they respond in rate to increase in the ionizing power of the 
solvent and to increase in electron release to the unsaturated system as 
would be expected for a unimolecular reaction. The substituted 2-bromo- 
1,3-~yclohexadienes, however, do not solvolyse under the same conditions. 
This result is very strong evidence that the attainment of the rate-determin- 
ing transition state by heterolysis from 88 requires a considerable approach 
towards linearity of the q-Cc,-Cc, system, as is possible in the reactions 
of substituted butadienes but not in those of the cyclic system of 89. This 

Me 

H,C -C' 

\ /  

H Br 

hi R' 
/ 

Me-CH 
H\ 

/ c  1 = c2 \ 
,c3=c 

(88) 

\R' ,c=c 
R\ 

Br \ 

(89) 

geometry allows contribution of structure 91 to the resonance hybrid 
structure of the cation (90+-+93). Reaction is thus facilitated, and in the 
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open-chain substituted butadienes the replacement giving the normal 
products (alkenynes and a,P-unsaturated ketones) is accompanied by the 
formation of the allenic products of rearrangement. 

H R\ ,H 
f3 ,c=c=c + R\ -f- / ,c=c-cc, 

R ,C-R’ R ‘C-R’ 
R” R’ 

Bergman and coworkers1s2 have investigated the properties of systems in 
which a cyclopropyl group is attached to an olefinic centre with special 
reference to the solvolyses of the cis- and trans-isomers of 1 -cyclopropyl- 1 
iodoprop-1-ene in acetic acid. Each isomer gives substantially the same 
mixture of products of substitution, elimination and rearrangement to 
cyclobutenyl and other products. From this result it would appear that a 
vinylic cation is a common intermediate in the reaction; details of the 
reaction paths were considered, including the possibility that ion pairs or 
ion-molecule complexes can be concerned as intermediJtes. 

Other examples of rearrangements have been reported accompanying 
solvolyses of substituted vinyl trifluoromethanesulphonates1s3. Furthsr 
cases are knowds4 in which allenic halides undergo solvolysis by a reaction 
path which is probably unimolecular in character. The various criteria that 
have been used to distinguish the unimolecular mechanism of replacement 
from the elimination-addition and addition-elimination sequences 
considered in subsequent sections have been surveyed by Rappoport, 
Bassler and HanacklS5, who emphasize how important is the kinetic 
criterion and particularly the dependence clf the rate on the acidity or 
basicity of the medium. 

4. Elimination-addition sequences 
Competing with the mechanisms already discussed, particularly for 

reactions in sufficiently basic media, are those processes in which elimina- 
tion to give a more highly unsaturated compound is followed by addition to 
regenerate the original degree of forma1 unsaturation. Such reactions are 
not very commonly encountered in saturated systems, since the product of 
elimination is usually more stable than any possible product of addition, 
but, since nucleophilic additions to triple bonds are relatively easy, they are 
not uncommon at unsaturated centres. The reactions of aryl halides with 
strong bases to give benzynes and hence products of substitution (sequence 
47) have been reviewed e x t e n s i ~ e l y ~ ~ ~ * ~ * ~ ~ ~ ~ ~ ,  and we need not give details 
here, except to note that aromatic fluorides, chlorides, bromides and  
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iodides all react at similar rates (e.g. with lithium piperidide in ether a t  
20°C). The fact that the back-addition can reverse the position of the 

J'JGHio 

substituent provides one criterion for reaction by this mechanism. 
Substituent effects in these additions have been discussed by various 
groupP7-1su. 

An equally comprehensive account of the availability of the elimination- 
addition route in replacements at vinylic centres has Seen given by 
R a p p ~ p o r t l ~ ~  and discussions of the availability of the competing possi- 
bilities will be found in a number of the papers already ~ i t e d ~ ~ ~ * ~ ~ p ~ ~ ~ .  In 
certain cases, wherc the potentially intermediate acetylene is stable under 
the conditions of elimination, the characteristics of the elimination stage 
have been examined kinetically. For the 1 , 1-diphenyl-2-haloethylenes 
reacting with potassium t-butoxide in t-butanol at 95"C, the order of 
reactivity Br > I > Cl, was observedlu0 and rearrangement of the vinyl 
anion (92) accompanied the final stage of the dehydrohalogenation, which 
can be represented as in sequence (48). Various forms of elimination and 
rearrangement can characterize reaction by this mechanism155. 

l-BuOIi - -x- 
Ph,C=CHX 7 Ph,C=CX - PhC=CPh 

-H+ 

5. Replacements and rearrangements involving nucleophilic attack 
on halogen 

Some polyhalogenobenzenes have been shown by Bunnett and co- 
w o r k e r ~ l ~ 1 - 1 ~ ~  to undergo base-catalysed isomerization and disproportiona- 
tion by yet another mechanism which involves nucleophilic attack by a 
suitably substituted phenyI anion on a plienyl-bound halogen, as in Scheme 
12. The possibiIity of formation of an anionic centre adjacent to  a haIogen 
seems critical for the realization of reaction by this mechanism. From a 
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formal point of view, the replacemcnt occurring in this reaction (e.g in the 
formation of 1 -bromo-3,4-di-iodobenzene from 1,3-dibrom0-4-iodo- 
benzene) is an electrophilic replacement at carbon. 

I I 

6r 

(93) 

I 

C,H,NH, gBr + Q1 \ 

\ Br 

SCHEME 12. Reaction path in the rearrangement and disproportionation of 
I-iodo-2,4-dibromobenzene. 

qBr + C6H5MH- < 
Br 

Br Br Br 

6. Replacements and rearrangements involving addition-eiimina- 
tion sequences 
We define an addition reaction as one in which a double bond has become 

saturated, or a triple bond converted to a double bond, during the course of 
reaction. This definition is consistent with organic terminology. Distinction 
is therefore made from the co-ordination stage of a co-ordination- 
heterolysis sequence, which is not regarded as an addition, despite the 
usage (which we regard as confusing) adopted by some writers155. 

Addition-elimination sequences are not normally adopted for nucleo- 
philic reactions of benzenoid systems, but they can be adopted for 
replacements involving a wide variety of other unsaturated compounds. 
Reactions of this kind involving vinylic centres have been reviewed by 
Rappoport155, and can have ramified irr-plications. Here we shall discuss 
only a few special topics; it should be noted generally that either electro- 
philic or nucleophilic additions could initiate such a sequence, that either 
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the electrophilic or the nucleophilic stage of the addition could be rate- 
determining, as could either of the two possible stages of the final elimina- 
tion. 

The difficulties of distinguishing the possibilities, particularly where 
the kinetics of the reaction are the main source of information, have 
been very cogently pointed out by Silversmith and SmithlQ4. Thus in the 
reaction of l,l-diphenyl-2-fluoroethylene with ethoxide ions in ethanol 
to give 1 ,1  -diphenyL2-ethoxyethylene, the observed second-order kinetic 
form is equally consistent with the intermediacy of the carbanion 

Ph,C-CH(OEt)F, or of the adduct Ph,CH-CH(0Et)F. In reviewing the 
ionic reactions cf fluoro-olefins, Chambers and M o b b P 5  noted that such 
alternative routes existed generally, and that in many cases the evidence 
does not yet allow proper distinction between them. Some authors have 
preferred for particular examples to postulate the carbanionic route1g6*197 
but the structures of the products may sometimes be more convincingly 
expIained in terms of intermediate adducts which eliminate hydrogen 
fluoridelg8. Neither kinetic measurements nor studies of product structures 
and ratios are likely, taken separately, to give decisive evidence as to which 
of these alternative routes is under observation. The direct detection of the 
relevant intermediates by physical means is sometimes helpful, and an 
example of this kind (sequence 49) has recently been characterizedlQ9 by 
lH n.m.r. spectroscopy of the reacting mixture. 

P h C 0 C B r = C H M e P h CO CH (Br) C H (N ,) M e - PhCOCfl(N,)CH(N,)Me - > PhCOC(N3)=CHMe 

(491 

The direct conversion of the unsaturated bromide to the corresponding 
azide was considered also to contribute to the reaction. I t  should be 
remembered in any such case that again this type of evidence alone is not 
necessarily compelling or conclusive, since the supposed intermediate may 
merely represent a temporary diversion of the starting material, and may be 
isolatable from the reaction mixture but may give the final product only by 
first reverting to starting material or to some common alternative inter- 
mediate (see also section 111. A. 3. e). 

7. Replacements of halogen in carbonyl halides 
a. General considerations. Carbonyl halides are known to be generally 

reactive in nucleophilic displacements, being extensively used as acylating 
agents. Several good reviews200p201 consider the main reactions of this kind 
which they undergo. Just as with vinyl halides, mechanisms initiated by 
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co-ordination, rather than by  dispIacement, are more important than with 
saturated compounds, as would be expected with triligant carbon, and this 
feature has indeed become even more pronounced, for two reasons: first, 
electrophilic attack on oxygen is rapid, though reversible, and secondly, 
nucleophilic addition is favoured by the pdarization of the >C=O bond 

towards the formal structure )C+-0-. 
Some of the various ways in which a carbonyl halide might react to give 

products of nucleophilic replacement are set out in Scheme 13. We might 

+H+(palh i )  

4 -H - \ 

-Y - 
Y 

I 
I +Y-  

' R- R-C-0- 7 

I Y 

, (95) 

Y 
+Y- I 

X 

n-L-uH I f -Y - R-C-OH I 

(path f )  

i -Y- I R-C-OH t--- 

+ 
R-C=O 

I 
R-C=O 

Y 
I 

R-C-OH 
I 
Y 

.L 
R-CYj 

SCHEME 13. Some possible routes leading to displacemeiit in acyl halides. 

expect that bimolecular nucleophi!ic replacement (path a) woald be more 
rapid than with sa:uiated halideszo2, both because of the polarization 
indicated and because the attacked carbon atom must be less congested. 
Attachment of an electrophile (a proton or a Lewis acid) to the oxygen 
atom, as in 95, would be expected to  make the carbonyl carbon atom even 
more prone to displacement (path b). Alternatively, the electrophile might 
attack halogen, and then would catalyse the loss of halide ion, either in a 
unimolecular or in a bimolecular process (paths c and d ) .  Again, with 
suitable structures direct ionization to form the acylium ion (path e) might 
become available. 
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If, on thz other hand, addition occurred to  saturate the carbonyl double 
bond, we obtain such an intermediate as 97, and the possible intervention 
of compounds of this type introduces some special features in the reaction. 
Such compounds, whether formed by initial nucleophiiic or electrophik 
attack, are in general very labile. Their high reactivity in S,l reactions, 
which lead first to the hydroxy-substituted carbonium ion 95, comes about 
because the transition state leading from 97 to this ion is enormously 
stabilized by electron-release from the hyciroxyl group. This is shown for 
95 by the curved arrow in the formula, then representing the limiting case 
when the heterolysis is complete. The extent of rate-enhancement arising 
from this electron-delocalization in simple halides of analogous structure 
(e.g. MeO-CH,CI) is knownzo3 to be of the order of 1014; it accounts, 
among other things, for the fact that the glycosyl halides are chemically 
rather similar to the acyl halides". 

Furthermore, the saturated adduct 97 may have available to it paths for 
reaction with nucleophiles other than SNl heterolysis. Thus, its reactivity 
by a bimolecular process (path f) is considerably enhanced in rate as 
compared with saturated compounds not having as powerful an electron- 
releasing group on the attacked centrezo3, and in the presence of Lewis 
acids, routes involving the hydroxyl group itself may become important, 
especially S,i processes, as in the final stages of path g .  

A further set of routes becomes available if nucleophilic zttack on the 
acyl halide precedes attachment of the proton. This can lead through the 
tetraligant species 96 either directly to product (path h) or to the adduct 97 
(path i). 

The nucleophile, which we have depicted in Scheme 13 as an anion Y-, 
may equally be neutral, and then such an  intermediate as 96 will be a 
zwitterion, as in 101 (below) when a tertiary amine is concerned. When'such 
an intermediate has an exchangeable proton, as in 102 for reaction with a 

secondary amine, further possibilities involving proton-migration or loss 
at an intermediate stage in the reaction path can become significant and 

* Replacement of halogens in the glycosyl halides is not dealt with in this 
article but it has many features of general mechanistic interest. A valuable 
review has been given by Caponzo4. 
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examples have been given205 through comparative studies of isotope effects 
in catalysed and uncatalysed reactions. With such a ramification of 
possibilities to be considered, it is not too surprising that many ambiguities 
remain as to the paths adopted even in some cases which have been studied 
extensively. In the following sections we shall try to indicate the extent to 
which the possibilities have been identified. 

b. Second-order processes involving direct displacement (path r.) or 
co-ordinatioiz-Jieterolysis (path h). Conan t and coworkers206 studied the 
kinetics of the reactions of a number of organic chlorides with potassium 
iodide in acetone. The reactions were uniformly of the second order, and 
for saturated halides would generally be considered to be typical examples 
of reactions by the &2 mechanism. Benzoyl chloride was included in these 
comparisons and the relative reactivities were: 

PhCOCI, 700 PhCH,CI, 137 n-BuCI, 1 

This reaction of benzoyl chloride may well be an example of the sN2 
mechanism. Bunton and Lewiszo7 have mentioned that the exchange or 
labelled chloride between Li3%1 and 2,4,6-trimethylbenzoyl chloride in dry 
acetone is much slower than that of benzoyl chloride, as would be expected 
for a bimolecular reaction subject to steric hindrance. The results for the 
second-order reactions of morpholine with benzoyl fluoride, chloride, 
bromide and iodidezo8 can be interpreted similarly. Here the relative 
reactivities were as shown in Table 16. 

TABLE 16. Relative reactivities of benzoyl halides with morpholine in cyclo- 
hexane at 25°C 

Compound : PhCOF PhCOCl PhCOBr PhCOI 

Relative rate of second-order reaction 1 2800 71,000 254,000 

This reaction clearly shows the operation of a large ‘element effect’, with 
a considerable contribution from bond-breaking in the transition state for 
the displacement, as is found also in SN2 reactions (section 11. A. 1) 
but is by no means typical of displacements from aromatic systems 
(section 11. C. 2). It would be natural, therefore, to presume that the S N 2  
mechanism is under observation. Bender and Jones208, however, prefer to 
interpret the results in terms of the co-ordination-heterolysis sequence, and 
ascribe the large ‘element effect’ to variation of the partitioning of the 
intermediate, which here would have the form 102. Distinction between 
paths a and 12 (Scheme 13) does not, however, seem to be clearly based on 
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experiment in this case, the degree of uncertainty being even greater than in 
the case of the less activated aryl halides. 

Study of reactions of this kind in solvents containing water, whether 
with or  without other nucleophilcs, indicates several trends of mechanistic 
significance. First, the 'element effect', as manifested by the relative ease of 
displacement of fluoride and chloride, becorn& less. Thus acetyl fluoride in 
water hydrolyses less rapidly than acetyl chloride by a factor209 of only 47 
(cf. 2800 for the related comparison given in Table 16). This result is 
consistent with the view that the reaction is now of the two-stage variety 
and some evidence for this has been obtained from experiments in which 
isotopically labelled solvent is used as a tracer. No exchange between 
180-labelled water and the starting material was detected in the course of 
neutra! or acid-hydrolysis of 4-substituted 2,6-dimethylbenzoyl chlorides 
in 99% scetonitrile210, but, In the hydrolyses of benzoyl chloride and various 
derivatives in mixtures of dioxan and water211, exchange of lSO from the 
solvent was observed, and increased with the water content of the medium. 
Furthermore, 2,4,6-trimethylbenzoyl chloride was more rapidly attacked 
under these conditions than was benzoyl chloride. These results strongly 
suggest that an intermediate is formed reversibly, thus partially introducing 
IabeIIed oxygen through a sequence such as sequence (SO); the isotopic 
replacement must be established at a rate similar to those of the processes 

'80Ht '80H 
I I 

I I I 
CI CI CI 

Ph-C=O 4- H2'0 4 Ph-(2-0- Ph-C-OH 

(1 03) 

' 8 0  
I II 

I 1 
CI CI 

(50) 
1 6 0 -  

-Ph-C-OHI,' a Ph-C+HpO 

leading to hydrolysis. Acid-catalysis could facilitate the proton-transfers 
within this sequence by further protonation of the tetrahedral intermediate. 

I t  has been noted alsozo9 that the hydrolysis of acetyl fluoride by this type 
of mechanism may be catalysed by bases, including fluoride ion, which 
probably zct by helping to remove the proton from the incoming water, as 
depicted in 104. Whether this catalytic action is synchronous with or 
subsequent to the nucleophilic attack has not been made certain ; tentatively, 
we may take this result as exemplifying the theoretical possibility discussed 
in relation to structure 102. Related mechanistic complications have been 
noted for nucleophilic aromatic substitution in section 11. C. 2. f. That this 
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type of route is not ri!ways operative, however, is established by the 
observation of an inverse deuterium isotope effect, kpND2 : kArNH2 = 1.17, 
i i ~  the second-order reaction of benzoyl chloride with aniline in benzene as 
solvent212. 

2 

I 
CI 

(1 04) 

Fryla has recently discussed a study of chlorine isotope effects in the 
hydrolyses of p-substituted benzoyl chlorides, p-RC,H,COCI, in 50% 
acetone. With R = MeO, Me, 13, C1 and O,N, the values of k(35Cl) : kC7Cl) 
were 1 *0089, 1 -0085, 1 -0082, 1 -0067 and 1.0051 respectively; the accuracy 
was assessed in each case as t-0-0004. The magnitudes of these isotope 
effects show that in each case the breaking of the C-C1 bond plays an 
important part in the formation of the transition state, as in the reactions 
of relsted benzyl halides discussed in section 11. A. The fact that there is a 
marked change in the magnitude of the isotope effect with change in the 
substituent, R, suggests the possibility of reaction by more than one 
mechanism. Possibilities are SN2 (path a) and S,l (path e), but Frj clearly 
notes18 that addition4imination sequences (e.g. via 97) also deserve 
consideration. 

c. First-order processes (Scliane 13, routes e arid c). A number of other 
investigations of the hydrolyses of acyl halides in aqueous solvents, and of 
the accompanying reactions with nucleophiles, have established the general 
applicability of the second-order mechanism under conditions in which a 
co-ordination-heterolysis sequence is p r ~ b a b l e ~ ~ ~ - ~ ~ ’ .  But these studies and 
other work210 show clearly a second trend, becoming particularly apparent 
in solvents of high ionizing power, namely towards the incursion of a 
mechanism in which the rate has become independent of the concentration 
of the nucleophile. Further kinetic evidence has been adduced from the 
effects of substituents on the rate of reaction, and from the salt-effects, 
including the effects of halide ions common with those derived from the 
acyl halide undergoing replacement. These experiments give evidence 
supporting the existence of a unimolecular mechanism for these replace- 
ments. It may be presumed that this often involves reaction through the 
acylium ion 99 (Scheme 13), though it is difficult to exclude that a hydrated 
or otherwise solvated form of this ion is c o n ~ e r n e d ~ ~ ~ ~ ~ ~ ~ .  

A number of workers209. 210, 21G, 218 have reported electrophilic catalyses, 
not only with general acids such as hydrogen fluoride, but also with 
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protons215. 21fi* O1l*. Under similar conditions, acyl chlorides are much less 
susceptible to acid-catalysis than are acyl fluorides. If acid-catalysis 
involved protonation on oxygen, there seems no special reason why acyl 
chlorides should not behave like the corresponding fluorides. I t  was for 
this reason that Benderzoo and SatchellzlG attribute catalysis to protonation 
on halogen. This could lead rather naturally to the acylium cation 99 
(path c), but the dependence of the rate of reaction oil the stoicheiometric 
concentration of H+ rather than on the acidity function, It,, as has 
been ncted for a number of acyl fluorides21G, suggests the involvement of 
the nucleophile (here a component of the solvent) in the rate-determining 
stage of the reaction. 

Many Friedel-Crafts reactions with acyl halides come into the category 
of nucleophilic displacements of halogens proceeding through acylium 
ions formed under catalysis by Lewis acids. There are a number of good 
reviews2I9 of these reactions, and we do not treat them specifically in this 
article. 

d. Reactions through addicts (paths f, i) .  Evidence that displacements of 
halogen can be forced through routes involving addition is mostly prepara- 
tive in character. Many years ago, Hubner and MullerzzO showed that 
acetyl chloride reacts with phosphorus pentachloride to give first tri- 
chloroacetyl chloride and then hexachloroethane (sequence 51). Exactly 

CH,COCI pas > CCI,COCI > CCI,-CCI, (51 1 

what intermediate stages are involved is, of course, uncertain; but the 
possible route via CC1,-CClz(OPC14) is the analogue of path g (Scheme 
13). A similar route could be concerned in the conversion of acyl chlorides 
and fluorides into trifluoromethyl compounds by the use of sulphur 
tetrafluoride (sequence 52)2z1. 

(52) 

e.  Reactions through the halogertoliydroxycarbonium ion (95, Scheme 13). 
It  will be apparent from the above sections that nechanistic documentation 
of reaction paths in which the ion 

SF'. m 
C,H,COCI > m-CI-- C6H I-C F, 

+ 
R-C-OH 

I 
X 

(95) can be established to be a key intermediate has proved difficult; most 
of the acid-catalysed displacements appear to proceed by way of the 
alternative site of protonation, and the base-catalysed reactions can start by 
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way of the anionic iritermediatc 96, which has a natural route (path h) 
directly to the product, but by protonation gives 97 (path i). It  is by no  
means impossible that the chlorohydroxycarbonium ion is sometimes 
involved, perhaps through the sequence via 96, 97 leading to 95, since it 
potentially provides such a rapid means of exchanging nucleophiles at the 
carbonyl centre. It is not known whether direct displacement on this ion 
(route b) rather than indirect displacement via adducts (pathf) can be 
significant. 

D. Nucleophilic Replacement by Halogen at Unsaturated Centres 

1. Second-order processes 
Although there are some well-known preparative methods for nucleo- 

philic introduction of halogen a t  unsaturated centres, there have been fcw 
mechanistic studies, and most of these apply to replacement in aromatic 
systems. In principle, introduction of nucleophilic halogen should be 
possible by most of the mechanisms available for other nucleophiles. No 
doubt the most generally available route involves second-order attack by 
halide ions on some suitably activated substrate. The reactions of this 
kind noted below probably involve co-ordination-heterolysis sequences, 
rather than synchronous one-stage reactions, but little definite evidence on 
this point is available. 

Examples of reactions which from the conditions under which they 
proceed 3re probably second-order include the activated exchange reactions 
between a-halogenopyridines and potassium fluoride in dimethyl sulplione 
or dimethyl sulphoxide (equation 53)222, and the second-ordw displacement 
of nitrogen by bromide ion from activated diazonium ions, studied 
kinetically by Lewis and coworkers223 (equation 54). 

4- KCI 
F 

(53) 

The latter reaction probably has a number of preparative counterparts”4, 
and situations exist in  which the diazonium substituent acts as an activating 
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group, promoting replacements of other substituents by a nucleophilic 
process (equations 55, 56)143v 2251 226. 

2. Routes involving aryl cations 
There has been considerable mechanistic discussion of the variocs other 

reactions of diazonium cations through which nucleophilic halogen can be 
introduced into an aromatic nucleus. It now seems to be agreed generally 
that replacements under the usual conditions of the Sandmeyer reaction 
usually involve free radicals, since products obviously derived from the 
aryl radical can be detected in the products227. The radical-producing 
process is believed to be that shown in equation (57). Uncatalysed replace- 

ArNZ + CuCI;- Ar' + N, + CuCI, (57) 

ments in aqueous solution are, however, thought to be heterolytic and a 
recent review is given by Chapman228. The solvolytic reactions leading to 
phenols have generally been regarded2z9- Z3O as initiated by unimolecular 
loss of nitrogen to give the aryl cation. This conclusion has been based on 
the effects of substituents on the rates of reaction, and on the relatively 
small influence of nucleophiles on the rates and on the productss1. Lewis 
and coworkers have made extensive studies of kinetics and products of 
relatively activated diazonium cations in the presence and absence of 
added anions. Their earlier conclusions232 have recently been modified233 ; 
they now consider that attack by nucleophiles on these diazonium cations 
forms part of the rate-determining step, so that the reactions are all 
formally bimolecular, but that the transition states are very like the aryl 
cation, nucleophiles being very unselective in their behaviour. Many of the 
small kinetic effects on the rate of the reaction are to  be interpreted as salt 
effects. The present reviewers think that it is better to describe these 
reactions as S,l in character and believe that the minor, relatively indis- 
criminating, influences of salts on product-composition result from the 
sort of complications that beset all reactions involving the solvolyses of 
carbonium ions (cf. section 11. A. 5).  
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It is by no means clear why the uncatalysed replacement of the diazonium 
group by nucleophi!es is so much more satisfactory for the preparation of 
iodides and cyanides than for other derivatives. The mechanisms are 
usually depicted as involving aryl cations. For iodides, it appears234 that 
unidentified oxidative processes produce iodine, and that in some cases the 
subsequent reaction to form aryl iodide occurs in the only slightly soluble, 
and therefore precipitated, aryl diazonium tri-iodide. 

The Balz-Schiemann reaction235 involves the conversion of a diazonium 
tetrafluoroborate into the corresponding aryl fluoride. Customarily, these 
reactions are carried out by heating the solid, either alone or suspended in 
an inert solvent. I t  has been shown for at  least one representative reaction, 
however236, that a similar product mixture results when the reaction is 
carried out in homogeneous solution. The reactions are believed to involve 
relatively free aryl cations, produced as is shown in sequence (58). Evidence 

(58) 

for this route comes from e x p e r i m e n t ~ ~ ~ ~ 9 ~ ~  which show that such reactions 
when carried out in substituted aromatic solvents give as by-products the 
biaryl derivatives expected for electrophilic aromatic substitution involving 
an  zryl cation, rather than those which would be expected if an aryl 
radical were being trapped by the solvent, Further support comes from 
kinetic experiments"8, which show, for example, that the kinetics of 
decomposition of N,N-dicyclohexyl benzamido-o-diazonium tetrafluoro- 
borates in acetic acid or in methanol are not affected by radical-chain 
inhibitors. Olah and T o l g y e ~ i ~ ~ ~  have extended the conclusions derivable 
from product analyses by studying the decomposition of other diazonium 
salts, including diazonium tetrachloroborates and tetrabromoborates. 
Reactions were carried out by heating suspensions of the salts in ligroin or 
in aromatic solvents. Some results are summarized in Table 17. 

Ar NtB F; -Nx > Ar+ + BF; - ArF + BF, 

TABLE 17. Products of decomposition cf diazonium salts suspended in 
fluorobenzene 

Diazonium T ("C) Time Main Fluorobiphenyls (% of 
salt (h) product biphenyl fraction) 

0 ,n P 

PhNzC1- 25 8 PhCl 26 47 27 
55 

38 

- P'hN ,+BF,- 85 48 PhF 45 
PhN,+BCl; 75 6 PhCl 42 1 57 

- PhNZBBr; 85 16 PhBr 62 
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The results show that all these diazonium tetrahaloborates decompose to 
give isomer-ratios typical of an aromatic substitution ; in contrast, the 
diazonium chloride is believed to decompose by a process involving free 
radicals, as is witnessed by the very different isomer-distribution in the 
fluorobiphenyls. Further discussion of the Baltz-Schiemann reaction is 
given by S u s ~ h i t z k y ~ ~ ~ .  

3. S N i  reactions 

Fluorides can be prepared also from alcohols or thiols by a reaction path 
(sequence 59) which has been ~onsidered"~ to be S,i in character. 
Reaction conditions involve high temperatures and, for best yields, a 
platinum catalyst. Replacement occurs without the production of products 
substituted in other positions, so it seems that free radicals are not 
implicated. 

111. ELECTROPHlLlC REPLACEMENTS 

A. Electrophilic Replacement by Halogen at Unsaturated Centres 
1. lntroduction 

Halogenation of aromatic compounds is a well-known reaction of 
organic chemistry and is met at  an early stage of the study of the subject, 
particularly in the context of the special properties of aromatic systems. 
Geissman's excellent textbook, for example, (Principles of Organic 
Chemistry, 2nd ed., Freeman, 1962, p. 513) states: 'The most striking 
differences between aromatic and aliphatic compounds are found in their 
substitution reactions ... . The substitution of a hydrogen atom by a 
halogen atom, for example, can be brought about in the case of an aliphatic 
hydrocarbon, and in its simplest form can be represented by the expression 

RH + Br2- RBr + HBr (60) 

For the case of an aromatic hydrocarbon (benzene), the reaction is: 

C,H, + Br2- z C,H,Br + HBr (61 1 

These reactions, which appear to be similar in type, are quite different in 
the mechanism by which they occur . . . . Some of the characteristics of the 
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halogenaticn of paraffin hydrocarbons ... may be contrasted with the 
related substitution of aromatic compounds.' 

No exception need be taken to such statements, nor to the contrast on 
the one hand between free-radical halogenations of.  saturated hydro- 
carbons and the polar halogenations of derivatives of benzene, and on the 
cther between additions of halogens to aliphatic unsaturated hydrocarbons 
and substitutions by halogem in aromatic compounds. The emphasis 
conveyed by these contrasts, however, becomes more difficult to justify 
when organic chemistry is considered more widely. The destructive 
fluorinations of aromatic compounds, for exampIe, almost certainly involve 
free radicals, though they occur in environments where chlorinations and 
brominations would be expected to adopt polar mechanisms24Z. Both free 
radical and polar additions of chlorine to aromatic compounds are well 
known, and give tetra- and hexachloride~~*~. Polar (electrophilic) sub- 
stitutions by chlorine in simple olefinic substances are also much more 
widespread than is sometimes believed; an example292 is the chlorination of 
isobutene to give 3-chloro-2-methylpropene (equation 62). 

In the intermediate state for attack by any reagent on a saturated carbon 
atom, it is necessary to accommodate five atoms or groups around carbon. 
In  contrast, for attack on an unsaturated carbon centre, only a four- 
covalent intermediate state is required. Speaking in general terms, then, it 
is to be expected that substitution at  a saturated carbon atom could involve 
concerted formation and breaking of bonds, a pentaligant state then 
being a transition state rather than an isolatable entity. In contrast, 
however, the formation and breaking of covalent bonds to give substitution 
a t  an unsaturated centre are more likely to be stepwise, the steps being 
separated by an intermediate compound of which a number of types are 
possible. 

We have already seen (section 11 A) that the first of these generalizations 
can be justified by experiment, and in this section the evidence for the 
second will be presented in relation to electrophilic substitution. The 
formation of such an intermediate in electrophilic halogenation introduces 
into the reaction path a number of chemical possibilities which depend 
considerably on the nature of the attacked unsaturated system and would 
not exist in a concerted mechanism. The intermediate, which for illustration 
wz can represent in the partly generalized form 105, is a substituted 
carbonium ion, and as such may have many reactions available to it. Some 
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of these are indicated in Scheme 14. Reaction by path CI gives the normal 
product 106 expected for substitution ; for aromatic systems it is the path 
considered in elementary treatments such as that quoted above, and it can 
be documented widely for olefinic systems also. Path b gives first the 

R -H+ H-G, R 
,,C=C, (106) 

Hal 
H-G, / /c=c, 

R’ H 

R 

Hal further addition 
G>C-CfH (107) - i Products of 

or of rearrangement 

R 
-$+C--CCH (108) --> Products of 

H-G,.; 

Y Hal elimination R Hal  

R, -+/H 
~-G--,c-c, (109) -> Rearranged 

(path d )  R1 Hal products of 
addition and/or 
substitution 

In  this Scheme, G can in principle represent any bi- or polyvalent substituent. 
SCHEME 14. Some reaction paths available in stepwise halogenation. 

product 107 of substitution with rearrangement; equation (62) gives an 
example for an olefinic substitution, and it will be seen that it can be 
documented also in aromatic halogenation. Further reactions may then 
supervene. Path I: is a n  addition, well known both for aliphatic and for 
aromatic examples, where the adduct may have incorporated any nucleo- 
phile available for capture by the intermediate 105, including a suitable 
fragment from the solvent. Further reaction by elimination is then possible 
and the final product may be one of substitution, not necessarily by the 
original nucleophile. Path d illustrates a type of possible carbonium ionic 
rearrangement ; the rearranged ion PO9 then undergoes fuither reaction 
leading to products of substitution and/or addition. Such reactions also 
are known both in aliphatic and in aromatic systems. 

Aromatic halogenation, therefore, needs to be put into the context of 
the halogenation of unsaturated compounds generally and, seen in fuller 
perspective, presents a complex and ramified picture of possibilities. The 
differing properties of the various halogens lead t o  notable differences in 
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mechanistic detail in their reactions and we shall need to consider, among 
other factors, their relative sizes, the trend in bond-strengths, the fact that 
the higher halogens more easily interact with adjacent carboniurn centres 
by neighbouring-group interaction, and the fact that the expansion of the 
octet of the halogen becomes significant for chlorine through the use of 
d-orbitals, and becomes even more important for the heavier halogens 
(cf. section I). 

Although aromatic substitutions with rearrangement !lave been 
recognized as possibilities for many years2@, and substitution by addition- 
elhination also forms part of the history of chemical thought2’I5, attention 
has been focused through more recent times rather heavily on displace- 
ments from the ceritre initially attacked (Scheme 14, path a). There have 
been a number of usefuI reviews of aspects of such haIogenationsB6. In the 
following discussion, particular reference will be made to recent discoveries. 
It is emphasized that, though the routes which are sometimes described as 
‘less usual’ can often be recognized from the products, this is not 
always true and so the potential importance of these less usual pathways 
can be overlooked, as has been done sometimes for nitration247 and for 
other aromatic substitutions. 

2. Fluorination 

Fluorine reacts violently with most organic compounds, to give compli- 
cated mixtures of products. It is generally considered that these reactions 
involve chain-processes involving free-radicals, initiated easily because of 
tLe relative weakness of the F-F bond, the average bond energy of 
which2 is 38 kcal mole-l, and the corresponding strengths of the C-F and 
C-H bonds (1 16 and 99 kcal mole-l respectively). By reacting with 
fluorine in acetonitrile at  - 35”C, however, controlled fluorination of ben- 
zene and its derivatives has been effecteds8. No kinetic measurements were 
made but it was found that electron-withdrawing substituents retarded the 
reaction, and that the orientation of substitution was that expected for a 
reaction involving efectrophilic fluorine, as is shown by the results 
summarized in Table 18. 

TABLE 18. Proportions of isomeric 
products of fluorination of RC6H5 by 

fluorine in acetonitrile at - 35°C 
~ 

R: Me F NO, 

o-RC,H*F(%) 50 40 13 
~H-RC,H,F(%) 10 10 79 
p-RC,H,F(%) 40 50 8 
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Free-radical substitutions are usually less discriminatory than this and 
give a rather different substitution so the results suggest the 
operation of an electrophilic mechanism. 

Several other potential sources of electrophilic fluorine have been 
investigated. The reaction of substituted benzenes with chlorine trifluoride 
in carbon tetrachloride with cobaltous fluoride as catalyst gave products of 
chlorination and of fluorination consistent with the operation of an electro- 
philic process2so. The fact that addition products, substituted biphenyls and 
tars were produced also, however, makes it probable that radical centres 
were involved, perhaps concomitantly. For the fluorination of benzene and 
of i-luorobenzene by xenon difluoride in carbon tetrachloride with a trace 
of hydrogen chloride as catalyst, the radical-ion sequence shown in 
equations (63)-(65) has been proposedZ5l. 

P. B. D. de la Mare and B. E. Swedlund 

That radical-ions were involved was indicated by the development of 
intermediate colours. 

Trifluoromethyl hypofluorite in halogenated solvents has been shown to 
give a variety of electrophilic fluorinations252. With salicylic acid in 
chloroform a t  O"C, for example, it gives the 3- and 5-fluoro-derivatives 
(equation 66), and with N-acetyl-2-naphthylamine it gives N-acetyl-l- 
fluoro-2-naphthylamine; the orientation in each case is that expected for an  
electrophilic fluorination. Mixtures containing addition products were 
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obtained with N-acetyl- I-naphthylamine and with 2,3-dibenzofuran, on the 
other hand, and reactions with rearrangement were established in the 
fluorination of 2,6-dimethylphencl (equation 67) and of derivatives of 
oestrone (equation 68). 

(R = Me, Ac) 

Product-studies are a very incomplete way of defining mechanisms, and 
it is to be hoped Chat in due course kinetic measurements may give more 
definitive evidence concerning some of these reactions. Enough has been 
done, however, to make it probable that most of the types of reaction 
illustrated in Scheme 14 can be realized for fluorination. 

3. Chlorination, bromination and iodination 
a. The electrophiles : positively chrged  s p d e s .  Uncatalysed halogenation 

by molecular chlorine or  by molecular bromine normally proceeds through 
transitiori states which, though highly polarized, are formally neutral in 
character. The nitronium ion, NO;, is known to be of widespread 
importance as a reagent for nitration, so naturally there has been much 
research seeking to establish the utility of positively charged halogenating 
species. Berliner2j3 has recently summarized the relevant evidence and has 
analysed some of the matters of controversy. Aspects of these are also 
treated in the general references already cited2q6. Shilov and KaniaevZM 
established, and several other groups of workers subsequently confirmed, 
that the kinetics of bromination of aromatic compounds by hypobromous 
acid in aqueous solution can be represented by equation (69). This kinetic 

-d[BrOH]/dt = k[ArHl[BrOHI[H+] (69) 

form establishes that the transition state contains the aromatic compound 
and positive bromine, but leaves uncertain whether or not it contains water. 
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At sufficiently high a~id i t ies"~~ the rate increases more rapidly than the 
stoicheiometric acidity, corresponding to the use of an acidity function in 
between the Hammett function (Iio),  which measures the extent of pretona- 
tion of an  amine (equation 70); and the function (j,) which measures the 
extent of ionization of an aryl carbinol (equation 71). This result still leaves 

(70) 

(71 1 

uncertainty as to whether or not a molecule of water is contained in the 
transition state. 

Whereas molecular bromine reacts only slowly with benzene at room 
temperature, acidified hypobromous acid is very reactive, and at sufficiently 
high acidity can be effective even with compounds as deactivated as 
nitrobenzene, so it is clear that a very effective electrophile is implicated. 
The response in rate to change in the substituent shows that the reaction 
responds moderately strongly to electron release; the Hammett p-value 
for the reaction, Brown's cr+ substituent constants being used, is about the 
same as in nitration. The linear free-energy correlation with o+ was 
reasonably good for neutral substituents, but a major discrepancy was 
noted for the NMeZ s u b s t i t ~ e n t ~ ~ ~ .  

Steric effects, though noticeable with sufficiently large groups, were 
shown to be relatively small in these reactions. Thus, whereas in nitration 
and in molecular bromination of t-butylbenzene there is very little sub- 
stitution ortho- to the t-butyl group, in bromination by positive bromine 
the proportion becomes quite 25G. 

Proton loss from the aromatic compound was shown to  be of negligible 
kinetic importance, since hexadeuterobenzene was broniinated at a rate 
nearly the same as that of benzene257. It  was found that brominations 
showing similar kinetic behaviour could be carried out in aqueous d i o ~ a n ~ ~ ~  
and in aqueous acetic acid2%. 

The simplest picture consistent with the above results is that a positively 
charged halogenating species is formed by a pre-equilibrium protonation of 
hypobromous acid, and that this species then attacks the aromatic 
compound in the rate-determining step, giving a a-complex which subse- 
quently loses a proton (equations 72, 73, 74). Sequences involving a 
different order of association of the reagents have been favoured by some 
workers, and are not excluded by the kinetic measurements. Berliner24G 
discussed this possibility and recent experiments by Ridd and coworkers383 
provide evidefice that for the most reactive substrates a t  low acidities the 
transition state can be reachcd by pre-equilibrium protonation not of 

ArNH, + H+ 7 ArNH: 

ROH + H+ <- R+ + H,O 
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BrOH + [H'] a [BrOl i i ]  ( ( e [ B r C l  4- H,O) (72) 
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b r z H  1' (or [ArcH 1; --+ ArBr + [H'] + H,O (or ArBr + [H"]) (74) 
Br-OH, Br 

BrOH, but instead of a preformed complex, ArH, BrOH. In either case, it 
is clear that the steric requirements of the entering halogen in the positively 
charged transition state are small. 

Bromination by Derbyshire and Waters' method2jg, in which the aromatic 
compound is treated with bromine and silver sulphate in sulphuric acid, 
clearly makes use of a positively charged species, since even quite un- 
reactive compounds are attacked. The orientation of substitution in the 
quinolinium ionzG0 is very like that for nitration by the ilitionium ion, 5- 
arid 8-substituted derivatives being produced, but it is not known whether 
Br+ or some co-ordinated form (e.g. BrSO: or BrAgBrf) is involved. 

Very similar considerations apply to reactions involving positive chlorine. 
Acidified soluiions of hypochlorous acid react with aromatic compounds 
zccordini to the kinetic form analogous to that of equation (69) and the 
rate increases more rapidly than the stoicheiometric acidityzG1. Positive 
chlorinz is less favoured thermodynamically than positive bromine, 
whereas molecular chlorine is a more reactive electrophile than molecular 
bromine. It is necessary, therefore, when using the more reactive aromatic 
compounds to reduce the concentration of free chlorine (always present in 
traces in solutions of hypochlorous acid) by adding a soluble silver salt 
(e.g. AgClO,). Recently it has been shownzGz that in 95% dioxan a number 
of aromatic substrates are chlorinated at  a rate which is correlated linearly 
with the Hammett acidity function, 11, (as measured by the protonaiion of 
o-nitroaniline), both with and without added silver perchlorate, and that, 
with added silver perchlorate, the rate is faster and independent of the 
concentration of added silver perchlorate over a threefold range. These 
results suggest that, whereas the reagent without added silver perchlorate 
must be a form of positive chlorine (e.g. ClOH: or Cl+), in the presence of 
the added salt the reagent may be the ion [ClAgCl]+. 

The other characteristics of either reagent, whether in water or in 
aqueous dioxan as solvent, are similar to those of hypobromous acid. In 
particular, the steric requirements of 'positive chlorine' are relatively 
smalF2~ 263. 
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A further kinetic term has been identified in the chlorination of relatively 
reactive compounds (e.g. anisole) in very dilute aqueous solution in the 
presence of added silver perchlorate. Under these conditions, the kinetic 
expression includes a term (equation 75) in which the aromp-tic compound 

-d[CIOH]/dt = k[CIOH][H+] (75) 

does not enter264. The existence of this term has been confirmed by Swain 
and coworkers265p2GG, and its nature has been the subject of some con- 
troversy. Since the reaction is more rapid in deuterium oxide than in water, 
it  seems clear that a proton pre-equilibrium is involved. Originally, it was 
proposed that the rate-determining process under observation was the 
heterolysis giving the chlorine cation (equation 76). Other possibilities have 

CIOH,+- CI+ + H,O (76) 

been considered, and the matter must be considered still to be open, as 
Berliner253 has noted. 

Speaking in general terms, then, it can be said that positive ch:orine can 
act as a chlorinating species for aromatic compounds covering a wide range 
of reactivity. I t  would seem that, depending on the environment, positive 
chlorine can be provided from a variety of co-ordinated 268, 

including ClOHg, ClAgClf, CIOAcH+, and the N-chloromorpholinium 
cation (110). 

(1 10) 

The characteristics of iodination are rather different from those of 
chlorination and of bromination, since the transition state usually lies later 
on the reaction path, and the rate-determining step more often involves the 
removal of the aromatic proton. Evidence in this direction comes from 
studies of primary isotope effects, which lie in the range k,/k, = 2-5 for the 
iodination in water of aniline and many of its derivatives, anisole, phenol 
and some of its derivatives and i m i d a z ~ l e ~ ~ ~ *  271. Observations have also 
been made relating to iodination by iodine chloride in water2G9. The kinetic 
form for iodinations by iodine is generally consistent with reaction through 
the sequence of equations (77) and (78) in which iodine has provided I+ to 
the aromatic molecule forming a a-complex which then loses a proton in 
the rate-determining step. Examination of the reverse process for th, 0 case 
of the protode-iodination of p-iodoaniline has led to a similar conclusion 
concerning the transition state"O. 
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(77) 

Not a great deal is known concerning structural or steric effects in 
reactisns by this mechanism; it is clear that effects of electron-release siili 
dominate, since anisole is much less reactive than aniline26s, and conjugative 
groups determine ortho,para-orientation. There has been some argument 
concerning which iodinating species is involved in attack on the aromatic 
molecule in these reactions. Under some circumstances, there seems little 
doubt that the reagent is in fact molecular iodine. Reaction by the above 
sequence carries the implication that, if the concentration of iodide ions 
were sufficiently reduced, the rate of the reversal of the first stage (k-lp-])  
might become too low to  maintain a stationary concentration of the 
intermediate with this stage faster than the forward reaction, k,. Under 
these circumstances, the first stage could revert to being rate-limiting, and 
the primary deuterium isotope effect would diminish, Behavioui of this 
kind has been established for the iodination of p-nitrophenol by iodine in 
water271 and of aniline2',. 

In other cases, however, even at the lowest accessible concentration of 
iodide ions (or chloride ions when ICI is used), the isotope effect remains 
~ o n s t a n t ~ ~ ~ 9 ~ ' ~ .  Here i t  is not possible to distinguish kineticzlly between the 
above mechanism and that of the sequence shown in equations (79)-(8 1). 

1, -f- H,O H,OI'' + I- (79) 

H,OI+ i- A r H  [ -"]++ H 2 0  

Unfortunately, solutions of HOI are rather too unstable to allow successful 
independent studies of the kinetics of iodination in the complete absence of 
iodide ions. 

Iodinations are commonly catalysed by bases, and in some examples it is 
probable that the base acts as a catalyst for the removal of the proton; in 
others it may be forming a new iodinating species more reactive than 

17 
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iodine, but a clear distinction between these possibilities has not been made. 
b. The electrophiles: neutral species. The molecular halcgens, chlorine 

and bromine, are often used to effect halogenation of activated derivatives 
of benzene, but it is not immediately obvious whether these compounds 
provide the electrophilic halogen themse!ves, or by way of a pre-equilibrium 
of which equation (82) is one possibility and others, (83)-(85), become 
available in suitable solvents. Although Bradfield, Jones and coworkers had 

X r  + SOH c xos + H f +  X- 

X p  f- SOH e, XOSH’ + X- 

(84) 

(85) 

earlier examined structural effects in the halogenation of ethers and 
a n i l i d e ~ ~ ~ ~ ,  it was Robertson and who first examined the 
kinetics of chlorination and bromination in acetic acid in sufficient detail 
to establish that molecular halogen in its entirety can be concerned in the 
transition state. The characteristics of this process have been summzrized 
elsewhereNG* 277. Proton loss is still normally not part of the rate-determin- 
ing stage as judged by the absence of primary isotope effects. One of its 
most interesting features is the very powerful response in rate to change in 
structure (pf for chlorination in acetic acid, ca. - 10; for bromination in 
acetic acid, ca. - 12). This must come about because the carbonium ionic 
character of the transition state is very strongIy developed; indeed, more so 
than in nitration or in bromination by ‘positive bromine’. As far as 
structural modification in the organic molecule is concerned, therefore, the 
transition state for molecular halogenation is further along the reaction 
path than is that for bromination by ‘positive bromine’; the latter can be 
represented as in Il l ,  whereas the former should be represented as in 112, 
with the breaking of the Hal-X bond incomplete. 

This view of the transition state for molecular halogenation has recently 
been supported by the direct observation of a rate-determining process 
which involves the reverse of the formation of 112. Combined catalysis of 
the prototropic rearrangement of 4-bromo-2,6-di-r-butylcyclohexa-2,5- 
dienone (113) by acid and by bromide ions is accompanied by a substantial 
proportion of d e b r o m i n a t i ~ n ~ ~ ~ .  A proton pre-equilibrium can be shown 
to be observed through the existence of a reverse solvent deuterium isotope 
effect. So the transition state must be that indicated by the arrows in 114 
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(114) 

(equation 86). By the principle of microscopic reversibility, thereadre, the 
bromination of the phenol 115 must be able to have a rate-determining 
stage having the same composition. 

I t  is possible for catalysts to assist the removal of bromide ion in the 
rate-determining stage of molecular bromination, and one of the possible 
catalysts is another halogen molecule, which helps by removing bromide as 
trihalide ion. For this reason, brominations and iodinations In organic 
solvents have often been observed to have orders of reaction greater than 
one in halogen. Halogenations by interhalogen compounds have similar 
characteristics. Thus orders of reaction greater than one have been observed 
for brominations catalysed by iodine279. The kinetic form for catalysis by 
Zhloride ions of the deiodination of iodo-2,4,6-trimethoxybenzene led 
Batts and Gold28o to  propose I16 as one of the transition states for this 
process, a result which implies (again through application of the principle 
of microscopic reversibility) that the iodination of benzene by iodine 
chloride can involve the rate-determining breaking of the halogen- 
halogen bond. 

The halogen molecules and the interhalogen compounds are by no means 
the only potential neutral suppliers of electrophilic halogen. N-Halogeno- 
compoands, alkyl hypohalites, acyl hypohalites and other mixed anhydrides 
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involving hypohalous acid can all potentially act as halogenating agents. 
The preparative use of such compounds (e.g. N-chloroacetamide, 
N-bromosuccininiide, t-butyl hypochlorite) in effecting substitutions and 
additions is well known281. Frequently, however, it has riot been established 
whether such compounds are being effective directly or  through the 
intermediacy of free halogen or some other derived reagent; the presence of 
even a trace of halide ions may allow reaction through a catalysed path 
such as that shown in sequence (87). Furthermore, where the species 

CI-X + CI- 7 CI, + X - ;  CI, -I- ArH ~ > ArCl + H+ + CI- (87) 

involved has been identified kinetically, the products of the reaction have 
often not been examined. 

Chlorine acetate (Cl-OAc, sometimes called acetyl hypochlorite) is a 
reagent of this lcind which has been investigated most thoroughly from a 
mechanistic viewpoint. It can be prepared and identified spectroscopically 
in acetic acid or in dipolar aprotic solvents, and it can be shown to  react 
with aromatic compounds to give products of substitution267. It is readily 
and rapidly hydrolysed by water, but the equilibrium mixture of chlorine 
acetate and hypochlorous acid (equation 88) still reacts as the former even 

ClOAc + H,O 7 ClOH + HOAc (88) 

when the position of equilibrium is unfavourable, since chlorine acetate is a 
much more effective reagent than hypochlorous acid. I t  is also a much more 
reactive electrophile than molecular chlorine, and this feature of its 
chemistry is not yet fully understood. It seems likely that the explanation 
has to do with the properties of intermediates with expanded octets on 
halogen rather than with the strength or electronegativity of the Hal-X 
bond. 

Bromine acetate can also be effective as an electrophile, and appears to 
resemble molecular bromine in its steric requirements2". 

Although sulphuryl chloride can effect chlorination both of aliphatic and 
aromatic hydrocarbons by routes involving free radicals, yet under 
controlled conditions in dipolar aprotic solvents a heterolytic mechanism 
can be shown to occur with suitably activated aromatic systems. Thus it 
has been shown282 that aromatic ethers and simple hydrocarbons react with 
this reagent by second-order processes in nitrobenzene, chlorobenzene and 
other similar solvents, products of electrophilic chlorination being formed. 
The kinetic effects of added substances which might conceivably take part 
in pre-equilibria (e.g. SO,, n-Bu,NCl) establish that the reagent is molecular 
SO,CI, rather than any derived form and the electrophilic charzcter of the 
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attack is established by the marked response in rate to change in structure 
(p+ = -4). The absence of a deuterium isotope effect in the reaction with 
toluene establishes that here at least the breaking of the C-H bond has 
made little progress in the transition state, which presumably therefore is to 
be represented as in 117. 

n 

(117) 

c.  Tile reactiort sequences : displacement by the co-ordination-heterolysis 
pathway (Scheme 14, path a). We have already noted that, for a number of 
chlorinations and brominations, studies of primary isotope effects show 
that proton loss in the rate-determining stage is insignificant. This makes it 
probable that the reaction path involves at least two stages, with the 
carbonium ion (105, Scheme 14) as an intermediate. For the case of a 
benzenoid system, the positive charge is delocalized ; if the electrophile is 
neutral halogen, the zwitterionic structure 118 may be implicated at an 
early stage in the reaction, but one of its possible fates is to lose halide ion 
to form 119. 

Q 

H Hal- 
\ 

Q + 

H Hal 

Pfeitrer and WizingerZs3 recognized that the expected properties of ions 
having the composition of 119 would contribute to an explanation of the 
course of aromatic substitution. Since Price and Arntzen’s demonstration 
that addition and substitution can be concurrent reactions of aromatic 
systemszs4 and Wheland’s use of the delocalized structure 119 as a model of 
the transition state for the purpose of quantum-mechanical calculations285, 
it has been customary to assume their importance as intermediates. Such 
an assumption is in many cases reasonable; proof would require that 
evidence be found to show that completion of addition is not a preliminary 
step essential to substitution. As far as aromatic systems are concerned, we 
shall continue to assume that substitution by loss of a proton from a 
halogen-substituted carbonium iofi is an important component of reaction 
paths leading to mono-chloro- or mono-bromo-derivatives. Two important 
provisos should be noted, however. One is, that the nature of the products 
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of halogenations needs careful exaniinatim in every detail possible before it 
can be assumed that the isolated and identified products are in fzct the 
primary products of substitution. The second is, that it is frequently 
possible to establish that part (but not all) of the reaction involves this 
path; whereas some (though again not all) of the product is derived by way 
of an alternative route. In this connexion, the examination of crude 
reaction products by gas-liquid chromatography may be misleading, since 
this technique often decomposes the primary labile products of reaction to 
give compounds which could have been derived by direct substitution. 

Heterolytic electrophilic substitutions by halogens in olefinic systems are 
quite well-known processes, though they have been investigated mechan- 
istically very little. From a kinetic point of view, it has been documented 
thoroughlyzBG that the same kinetic forms are in general observed for 
halogenation of olefinic and of aromatic systems. As far as products are 
concerned, equations (89)-(91) illustrate some of the cases in which it has 
been established that an olefinic system is halogenated to.Zive a substantial 
proportion of the product of substitution, and in which it is reasonable to 
assume that the product of direct substitution is derived from the carbonium 
ionic intermediatez83* 287. 

PhCH=CHCI (ca. 25%) + HCI CI. PhCH=CH, > 

PhCH=C(Me)CI (ca. 16%) + HCI PhCH=CHMe in cHIa; (90) 
CL 

(p-MeOC,H,),C=CH, in Bra cc,, z (p-MeOC,H,),C=CHBr + HBr 

Recently, it has been shown28B that both cis- and trans-p-styrylpyridine- 
cobaloximes (PhCH=CHCo(DH),Py ; DH = dimethylglyoxime mono- 
anion, Py = pyridine) react with elemental halogens (chlorine, bromine or 
iodine) in acetic acid by a process presumed to be electrophilic in character 
to give the corresponding cis- and trans-/3-halogenostyrenes in high yields 
and with complete retention of configuration. The investigators interpreted 
this as a two-stage reaction, but it should be noted that a one-stage 
displacement is not formally excluded here. 

d. The reaction sequences : &splacement with rearrangement (Scltenze 14, 
path b). Carbonium ions, when they are produced in chemical reactions, 
often have more than one site from which a proton can be lost. The 
resulting problems of orientation, in unimolecular E 1 reactions for 
example, have been much discussed; the commonly observed ‘Saytzeff’ 
orientation implies that the thermodynamically more stable of two 
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alternatively accessible olefins is often the predominant product (equation 
92)'. 

- c1- CH,CH,CMe,CI - CH,CH,CMe: * CH,CH=CMe, 

(80%) (92) 

CH,CH,C(Me)=CH, 

(20%) 

Such a route, when taken in a suitably substituted aromatic system, 
allows (by way of a subsequent allylic rearrangement) heterolytic side- 
chain replacement by halogen, znd there are a number of cases where such 
products can be identified, sometimes as a minor component of the reaction 
mixture. Plant and Tom!insonZa9 suggested that the brornination of 
N-acetyl-2,3-dimethylindole follows the course shown in equation (93). 

A C  A C  A C  

Similarly, one of the products of heterolytic chlorination of l-methyl- 
naphthalene is the side-chain-substituted compound 120, for the formation 
of which a stage involving substitution with rearrangement is requiredzg0. 

CI CH2CI 

@i; 
H CI 

(1 20) 

The only kinetic investigations of heterolytic side-chain substitution that 
we are aware of are by Illuminati and coworkersZ9l. They examined the 
side-chain chlorination of hexamethylbenzene and a number of its 
analogues. These reactions, which were only a little slower than corres- 
pondingly activated substitutioils involving displacement of hydrogen 
(e.g. in pentameihylbenzene) had the usual kinetic form (- d[ClZ]/dt = 
k[ArH][Cl,]), and responded to change in substituent as would be expected 
fcr an electrophilic substitution. A simple representation of the reaction 
path is shown in sequence (94). 

This type of reaction is not confined to aromatic systems. The chlorina- 
tion of isobutylene in the liquid phase gives as the main product 3-chloro- 
2-methylprop-l -ene (CHz=C(Me)CHzC1), with much smaller amounts of 
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Me Me Me Me 

1 -chloro-2-niethylprop- 1 -ene (Me,C=CHCl), so substitution with re- 
arrangement predominates over direct substitution; and, since the same 
ratio of substitution products is found for reaction with acidified hypo- 
chlorous acid in water, it can be presumed287*2D2*293 that this orientation is 
typical of reaction by a heterolytic, rather than by a homolytic process. 
There are: several theories to account for this reection and the reason 
why substitution occurs predominantly with rearrangement; they have 
been discussed elsewhere29* so here we will state merely our preferred 
view, that interaction between chlorine and the carbonium ionic centre 
inhibits proton-loss from the attacked carbon atom (dashed arrow in 121), 
and thus allows the alternative mode of proton-loss to take predominance 
(full arrow in 121). 

P. B. D. de la Mare and B. E. Swedlund 

(941 
--H+ CI - ci -> 1 -cr> 

Evidence supporting the view that the geometry about the group from 
which the proton is to be lost can affect the ease of this loss comes from a 
study of the heterolytic chlorination of 2,3-dichloropropene with acidified 
hypochlorous acid. This reaction gives some 8% of 1,2,3-trichloropropene, 
and tracer experiments show that the proton is lost predominantly but not 
exclusively from the 3-, rather than from the attacked 1-position (equation 
99,”. Heavy-atom isotope effects can be neglected here; the products are 

CICH,CCI=CH56CI (6.7%) 
CH2=CCICH,3W ----+ (95) 

C’oH - I I Z o  CHCI=CCICH,36CI (1.3%) 

chemically but not radiochemically identical and the intermediate 
carbonium ion is formally symmetrical. Some factor must be responsible 
for the preferential loss of a proton from the 3-position, and the theory 
proposed for isobuteneZg2 gives a natural and consistent interpretation : in 
the intermediate carbonium ion as it is formed, interaction between the 
attacking chlorine and the carboniurn centre will be expected to be easy, 
and it would be expected to take time before the ailylic chlorine could 
become equivalent with the attacking chlorine. Before this can happen 



7. Heterolytic mechanisms of substitution 507 

completely, proton-loss can supervene, thus giving the observed result of 
unsymmetrical behaviour of a formally symmetrical intermediate 
(122)2", 295. 

(1 22) 

Proton-loss giving aromatic rearrangement in a halogen-substituted 
carbonium ion need not necessarily be from a carbon atom. There are 
many examples of the formation of dienoiies by the halogenation of 
phenols; equation (96) shows an example involving electrophilic attack at  a 
position bearing a substituent, proton loss from the position attacked 
being thus precluded296* 332. 

OH 0 

Rearrangement involving proton-loss from 3xygen can also in certain 
cases be shown to be a consequence of electrophilic attack at  a hydrogeen- 
bearing position. A good example is the bromination of 2,6-di-r-butyl- 
phenol, from which the dienone (125) can be isolated in good yield (Scheme 

OH 

SCHEME 15. Possible reaction path in the bromination of 2,6-di-t-butylphenol. 



508 P. B. 1). de la Mare and B. E. Swedlund 

15). Several examples of this type of reaction have been examined kinetic- 
ally297-299. The results can all be analysed in terms of second-order processes 
involving the phenol molecule and bromine. Little further is known about 
the intimate details, though these may be as complicated as those involved 
in the direct substitutions. In particular, it would be valuable to know the 
extent to  which the 0-H bond-breaking is concerted, if at all, with the 
electrophilic attack by bromine. 

The isolation of 125 as an intermediate in the bromination of 2,6-di-i- 
butylphenol raises the question whether or not the halogenation of phenols 
normally involves the intermediacy of such a dienone, which subsequently 
to its formation can rearrange 10 give the product of normal substitution, 
124 (Scheme 15). Analysis of the rates of bromination of substituted 
phenols and an is ole^^^^ indicates that the electron-releasing properties of 
the hydroxyl group are greater than those of the methoxyl group. Hyper- 
conjugation involving the H-0 bond would account ibr this, and would 
allow concerted electrophilic attack and proton loss to produce the required 
rearranged structure, since proton-transfers from oxygen are relatively 
rapid. I t  has been shown301 that deuteriophenol in deuterioacetic acid is 
brominated 1.9 times more slowly than is phenol in acetic acid; this result 
suggests that there is some contribution to the rate of the reaction from the 
breaking of the H-0 bond. A similar isotope effect was found for the 
rearrangement of the bromodienone from 2-naphthol-6,8-disulphonic 
acid299. I t  seems likely, therefore, that the halogenation of phenols 
frequently involves dienone intermediates, most but not all of which are 
capable of rapid rearrangement. 

I t  may often happen that the mechanism of dienone rearrangement in a 
sequence as shown in Scheme 15 is such that the intermediate for the latter 
reaction is the same as one of those expected to be involved in the electro- 
philic substitution leading from the unsubstituted to the substituted 
phenol. In such a case, the dienone is merely a temporary repository for the 
starting materials, diverting this substitution without changing its funda- 
mental nature.* The substitution can be regarded as proceeding through 
the dienone by way of an  ‘unusual’ mechanism only if there is some route 
leading from the dienone to the final product 124 and not involving 123. 
Although normally the mechanism of conversion of 125 to  I24 seems to 
involve 123, there is evidence also for a base-catalysed path leading directly 
from one to the o theP2;  and certainly the relative rates of the two branch- 
ing paths leading from phenol to brominated phenol and to dienone can be 
greatly altered by modification in the medium. 

* A similar possibility, invoIving an N-halogeno-intermediate, exists in the 
case of the halogenation of anilides and amines; see below. 
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The halogenation of phenols and naphthols have their aliphatic and 
alicyclic analogues in the halogenation of enols. The mechanistic interest 
in these processes has, however, mainly centred in the fact that they are the 
final fast stages in halogenation a- to a carbonyl group, following the rate- 
determining enolizalion shown for a ketone in the sequence (97). A survey 
of such reactions is given by March303. It  seems probable but by no means 
certain that such acid-catalysed brominations and chlorinations can involve 
synchronous attack by halogen on the enol and displacement of a proton; 
the fast stage indicated in sequence (97) is often, however, assumed to be 

CH,COCH, * > CH,C(OH)=CH, fr,st Bra > CH,COCH,Br + H+, + Br- 

(97) 

stepwise in nature. Bell and coworkers302 have reported that bromine 
reacts with the enol form of acetone by a bimolecuiar reaction at  a rate 
which is at Ieast five times faster than the rate of the corresponding 
reaction of chlorine, a result which suggests that the rate-determining 
stages of the reaction paths are different from those normally encountered 
in electrophilic attack on unsaturated compounds, where chlorine is 
normally much more effective than bromine. 

Since examples are known of sequences involving proton loss from 
oxygen and from carbon, related sequences involving N- H bonds should 
be accessible in suitable cases. Robertson305 has suggested that some 
complex examples Rom the chemistry of aromatic sulphonamides can be 
classified in this way and sequence (98) provides an example. 

NHS0,Ar NS0,Ar NS0,Ar OMe -+ -HCI OMe I 5 3  ioMe (98) 

' Me Me CI Me 
CI CI CI CI CI 

e. The reaction sequertces : addition-eliminatiorz (Scheme 14, path c). 
Preoccupation with the chemical criterion for aromaticity and with 
simplified descriptions of the transition state for aromatic substitution, 
together with a general sympathy for the simplification that would arise if 
linear free-energy relationships could be widely applied to electrophilic 
substitutions, has led to some degree of neglect of addition-elimination 
routes in these reactions. Yet, especially where halogenations are concerned, 
paths of this kind are of considerable importance in determining yields of 
products and details of product composition. Before we consider the 
consequences that may ensue as far as the course of substitution is 
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conczrned, some mechanistic features of the addition prxess  need to be 
outlined. Some importance attaches to a comparison of the chlorination of 
naphthalene and phenanthrene, because these examp!es give information 
concerning both kinetics and s te reo~hemis t ry~~~.  

Phenanthrene undergoes chlorination by molecular chlorine in acetic 
acid by the usual second-order process, the rate being iccreased by 
the addition of salts or of water to the medium. The reaction gives a 
mixture of products, all of which are stable in acetic acid under the 
conditions of reaction; major componeats, (shown in Scheme 16), are 
9-chlorophenanthrene (133), cis- (129) and trans-9,1O-dichloro-9,10- 
dihydrophenanthrene (131) and cis- (130) and truns-9-acetoxy-10-chloro- 
9,lO-dihydrophenanthrene (132) ; traces of other chlorophenanthrenes are 
also produced. These results are consistent with a pictiire of reaction 
through a carbonium ion, as in Scheme 14; but the influence of added salts 
on the product composition shows that this is an over-simplification. 
Added acetate ions divert the reaction somewhat towards increase in the 
proportion of trans-acetcxychloride; but, otherwise, the effects of added 
salts are marginal, and most significant is the finding that the presence of 
chloride ions has very little influence on the proportion of 9-chloro- 
phenanthrene or of the cis-dichloride. Change in the solvent, too, over the 
range MeN0,-HOAc-CHCI, involving a rate-change of several powers 
of ten, has only minor influence on the product proportions. 

It might be thought that the route to the cis-dichloride could be different 
from that which leads to the other products of reaction, but this possibility 
can be discounted: partly because of the minor influence of solvent on 
product proportions and partly because the more slowly reacting 
naphthalene also gives cis-adducts in proportion similar to that found for 
phenanthrene, and by a path which is affected only to a minor extent by 
the addition of salts, including chloride ions, to the reaction medium. 

Further information is provided by study of the reaction involving 
chlorine acetate in the same solvent. This compound, which reacts much 
more rapid!y than chlorine, gives the 9-acetoxy-10-chloro-9,1 O-dihydro- 
phenanthrenes in a ratio quite different from that determined by molecular 
chlorine and unaffecied b y  the presence of added acetate ions307. The most 
important of these results are summarized in Table 19. 

I t  is clear that the reaction initiated by molecular chlorine can be 
diverted by solvent to give the acetoxychlorides, the intermediate under- 
going diversion being different from that involved with chlorine acetate 
since it gives so different a ratio of cis- to trans-isomers in the product. The 
former intermediate, in contrast with the latter, gives a rather higher 
proportion of the trans-isomer when diverted by added acetate ions. One 
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set of sequences which could account for the observed results is shown in 
Scheme 16. Here the cis-dichloride, formed in reaction by chlorine, is 
considered to be derived from the geometrically favourable zwitterion 
(126), which can otherwise lose chloride ion to form the carbonium ion 

+CIO / I / I 
1 

g---cI 

r cis-9,lO-Dichloride 

(129) 

(1 26) 

trans-9,lO-Dichloride 

(931) 
C' 

H C! H 

+"OAc trans-9-Acetoxy-10-chloride & (1 32) 

(1 30) 

(1 27) 
/-cl- y-> / cis-9-Acetoxy-10-chloride 

--Ht - 9-Chlorophenanthrene 

(133) 

(1 28) 
SCHEME 16. Main reaction paths and intermediates proposed for the chlorina- 

tion of phenanthrene by chlorine or by chlorine acetate in acetic acid. 

(B28), or rearrange to give the bridged intermediate (927). The latter can be 
captured by acetate ion or by chloride ions to give trans-products. It can 
also lose chloride ions to  form the carbonium ion 128, which reacts rather 
indiscriminately with solvent to give cis- or trans-products, and can also 
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lose a proton to give 9-chlorophenanthrene. Chlorine acetate gives the last 
ion directly and so determines a simple pattern of products not much 
altered by the presence of added acetate ions. I t  is necessary to assume that 
the environment has little effect on the sequence of intermediates 126-128, 
except through slight diversion of 127 on a branching path. 

A novel feature a t  the inception of the investigations leading to the 
results now summarized was the formation of a major zmount of the 
cis-dichloride by what appeared to be a direct reactioo. Whatever inter- 
mediate is considered to determine the formation of this compound, 
however, proof has been given that it must hzve considerable carbonium 
ionic character; so an  interpretation such as that of Scheme 16 with the 
cis-dichloride formed through a zwitterion essential to but early on the 
reaction path seems entirely reasonable. The further novel feature, 
clarified through study of the reaction with chlorine acetate, is thzt the 
intermediate allowing diversion to predominantly trans-products must have 
some special structure, and is not available for reaction initiated by the 
latter electrophile. In Scheme 16, we have attributed this special structure 
to the reaction involving chlorine; if instead we were to attribute the more 
stereospecific trans-additions to reaction through the carbonium ion (as 
was done in the early papers)306, then special structures allowing both 
cis- and trans-addition would need to  be proposed for the reaction involv- 
ing chlorine acetate. Such a possibility has been considered3*', but since it is 
more important in regard to addition than to substitution processes, we 
need not discuss it further here. The properties of the various components 
of the reaction mixture are, however, important in that a study of them 
reveals a number of difficulties liable to be encountered in study of aromatic 
substitutions. In the particular case under investigation, it hzs been shown 
that the dichlorides can be decomposed by heat, or by alkali, or sometimes 
by chromatography; they give 9-chlorophenanthrene accompanied 
sometimes by phenanthrene. The acetoxychlorides are decomposed by 
heat, to give a mixture of 9-chloro- and 9-acetoxyphenanthrene with 
phenanthrene ; by alkali, to give 9-acetoxyphenanthrene and hence 
9-phenanthrol; and by acid, to give mainly 9-chlorophenanthrene. 

A further general point needs to be made in connexion with additions to 
aromatic systems. A path which leads directly from an aromatic compound 
to a carbonium ion and thence to a product of substitution does not 
involve any intermediate particularly susceptible to further electrophilic 
attack, nor does it involve any considerable change in the geometry of the 
aromatic skeleton undergoing substitution. Once the intermediate 
carbonium ion has reacted with a nucleophile to form a product of 
addition, however, the whole geometry of the ring has suffered a major 
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change and, furthermore, the resulting adduct may be one which is very 
susceptib!e to further reactions of various kinds, including reactions with 
electrophiles. Phenanthrene, which we discussed in detail above, is an 
exception to the latter consideration, but naphthalene normally gives 
naphthalene tetra- rather than di-chlorides, and derivatives of benzene, of 
which biphenyl and its derivatives have been. investigated in sonie detaiPo8, 
also give tetrachlorides among the products of chlorination in acetic acid. 
Problems not only of geometrical but also of structural isomerism can also 
arise through competitition between 1,2- and 1,4-addition. 

Brominations of aromatic systems can also give ad duct^^^"^^ but these 
adducts have been less well characterized than those from chlorination, 
since they are much less stable. It seems quite likely that different 
mechanisms of bromination can sometimes give different product ratios, 
but this remains to be established clearly. Speaking generally concerning 
the addition-elimination route to aromatic halogenation, it can be said : 

(i) that adducts are often formed as primary products in competition 
with those of direct substitution ; 

(ii) that si.tch adducts are often of varying kinds and comprise compli- 
cated product mixtures from a single substrate; 

(iii) that the components of the mixture of adducts may decompose 
in a variety of ways to give secondary products, which can be those of 
substitution ; 

(iv) that depending on the conditions of decomposition, these secondary 
products can be the same as those determined by the primary process cf 
substitution; alternatively they can be new products, or the primary 
products obtained in different proportions; 

(v) that the formation of substitution products of unusual nature or 
orientation may often be interpretable in terms of addition-elimination 
sequences. 

Two examples in which addition-elimination paths have been postulated 
are now given. In the first3I2 it has shown that the reaction of bromine and 
silver salts with 1,3,5-tri-i-butylbenzene in acetic acid gave the products 
134-137, thus implicating the intermediate adducts 138 and 139. 

The second case involves addition to a heterocyclic system. Bromination 
and chlorination of quinoline and its derivatives can give two orientations 
of substitution. The first probably involves a conventional aromatic 
substitution on the quinolinium cation : for example, bromination by 
bromine and silver sulphate in sulphuric acid, which gives the 5- and 
8-bromo-deri~atives~~~, just as nitration by the nitronium ion in sulphuric 
acid gives the 5- and 8-ni t roq~inol ines~~~.  Direct reaction between quinoline 
and bromine, on the other hand, gives first a perbromide (probably 
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Tr 0 Ac 

C,H,N3rt 35), and then 3-bromoquinoline (in pyridine) or 3,6-dibromo- 
quiiioiine and 3,6,8-tribromoquinoline (in acetic acid)315. The most 
natural interpretation of these results is that shown in the addition- 
elimination sequence (99), which indicates the route to 3-bromoquinoline; 
further reaction involves substitution in the 6- and 8-positions, which in the 
internediate 140 are activated through the conjugative effect of the tertiary 
nitrogen atom. Eisch316, in a careful and scholarly review of the halogenation 

H Br 

I 
Br 

of heterocyclic compounds, has discussed other possible interpretations and 
has pointed out some of the uncertainties involved in making mechanistic 
deductions from studies of reaction products. Whilst agreeing with all his 
caueats, the present writers think that the evidence to  date supports the 
interpretation given above. It seems even more certain that many aromatic 
halogenations, particularly in the field of heterocyclic chemistry, can 
proceed in part by addition-elimination pathways, which may be more 
common with conventional aromatic compounds than has been recognized 
;generally. 
f. The reaction sequences: intramolecular rearrangements of the carbonium 

ion (Scheme 14, path d), and related processes. In principle, as we have 
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noted elsewhere2”’, the carbonium ion produced by co-ordination of an 
electrophile with an unsaturated compound may undergo a variety of 
transformations, including skeletal rearrangements, before reaction is 
consummated by capture of a nucleophile to give addition, or by proton 
loss to give substitution. A Dumber of examples of addition of halogen 
accompanied by skeletal rearrangement have been documented, both in 
acyclic and in polycyclic Few cases, however, seem to have been 
well established in which the overall process is one of substitution by 
halogen. In the aromatic series, nitration provides an illustration. Myrhe 
and coworkers317 showed that one product (32%) from the nitration of 
2-nitro-lY3,5-tri-t-butylbenzene was 141. It  was suggested that some 
sequence of rearrangement involving shift of a methyl group to the position 
shown as bearing a positive charge in the postulated intermediate 142 
shou:d be used to bccount for the formation of this component of the 
product. 

Analogous sequences in the field of halogenation may ultimately be 
found; i t  seems likely to the writer that these should be sought in chlorina- 
tions rather than in brominations or iodinations, because neighbouring 
group interaction by the higher halogens is likely to  compete with other 
processes of rearrangement. Transannular processes in medium-ring 
olefins may also provide an area in which such rearrangements might 
sometimes be favoured. 

g .  The reaction sequences : rate-determining proton loss. Ever since 
Melander’s ciassic the criterion which has been accepted as 
defining whether the stage of an aromatic substitution involving proton loss 
has become significant in the transition state has been the existence of a 
primary deuterium isotope effect on the rate of substitution. This criterion 
can be applied experimentally by the use of several types of procedure; in 
marginal cases it is subject to the difficulty that a small reverse primary 
isotope effect, often just within the limit of experimental detection, might be 
expected to apply to the co-ordination of the electrophile with the aromatic 
ring. These ideas, together with the experimental information relating to 
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halogenatims and other aromatic substitutions, have been reviewed 
by BerlinerM6, and we will be content here to state only the salient 
features. 

First, no primary isotope effects have yet been observed in chlorination, 
except the small reverse effects already referred to. Only a few cases have 
been studied, but these cover several different reagents and conditions of 
chlorjnation267- 319. 

Most broniinations, including representative reactions involving 
positive bromine, molecular bromine and bromine with Lewis acids as 
catalysts320, do not show a primary isotope effect, but in special circum- 
stances such effects can sppear. Among the structural factors which seem 
to contribute to the observation of these, steric congestion around the 
reaction site seems to be quite important. Illuminati and StegeP2' showed 
that the silver-ion-catalysed brominatioil of 1,3,5-tri-t-bu tylbenzene was 
subject to a primary isotope effect, k,/k, = 3.6. Similarly, Berliner, Kim 
and Link322 have shown from the kinetic form for bromination of 1 3 -  
dimethylnaphthalene in 90% acetic acid that proton loss is partly rate- 
determining, whereas this is not so for the other dimethylnaphthalenes. It 
seems intuitively reasonable that congestion around the site of substitution 
resulting from the presence of the adjacent peri-substituent might make 
C-H bond-breaking more developed in the transition state. 

A group of Scandinavian workers323 have examined a number of poly- 
substituted benzenes, including trimethyl- and trimethoxy-benzenes, and 
have focused attention on the possibility that steric inhibition of resonance 
is also an important factor contributing to the observation of a primary 
isotope effect. Thus the bromination of 1,3,5-trimethoxybenzene in 
dimethylformamide shows no primary kinetic isotope effect, but that of 
2-bromo-l,3,5-trimethoxybenzene shows quite a large one (k,,/kD = ca. 4). 
It can be noted also that the bromination of N,N-dimethylaniline and some 
of its derivative~~~'3325 is subject to a large primary deuterium isotope effect 
in the ortho-, but not in the para-position. This is consistent with the view 
that steric interaction between the entering substituent and an adjacent 
conjugative substituent can through steric inhibition of resonance result in 
a primary deuterium isotope effect on the rate of substitution. 

Reactions involving such primary isotope effects could be envisaged as 
one-stage processes, with electrophile and nucleophile both partly bonded 
to the aromatic nucleus in the rate-limiting step. In such a case, the isotope 
effect would be independent of the concentration of the base, provided that 
only one base was concerned. The two-stage mechanism involving the 
sequence similar to that shown in equations (77) and (78) would with 
appropriate values of the rate-coefficients allow the observation that the 
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isotope effect would increase in magnitude with increase in tile concentra- 
tion of bromide ions. Two examples have recently been recorded in the field 
of bromination. The bromodeprotonation of sodium p-methoxybenzene 
s ~ l p h o n a t e ~ ~ ~  shows a primary kinetic isctope effect increasing from 1-01 
to 1-31 as the concentratim of bromide ion is increased from 0 to  2 ~ .  A 
similar variation in the isotope eEect has been noted for the bromination of 
3,4-dimethyl-N,N-dimethylaniline in  ate?^^. 

We have already refcrred to the fact that iodinations generally show a 
kinetic isotope effect characteristic of the two-stage mechapism and further 
discussion is unnecessary. 

11. The reaction sequences : ‘indirect substitution’. The reaction sequence 
which we describe as involving ‘indirect substitution’ starts with attack by 
the electrophile at some centre in the molecule, and then involves stages in 
which the electrophile is transferred to some other centre in the molecule. 
Various mechanisms for these stages can be invoked under this beading. 
The most obvious circumstance under which this possibility can arise, 
howevei, obtains when these subsequent stages can be wholly intra- 
molecular. In Scheme 17, substitution in amides or amines is  taken as an 

NHR NHR 

x 
SCHEME 17. An example of ‘indirect’ electrophilic aromatic substitution. 

328. Circumstances can exist in which the N-substitution 
(path a) is faster than or similar in rate to C-substitution (path c), and in 
which the conversion of starting material into C-substituted product can 
be effected by way of the conversion of the N-substituted compound into the 
C-substituted compound (path a followed by d). This provides a new 
mechanism for C-substitution. Evidence suggesting the existence of such a 
route caG sometimes be obtained by finding that the ratio of isomeric 
products is different from that obtained with the ‘normal’ reaction. The 
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only case ill which this type of path is established with certainty is that of 
nitration, where reaction via the nitramine, which then rearranges, is 
shown by the formation of a high proporticn of ortlzo-substituted product, 
as is discussed in the cited references. 

I t  is generally believed that halogenation does not normally proceed by 
such a path. On the contrary, the conversion of a N-halogeno-amine or 
amide into its C-substituted isomer normally proceeds by a path which is 
the reverse of one of its possible modes of formation (path b)- If this is true 
generally, then no new mechanism for C-substitution is provided when the 
original amine or amide is halogenated to give what may only temporarily 
be a diversion of the starting material into its N-halogeno-derivative. That 
no examples have yet clearly been documented, however, does not 
establish that the mechanism involving ‘indirect substitution’ does not exist 
for halogenation. It should be noted, too, that some of the possible routes 
considered by Illuminati and coworkers for substitution with rearrange- 
ment (Section 111. A. 3. d) and by Eisch for heterocyclic halogenation 
(Section 111. A. 3. e) can be considered to fall into the category 9f ‘indirect 
substitution’. So far, however, it has proved difficult to distinguish clearly 
between the various possible ways in which these unusual sequences could 
proceed. 

i. The reaction sequences: displacement of groups otl2er than hydrogen. 
Several of the reviews already mentioned246 include accounts of the 
mechanisms established for halogenations involving the displacement of 
groups other than hydrogen. Although these reactions have not been 
investigated as systeinatically as have the corresponding halogenode- 
protonations, enough is known to establish that most of the same patterns 
of behaviour are available. 

We may first note that quite a wide variety of groups are known to be 
displaceable by electrophilic halogen. Among the well known cases are the 
substituents t-Bu, C02H, COR, SO,H, B(OH),, SIR,, GeR, and SnR,. The 
reactions become most prominent in structural situations in which the 
position occupied by the substituent is strongly activated by an electron- 
releasing substituent. Where studies have been carried out to establish the 
response of reactivity to change in structure, the reactions have been shown 
to have negative Hamniett p-values, as expected for an electrophilic 
halogenation, the magnitude of the constant being on the whole rather 
smaller than those found for the corresponding displacements of hydrogen 
and varying with the nature of the leaving group. 

It has also beeii established that all the usual reagents can be involved. 
Kinetic studies of chloro- and brornodesilylation329 indicate that molecular 
chlorine and molecular bromine in full form part of the composition of the 
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transition states for these reactions. Molecular iodine has been implicated 
similarly in studies of iod~des tannyla t ion~~~,  and positive bromine, in 
de - t -b~ ty la t ion~~~ .  

Several studies indicate clearly that the two-stage mechanism of halogena- 
tion, with a quinonoid compound formed by co-ordination of halogen as a 
definite intermediate on the reaction path, is available for these substitu- 
tions. Examples include the bromodecarboxylation of 3,5-dibromo-4- 
hydroxybenzoic acid331 and the bromodesulphonation af sodium 3,5- 
dibromo-4-hydroxybenzene ~ulphonate~~, .  In each of these cases, the 
proposed intermediate (143,144 respectively) has already lost a proton, and 
so is best considered as derived formally from the starting material by 
substitution with rearrangement (the SE2’ mechanism; Section 111. A. 3. d). 
It would, however, generally be considered probable that, even for systems 
in which a mobile hydrogen is not displaced, a quinonoid intermediate is 
still probably concerned at a relatively early stage on the reaction path. 
Furthermore, the usual elaborations of these early stages are probably 
available also for removal of groups other than hydrogen; thus kinetics 
which are second-order in brmiine have been recognized for bronio- 
desilylationm3. 

0 0 

(143) (144) 

Just as in some circumstances for bromodeprotonations the final stage of 
the displacement may become rate-determining, so analogous situations 
have been recognized for the loss of other groups. Thus in bromode- 
c a r b ~ x y l a t i o n ~ ~ ~ ,  a 12C : 13C isotope effect of up to 1.045 in the evolved CO, 
has been recorded, a result which establishes that the final stage of the 
reaction has become rate-determining. Nucleophilic catalysis has been 
recognized for bromodebor~nat ions~~~.  The stereochemistry of desilyla- 
tion335 is also suggestive of nucleophilic help for cleavage of the Si-Ar 
bond, since inversion of configuration at  silicon is observed. 

Reactions involving displacements of groups other than hydrogen are 
not confined to aromatic systems. Thus in acetic acid or in water the 
trans-cinnamate ion reacts with chlorine to give extensive chloro- 
decarboxylation with the formation of trans-/3-chlorostyrene and products 
of further chlorination of this compound (equation From the 

frans-PhCH=CHCO, + CI, - trans-PhCH=CHCI + CO, + CI- (100) 
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stereospecificity of this reaction and the ratios of the accompanying 
addition products it was concluded that the loss of CO, was nearly 
concerted with the electrophilic attack. 

We have alrcady noted that bromodeprotonation with rearrangement 
can be a first step in a reaction sequence leading to displacement of groups 
other than hydrogen. Halogenodealkylations and halogenodeacylations 
are also sometimes available as reaction paths competitive with the n o r e  
usual substitutions. Thus the chlorination of 1,5-diacetoxynaphthalene 
gives not the 4- or 4,8-substituted derivative which might have been 
expected but instead 5-acetoxy-2,4-dichIoronaphthol via the intermediate 
145 (sequence 101)337. Similarly, the chlorinations and brominations of 

OAc 

@ \ , -ACCl 2C12 , \ CI __.f -HCI @ \ / I (lot) 

AcO AcO H ci AcO C1 

(145) 

aromatic esters sometimes take the course expected, but in some cases the 
position of substitution is unexpected, and under these circumstances the 
reaction is often accompanied by deacylation, which can be catalysed by 
nuclcophilic anions338. Formally, the overall processes leading to deacyla- 
tion in such cases can be regarded as S,2' reactions, just as normal sub- 
stitutions can be regarded as SE2 in character; but for the former (as in 
some cases for the latter also) it is by no means clear whether addition- 
elimination sequences are sometimes or always concerned, and if so, 
whether such additions are usually 1,2- or 1,4-processes. The present 
indications convey the likelihood that all these pathways, as well as others 
including proton loss leading to side-chain substitution, may become 
available in suitable circumstances, as seems to be so also for nitration of 
esters, ethers, anilides and h y d r o c a r b o ~ i s ~ ~ ~ ~  339~ 3m. Detailed knowledge 
concerning the competing processes available even in the cases investigated 
to date, let alone in the general case, is lacking, and this is perhaps not 
surprising in view of the complexities available through the formation of 
carbonium ionic intermediates. If we consider in a genera! way the 
processes which may lead to substitution in a mono-substituted benzene, 
C,H,R, reacting with a source of Xf as the electrophile, all the intermediate 
carbonium ions (146-149) must be considered to be possible entities 
concerned in reaction by the conventional two-stage mechanism. We may 
know the overall rates of formation and decomposition of these entities by 
study of the product-proportions; but we do not know their stationary 
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concentrations in the reaction mixtures, nor have we much evidence 
concerning their rates of interconversion, nor concerning their possible 
other reactions. 

Halogenodeacylations also occur in olefinic systenis, though again the 
mechanistic details are not yet established. The halogenation of enol 
acetates is well known and has been documented extensively in the steroid 
series for Chlorination, bromination and f l u ~ r i n a t i o n ~ ~ ~ ~ ~ ,  and there have 
been some mechanistic speculations concerning these reactions. Jones and 
W1xkaM2 have proposed the cyclic mechanism indicated in formula 150 
as one possibility; in some other circumstancesw, the experimental 
conditions suggest the possibility that the removal of the acetyl cation is 
assisted by base, as in some of the examples from aromatic chemistry 
mentioned above33’~ 338. On the other hand, an  addition-elimination 
sequence has been discussed for a formally related case3M. Such sequence 
are difficult to disprove when the hypothetical intermediate adducts 
cannot be isolated. 

One of the most interesting reports in this area relates to observations 
suggesting that attack by halogen with displacement of an acyl group from 
a remote centre can become a reality. Reich and L a r d ~ n ~ ~  have described 
the conversion of the enol acetate 151 into the bromoketone 1152 by 
treatment with N-bromoacetamide in t-butanol or in aqueous acetone. 
Addition-elimination sequences, as well as cyclic processes, seem unlikely 
in a case such as this, for which there are other analogiesw. 

B. Electrophilic Replacement of Halogen at  Unsaturated Centres 

There have been a few mechanistic investigations of protodehalogena- 
tions (equation 102), which formally represent the reversal of an electro- 
philic halogenodeprotonation. The effects of substituents on the rates of 
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displacement of iodine from iodophenols are as expected for an electrophilic 
process34G. The ease of removal of the different halogens is in the order 
I > C1, and the reaction is facilitated by steric acceleration if sufficiently 

ArHal + HX- > ArH + HalX (1 02) 

lzrge and appropriately placed substituents are present. The kinetics of 
deiodination of p-iodoaniline show that the reaction is first-order with 
respect to the stcicheiometric concentration of the aromatic compound and 
is independent of the concentration of hydrogen ion and of iodide ion3*?. 
The reaction was considered to involve the proton attacking the p-iodoani- 
line molecule (present in small concentration under these conditions), and 
the dependence of the extent of AT-protonation on acidity was deduced to be 
the reverse of the acidity dependence of the rate of proton attack at carbon. 
The reaction was found to be six times faster in H,O than in D,O, and no 
evidence was found for catalysis by iodide ions. The mechanism of 
deiodination was considered, therefore, to be inechanistically the reverse of 
iodinaticn. 

Nitrodehalogenations are known also (e.g. equation 103); they have been 
reviewed by Nightingale=. They occur most characteristically when the 
halogen is activated by a strongly electron-releasing group and examples 
zre known for chlorine, bromine and iodine. The ease of the process seems 
to be greatest for iodine and least for chlorine; when the latter group is 
displaced, it sometimes resubstitutes elsewhere in the molecule (cf. 
equation 104). 

f yo2 
HNO, 

I 
OMe 

I 
OMe 

HNO, HOAc > MeG (1 04) 
CHMe, CI CHMe, 

OH OH 

No doubt other types of dehalogenation are possible. Some recent 
investigations throw light on a major additional mechanistic possibility 
available for the electrophilic displacement of the higher halogens, 
particularly ioclifie and bromine. This involves nucleophilic catalysis, 
particularly by halide ions, of the removal of positive halogen, and comes 
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about because the outer electronic shell of the higher halogens can be 
expanded by the use of d-orbitals to hold more than eight electrons 
(equation 105, cf. equation 106). 

Ar-I + I- > [Ar-I-IJ- (1 05) 

I2 + I- 7 lI-I-rJ- (1 06) 

The likelihood of the existence of such a mechanism became apparent 
when it was recognized that complexes having this stoicheiometry are 
intermediates in the halogenation both of olefinic and of aroniatic systems, 
as we have already noted. In passing, we may comment also that it is by no 
means clear that the geometry of such an intermediate must necessarily be 
linear, as in the trihalide ions; angular isomeric forms may also be 
accessi b1e34? 

Kinetic evidence for the participation of such intermediates in the 
protodeiodination of iodo-2,4,6-trimethoxybenzene was presented by 
Batts and Gold3M. The reaction was found to  be catalysed by chloride ions, 
and the complex kinetic form was analysed in terms of two reaction paths, 
both involving hydrogen and chloride ions and both competing with the 
normal acid-catalysed path not involving chloride ions. It seems certain 
that one of the transition states for protodeiodination catalysed by 
chloride ions can have the form shown in 153a, and it was suggested that an 
alternative isomeric transition state 153b differs in the timing of the proton 
loss, and so can differ in the primary and solvent isotopf: effects to which it 
is subject. 

- 
A?- I -C1 

Hf 

-0 tr- 
H+ 

(153a) (153b) 

An interpretation involving similar intermediates was given of the 
isomerization and disproportionation of the p-bromophenols3j1. When 
3-methylphenol, for example, is brominated in an aprotic solvent at 25"C, 
the kinetically controlled product is, as expected, 4-bromo-3-methylphenol, 
with lesser amounts of the 6- and 2-bromo-derivatives. If, however, the 
reaction mixture is allowed to stand, the main product isomerizes and 
disproportionates, to give much larger amounts of the products of 2- 
substitution together with some dibromo-derivatives. It was suggested that 
reversible bromide-catalysed protodebromination had occurred, and was 
followed by rapid rebromination to give ultimately an equilibrium mixture 
of products. Direct investigation of the reacticn of 4-brornophenol with 
hydrogen bromide confirmed this interpretation; it was shown also that 
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hydrogen chloride was a worse catalyst, and that neither toluene-p- 
sulphonic acid nor trifiuoroacetic acid was effective. The corresponding 
chlorophenols did not rearrmge under such mild conditions and it is 
interesting to note also that in the time necessary for the attainment of an 
apparent equilibrium mixture of products, no products brominated mefa- 
to the deactivating group were detected. True thermodynamic equilibrium 
between all the isomeric products had not, therefore, been obtained; higher 
temperatures and more powerful catalysts would be needed for this. 

The other mechanisms available for halogenodeprotonation can be 
documented also for dehalogenations. In the reaction of l-chloro-l-nitro- 
2-keto-l,2-dihydionaphthalene (154) with hydrogen chloride in a mixture 
of acetic acid and acetic anhydride, the main product involves migration of 
the nitro-group (equation 107); I-chloro-2-naphthol is another product. 

For 
sole 

_____j (1 07) 

(1 54) 

the corresponding bromo-compound (155) on the other hand, the 
product was I -nitro-2-naphthol (equation 108). This reaction, the 

probable path for which icvolves the intermediate 156, is a two-stage 
protodebromination with rearrangement, falling into the S,2’ classification 
in the sense in which we have used such terms in this article. 

In discussing these reactions in terms of the relative leaving abilities of 
different groups, Perrin3j2 distinguishes between those groups which he 
regards as generally leaving by S,I processes (eg. NO$, t-Bu+, NO+), and 
those which he regards as always nucleophilically assisted (e.g. C1+, BrC, 
RCO+, H+). It seems to the writers that no such clear distinction can be 
made. Certainly the halogens and certain other groups as well (e.g. MeCO-’-) 
can have their heterolysis assisted by added nucleophiles, but even in the 
absence of nucleophilic anions these groups can undergo similar displace- 
ments, and then it is probably better to regard the solvent as exercising its 
influence by solvation rather than by covalent assistance. 
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Addition-elimination sequences are almost certainly available for 
dehalogenations also. We havr: already noted that nitration can be shown 
in some circumstances (particularly when acetic acid and mixtures of 
acetic acid and acetic anhydride are used as the solvent) to proceed by 
routes of this kindz4'. This makes it very probable that some of the 
nitrodehalogenations already mentioned%* proceed in part a t  least by such 
paths. 

Reactions corresponding to those described above are available also for 
aliphatic compounds, though not a great number of examples have been 
examined mechanistically. Kirk and HartshorxF have collected a number 
of cases from the chemistry of steroidal a-halogenoketones. Thus 2,2- 
di bromo-5a-cholestaiie-3-one (157) rearranges with hydrogen bromide in 
acetic acid to give the 2a,4-dibromoketone (1581, but with the same reagent 
in the presence of 2-naphthol to  act as a scavenger for bromine gives the 
2a-bromoketone (159). It is scggested, therefore, that bromide-catalysed 
debromination occurs in this system; the axial bromine is removed in 
preference to the equatorial bromine, in accordance with the known 
stereochemical preference of the reverse reaction. Whereas hydrogen 
iodide was shown to be a catalyst also for this reaction, nei-;ier hydrogen 
chloride nor perchloric acid were effective. I t  appears also that the 
corresponding chloroketones are not susceptible to  this type of reaction, so 
the analogy with the behaviour of the corresponding aromatic compounds 
seems to have been documented fairly extensively on a qualitative basis. 

C.  Electropkilic Replacement b y  H afogen at  Saturated Centres 

I. Replacements of hydrogen 
Direct replacement of hydrogen from a saturated centre by a biniolecular 

electrophilic process is difficult ; the only definite  example^^"*^^ involve 
deuterium exchange into methane and other hydrocarbons in solution in a 
mixture of hydrogen fluoride and antimony pentafluoride a t  temperatures 
around 0°C. This mechanism appears to become available easily only under 
conditions involving very high acidity of the medium. The geometry of the 
transition state is not known, though Olah and coworkers' treatment3= 
postulates a triangular three-centre transition state 160 (equation 109) in 
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which the electrons of the C-H bond are attacked, thus implying retention 
of configuration. Since adamantane, with its rigid cage structure 161, is 
reported to undergo exchange into the bridgehead protons under these 
conditions, it would seem that such a route must be available. 

(161) 

There are a number of other ways by which halogenation of saturated 
carbon atoms can be effected, and there is mechanistic information about 
some of these. The best known are the various processes by which halogen 
can be introduced adjacent to an electron-withdrawing substituent. We 
have already mentioned (Section 11. A. 3. d ;  sequence (97) and associated 
discussion) that in such halogenations the details of the processes which 
follow the rate-determining proton loss are not known with certainty and 
need not be the same under all conditions or in all cases. 

Although most such reactions characteristically have a rate independent 
of the concentration or nature of the halogen, it has proved possible in 
certain cases by study of the reaction at very low concentration of halogen 
to identify the individual rates of enolization and halogenation303* 355. 

Effects of change of structure and of halcigen are relatively small. It is not 
yet clear whether this comes about because of the special nature of the 
transition state far bromination of the enol or of its anion, or whether the 
rates of halogenation of these intermediates are so fast that the rate of 
diffusion Iimits the observable rate of reaction. 

Kwart and S ~ a l z i ~ ~ ~  have measured the rates of bromination of a number 
of carboxyfic acids in dipolar aprotic solvents. Evidence was obtained for 
partial dependence of the rate on the concentration of bromine. From this, 
from the effect of structure on the rate of reaction, and from the small 
magnitude of the primary deuterium isotope effect, they deduced that 
pre-equilibrium protonation of the C=O group gives a complex in which 
the potentially migrating hydrogen is partly bonded to three centres (162), 
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but that proton-transfer is not comp'leted until this complex is attacked by 
halogen (sequence 1 lo). Although their evidence is consistent with this 
view, it probably cannot be regarded as compelling in character. 

(9 62) 

2. Replacements of groups other than hydrogen 
Studies of the course of the reactions of arylalkyl sulphides and of 

alkyi and cycloalkyl benzenesulphenates with chlorine in acetic acid 
indicate complex mechanistic features which provide some instructive 
comparisons. The reaction of optically active a-ethylbenzyl phenyl 
s ~ l p h i d e ~ ~ '  gives inverted arylalkyl chloride with considerable but not 
complete retention of optical purity, together with inverted aryialkyl 
acetate with much less retention of optical purity. From the influences of 
added salts on the extent of racemization and on the product ratio, it was 
concluded that the intermediates concerned are those shown in Scheme 18 

P hCHEt-SP h 

Cl,in HOAc I 
Tetracovalent ___f Internal i z  External 7 Dissociated 

sulphide -sulphoniym sutphonium ions 

(163) ion-pair ion-pair (16s) 
I (1 64) (1 65) 1 

L 
Products of Products of 

retained Products of Products of racemic 
configuration inverted inverted and configuration 

configuration racemic configuration 

SCHEME 18. Interrnediatcs in the chlorinolysis of arylalkyl sulphides. 

(163-166). Each of the intermediates indicated in the scheme is multiple in 
character, depending on the anions concerned (i.e. the tetracovalent 
sulphide could be PhCH(Et)SCI,Ph or PhCH(Et)SCl(OAc)Ph or a mixture 
of these): and the products with which we are concerned are the chloride, 
PhCH(Et)CI, and the acetate, PhCH(Et)(OAc). They are considered to be 
formed in different ratios from the different intermediates : chloride 
mainly from 163 and 164, acetate mainly from 165 and 166. The transition 
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state leading to products of retained configuration from 163 is believed to be 
SNi in character, whereas those leading to products of inverted and raceniic 
configuration could be of the other kinds involved in chlorinations of 
alcohols by thionyl chloride. 

The chlorinolysis of sulphenate esters, although similar in general 
c h a r a c t e r i ~ t i c s ~ ~ * ~ ~ ~ ~ ,  shows important stereochemical differences. In 
particular, in the reaction of 3-ethyibenzyl 2,4-dinitrobenzenesulphenate 
with chlorine in acetic acid, the products were mixtures similar to those 
obtained for the corresponding sulphide, but by far the largest proportion 
of the chloride fraction had retained configuration, whilst the acetate was 
formed with predominantly inverted configuration. Sequence (1 1 1) repre- 
sents one part of the reaction path, with the four-centred S,i reaction 
of the covalent intermediate indicated by the arrows in 167. Study of the 
effects of salts on the product ratios implicates complicated multiple 
ion-pair sequences3577359. 

PhCH(Et) - 0 - S k r  + CI, 

(Ar = 2,4-dinitrophenyl) 1 
CI 
I 

PhCH(Et)-w-SAr + PhCH(Et)Ci + O-S-Ar 
I -A, CI 

(1 67) 

(11’1) 

Among the general questions raised bjs these studies are those of classifica- 
tion. Sequence (1 1 l), for example, is clearly a substitution (of OSAr by C1 
or by OAc); it is initiated by electrophilic chlorine, it involves initial attack 
remote from the centre of substitution and the subsequent stages can occur 
by more than one mechanism. Perhaps the nearest classificational analogy 
is with what we have called ‘indirect substitution’ in Section 111. A. 3. h ;  
the formation of acetate, however, is reminiscent of the formation of 
acetoxylated products accompanying nitration, first formulated as an 
electrophilic acetoxylation but now recognized to proceed by an addition- 
elimination sequence247 (Section 111. A. 3. e). 

Reaction of any substrate, therefore, in which some centre other than 
that at  which substitution is finally to be effected is susceptible to the 
required initial attack, could potentially proceed by an indirect route of 
this kind. In  the electrophilic example chosen, (sequence 111) the initial 
reaction (a) brings the reagents together, so favouring the required 
reaction for reasons of entropy, (b) transforms the attacking species into 
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one which may be more potent for final reaction and (c) favours the 
required heterolytic fission necessary for the final replacement. 

Since electrophilic replacement at  carbon will be promoted by increasing 
the electropositive nature of the group subject to displacement, it is to be 
expected that compounds having a C-metal bond will be subjzct to such 
reactions. The relatively low bond-strengths of many such bonds will also 
favour heterolytic reaction and the incursion of mechanisms invozving free 
radicals. In fact, radicals have often been considered to be concerned in the 
halogenation of C-metal compounds, as in the reaction of bromine with 
cyclopropyl lithium3E0, and in the bromination of alkylmercury com- 
p o u n d ~ ~ ~ ~ ~ ~ ~ ~ .  In both these cases, it seems that reactions by the radical 
path usually result in rather indiscriminate formation of racemic, epimeric 
or geometrically isomeric products, whereas those portions of the reactions 
in which stereochemical configuration is preserved in the product are 
thought to be electrophilic The detailed characters of 
the transition states are, however, uncertain even when kinetic measure- 
ments have been made; often some contribution from bonding to the metal 
is a very real possibility. 

There has been some mechanistic investigation of the cleavage of tin 
tetra-alkyls by  halogen^^^. The stoicheiometry is that given by equation 
(1 12). The reactions are first-order in each reactant and the addition of 

R,Sn + I, - I- f IR + R,Sn+ (112) 

iodide ions has a negligible effect on the rate. Increase in the ionic strength 
of the medium, however, promotes the reaction. Some effects of structure 
and of solvent are shown in Table 20. 

TABLE 20. Effects of structure and of solvent on the relative 
rates of electrophilic displacements by halogens on tetra- 

alkyl tins 

Reaction : R,Sn + Br, R4Sn + Br, R4Sn + I, 
Solvent : PhCl AcOH AcOH 

- 
Relative rate, R = Me 100 100 100 

R = Et 1200 84 37 
R = n-Pr 450 12 4.3 
R = iso-Pr 1300 2.5 0.03 

It is suggested that the reactions in acetic acid involve electrophilic 
displacement by halogen; the important influence of steric hindrance in 
diminishing the rate of reaction is evident from the effect of increasing the 
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bulk of the alkyl groups around the tin atom, and suggests that the bi- 
molecular process involves approach by the reagent and bonding of it to 
the centre of substitution. Considerable polarity is believed to develop in 
the transition state, as indicated by the effect of the solvent and of added 
salts. In less polar solvents like chlorobenzene, however, where steric 
hindrance to substitution is less evident or absent, i t  is suggested that a 
cyclic mechanism involving a four-centre transition state 168 is more 
probable. 

The reaction of tetra-ally1 tin with iodine is very much fzster than that of 
tetra-n-propyl tin, so Gielen and N a ~ i e l s k i ~ ~ ~  propose an SE2’ mechanism 
(equation 113) in this case. 

R , S n - m - C H = m  2-c; -+ R3SnC 4- CH,=CH---CH,I -I- I- (113) 

It seems likely that variants of such mechanisms are available for the 
reactions of halogens with many organometallic c o n ~ p o u n d s ~ ~ ~ .  

D. Ebcti-ophilic Replacement of Halogen at Saturated Centres 

1. Introduction 
In the reaction of equation (1 14) there are two features which define 

that electrophilic substitution of halogen is occurring at the organic group 

E+ 4- R-Hal- E-R -+ Hal+ (114) 

R: the fact that positive halogen is produced and that the incoming 
electrophile derives its new bonding electrons from R. There appears to be 
no well-characterized example of this reaction path occurring at saturated 
carbon. The reason may be that thermodynamic factors are usually 
unfavourable, since heterolytic reaction in the reverse direction has been 
fairly well established. On grounds of electronegativity the formation of 
positive halogen is likely to be less favoured than the opposite heteroiysis 
to give anionic halogen. We have discussed how the latter reaction may be 
assisted by electrophiles, as is exemplified by catalysis of the replacement 
reactions of alkyl and acyl halides by hydrogen halides and by Lewis acids. 

18 
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It is a reasonable expectation that nucleophilic catalysis of electrophilic 
substitution would provide an accessible reaction path (equation 1 15). This 

process can be regarded as nucleophilic substitution at halogen, and may be 
expected to occur when R is a good anionic leaving group, or when co- 
ordination with an electrophile occurs either prior to, or simultaneously 
with, nucleophilic attack. 

2. Reactions which liberate halogen 
Nucleophilic attack on halogen 3ccurs when haloketones react with 

acidified potassium iodide (equatioil 116) as in Meyer's method365 for 

RC+(OH)CH,Br + I- _ ~ _ j  RC(OH)=CH, f IBr (1 16) 

estimation of enolic content in protropic carbonyl systems. Here the 
leaving group involves carbon; in analogous caqes, it may be a substituted 
nitrogen as in the chlorine-producing step of the Orton rearra11gement3~6 of 
N-haloanilides (equation 1 17), or may be oxygen, as in equation (1 18). 

ArNH+(Ac)-CI + CI- - ArNHAc + CI, (1 17) 

H,O-CI" 4- CI- HzO + CI, (1 18) 

3. Metallation of halides 
The formation of organometal compounds by the reaction of metals with 

alkyl and aryl halides may reasonably be regarded as involving nucleophilic 
attack on halogen (equation 119). Here a metal behaves as a nucleophile, 

but this is a stoicheiometric description and may not properly depict the 
mechanism, since electron transfer may be stepwise. The direct syntheses 
of organometallic compounds have been considered3G7, and it is notable 
that these reactions are frequently catalysed by electrophiles such as 
bromine. Metallation by magnesium has been reviewed in detail368. An 
optically active Grignard reagent has been prepared3Gg. Partial racemization 
accompanies the preparative step and is interpreted in terms of two one- 
electron transfers. A two-electron transfer as represented in equation (1 19) 
would, however, produce a carbanion which must subsequently react to 
form RMgX, 2nd such a step could likewise produce racemization. The 
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reductive side-reaction observed may well involve an iorric process in 
which the solvent, diethyl ether, acts as a source of electrophilic hydrogen 
(equation 120). A similar pathway has been proposedm1 to explain the 
occurrence of reduction (equation 121 j instead of the metal-halogen 
exchange observed in more polar solvents for reaction between lithium 
alkyls and alkyl halides. Metallation reactions are commonly interpreted 
as involving radicals, and the mercuration of halides has been described in 
this way by Makarova and N e ~ m a y a n o v ~ ~ ~ .  

CH,=CH, 

4. Iodine exchange 
Noyes and K i i r O ~ ~ ~ ~  discuss iodine exchange in some heterocyclic 

compounds containing iodine. For l-phenyl-3,4-dimethyl-4-iodo-2- 
pyrazolin-5-one (169), the enolate anion (170) would be expected to have 

considerable stability by virtue of an aromatic sextet of electrons. In fact, 
iodide ion gives iodine in acid solution with this compound (equation 122). 

Exchange with iodide ion in neutral solution is slow, but is rapid with 
iodine; the mechanism of this process may be written as in equation (123). 
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Where, as in this case, electrophile and nucleophile are combined in the 
same molecule, the reaction may occur via a cyclic transition state (171). 

(171) 

and considered in terms of electrophilic substitution at  R. The transition 
state for such i! reaction need not necessarily be electrically neutral, and for 
certain other heterocyclic iodides, Noyes and ICorij~~~O show that the rate of 
iodine exchange is not altered significantly by light or oxygen, but is 
accelerated when nitrobenzene is added to increase the polarity of the 
solvent, a result which indicates considerable development of charge in 
the transition state. Higher-order terms observed in these and similar 
exchanges371 may also have similar polar cyclic transition states (e.g. 172). 

(172) (1 73) 

Catalysis by Hg2+ or Ag+ in the reactions may be of the form 173, although 
alternative possibilities involving intermediates in which R is transferred to 
the catalysing metal have not been excluded. Transition states of this nature 
have been discussed by Dessy and Ki t~hing3~~.  Oxidative addition of 
alkyl and acyl halides to Group 8 metal show some 
similarities in kinetic patterns375 and may be mechanistically analogous. 

5. Halogen-metal exchange reactions 
Halogen-metal exchange reactions (e.g. equation 124) are formally 

similar to those described above when described by the transition state 
174. These reactions have been regarded as Lewis acid-base reactions in 

PhCH -CI PhCW2 CI 
PhCH,CI+ BuLi d py I -k I (lZ4) 

Li-Bu Li 

(1 74) 

which the bases Bu- and PhCH; are competing for haiogen rather than for 
a proton. Equilibrium constants have been determined for reaction (t25), 

PhI + L i R r >  PhLi + RI (1 25) 
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in order to  derive an order of carbanionic stability376. The aryl and alkyl 
groups are clearly acting as nucleophilic centres subject to electrophilic 
replacement, and suitable cases would be expected to show the stereo- 
chemistry associated with electrophilic substitution at saturated carbon by 
the SE2 or S,i mechanism (reference 7, p. 563). An example is the reaction 
of optically active 2-iodo-octane with butyl lithium, analysed by carhona- 
tion, which gave 2-methyloctanoic acid of the same configuration 
accompanied by approximately 80% r a ~ e m i z a t i o n ~ ~ ~ .  Less raceinization 
and greater retention (60%) were observed for the reaction of optically 
active 1 -bromo- l-me~hyl-2,2-diphenylcyclopropane with butyl lithium, 
analysed as the methyldiphenylcy~lopropane~~~. 

The kinetics of halogen-metal exchange reactions have been investigated 
by Winkler and for the reaction of equation (126). They 

Ar-Li + Ar'-Br 7 Ar-Br + Ar'-Li (1 26) 

considered various mechanisms involving dimeric ArLi species, and the 
representation shown in equation (127) would accord with their mechanism 

5 - L i  ,Ar Li, 

(127) 
Ar  r Br 

B ' 1 2  Li/Ar Af-Li 

€3. The value of p in the Hammett sigma-rho correlation is 4, a fact which 
indicates that an increase of negative charge in the aromatic nucleus occurs 
in proceeding to the transition state. The reaction involves a transition 
state more polar than the initial state, since the rate is increased in changing 
from ether to tetrahydrofuran as solvent. In the presence of lithium broinide 
the mechanism changes, and it may be suggested that the reduction in rate 
is due to a new transition state in which one participating molecule of 
LiAr is replaced by a molecule oFaLiBr (equation 128). More complex 

interpretations are possible; Brown380 has considered systems involving 
hexamers in hydrocarbon solvents. Eastham and Gibsonm1, from results of 
a kinetic investigation of Wurtz-type nucleophilic substitutions (e.g. 
equation 129), consider this reaction to be tetramolecular and to have a 

Li-Bu / - - n  4- R-Br --j Li' -I- Bu-R + Br- (1 29) 
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transition state (175) which involves the solveat, diethyl ether (acting as a 
Lewis base to remove lithium ion) and a further moiecule of butyl lithium 
(acting as a Lewis acid to remove a halide ion). 

Et,O---Li-Bu f7, R-Br---Li-Bu 

(175) 

3. 
4. 
5. 
6. 
7. 

8. 
9. 

10. 
11. 
12. 

13. 

14. 

15. 

16. 
17. 
18. 

19. 

20. 
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24. 
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I. INfRODUCT1ON 

A. General Mechanism 

The substitution of a carbon-bonded hydrogen for a halogen atom is one 
of the more useful chemical reactions available for ‘functionalizing’ a 
carbon atom thereby making it labile to reaction with a variety of chemical 
intermediates. The most facile means of accomplishing such substitutions 
is by reactions involving free radical intermediates that effect the hornolysis 
of the carbm-hydx-ogen bond. 

Many different carbon-hydrogen bonds are encountered in organic 
compounds. The facility with which a desired substitution can be attzined 
depends to a s e a t  extent on the chemical environment in which that 
particulai carbon-hydrogen bond is found. Furthermore, a variety of 
reagents are available to serve as the source of the halogen atom (the 
halogenating agent). In spite of the diversity of reactions that might be 
expected from the possible combinations of czrbon-hydrogen bonds and 
the halogenating agents, all of these substitutions follow the same general 
mechanistic path. The reactions proceed by a chain sequence of processes 
that involve free radicals as reaction intermediates. The substitution of the 
halogcn atom ‘X’ for hydrogen in reaction (I) is accomplished in the chain 

(1 1 

sequence (2) and (3). The free radical Y’ that performs the homolysis of the 
carbon-hydrogen bond may be either a ha1ng.r atom (X’ = Y’) if 
molecular halogen is the halogenating agent (XY = X,) or some free 

> - c - X + Y -  (2) 

(3) 

I i 

I I 
-cH + XY + -C-X + HY 

1 I 

1 I 
-c- + XY - 

I 
> HY f -C. 

1 
Y . +  -CH - 

I I 
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radical derived from the halogenating agent (e.g. Y' = C!,C if C1,CX is 
the halogenating agent). The facility with which the hydrogen atom is 
removed from the organic molecule depends both on the nature of Y' and 
the chemical environment of the hydrogen atom being abstracted by the 
radical. Most organic compounds have different kinds of hydrogens 
available for reaction with the hydrogen abstracting radical Y'. It  is 
pertinent therefore to determine the specificities displayed by the various 
hydrogen abstracting radicals for the various kinds of hydrogens since, 
precluding any rearrangements of #.he radical formed in this process, the 
site of the halogen atom in the reaction product is on that carbon from 
which the hydrogen has been abstracted. 

Although the stoicheiometry of a halogenation reaction is determined in 
the chain sequence (provided the sequence repeats itself sufficiently often), 
other important processes are a necessary part of the overall halogenation 
reaction. One of these is the radical-producing or initiation reaction, the 
process by which free radicals a:e introduced into the system so that the 
chain reaction can take place. In many halogenation reactions, initiation is 
accomplished by photolysis of the halogenating agent, producing two free 
radicals that start two chain sequences. In some cases, initiation of the 

(4) 

chain reaction is effected by the thermal decomposition of appropriate 
compounds (e.g. peroxides and azo-compounds). The initiator fragments, 
depending on their structure, may react with either the halogenating agent 
or the substrate yielding chain-carrying free radicals that start the chain 
sequence. 

(5) 

(6) 

X Y  hv (XY)" __3 x' + Y. 

Initiator ~ > 2 Rad' 

Rad' + XY - Rad-X + Y' 

or 

1 1 

I I 
Rad' + -C-H -> Rad-H + -C' (7)  

Free radicals are removed from the reaction medium in bimolecular 
radical interactions referred to as termination reactions. A chain sequence 
having two different chain-carrying free radicals has three possible 
termination reactions, bimolecular reactions of either radical with itself 
(reactions 8 and 9) or a cross-termination (reaction 1.0). The particular 
termination reaction that may be operative depends on the relative 
concentrations of the two free radicals. The concentrations of the chain- 
carrying radicals are determined by the reactivities of the free radicals in 
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their respective chain-propagating reaciions and the relative concentrations 
of the rezgents. The kinetic rate. laws for the halogenation reactions reflect 

1 I I  
2-C' __f -c-c- 

I I t  

2 Y' d Y* (9) 

not only the initiation and chain sequence but also the particular reaction 
that terminates the chain sequence (see section 11. C). 

B. Scope ofthis Chapter 

I .  Molecular halogens 
By far the most economically available halogenating agents are the 

molecular halogens themselves. Each of the halogens (chlorine, bromine, 
iodine and fluorine) has its own peculiarities. Some of the general charac- 
teristics of the halogens as halogenating agents are outlined here and 
covered in more detail subsequently in this chapter. 
a. Chlorine. Elemental chlorine is a most readily available commercial 

material and is used extensively as an industrial halogenating agent. 
Chlorine reacts with most compounds having a carbon-hydrogen bond in 
free-radical chain reactions having, in some instances, extremely long 
kinetic chain lengths (the number of times the free-radical chain sequence 
repeats itself). Initiation of chlorination reactions with molecular chlorine 
is facilitated by its ease of photolysis although some reactions can be 
initiated by thermolysis of molecular chlorine. 

The chief disadvantages of chlorine as a halogenating agent centre 
around the reactivity of the chlorine atom as a hydrogen atom abstracting 
species. Although this characteristic is largely responsible for the long 
kinetic chain lengths observed for many chlorination reactions, it is also 
responsible for the lack of its specificity as a hydrogen atom abstractor. 
Most carbon-hydrogen bonds are labile to attack by chlorine atoms and, 
unless the compound to be halogemted has only one type of hydrogen 
(e.g. methane, ethane and the cycloalkanes), mixtures of monochlorinated 
products are formed. For example, chIorination of ethyIbenzene with 
molecular chlorine yields a mixture of a-chloroethylbenzene and /3-chloro- 
ethylbenzene. Bromination of ethylbenzene with molecular bromine, on 
the other hand, yields only the a-bromoethylbenzene. 
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Much of the real interest in the investigations that have been reported 
concerning chlorinations with molecular chlorine centres around the 
behaviour of the chlorine atom as a hydrogen abstractor. Eeing an 
electronegative species, polar factors in the substrates with which it reacts 
play a significant role in dictating the site of hydrogen abstraction. 
C h l o h e  atoms also complex with many species altering their reactivities 
as hydrogen abstractors and thereby render chlorination reactions sensitive 
to certain solvent effects. Both polar and solvent effects encountered in 
chlorinations with molecular chlorine are discussed in detail in section I11 
of this chapter. 

b. Bromine. MoIecular bromine is a more specific halogenating agent 
than chlorine. The hydrogen atom abstracting species in brominations 
with bromine is the bromine atom, a less energetic and therefore more 
selective free radical than the chlorine atom. Whereas chlorination often 
leads to mixtures of monochlorinated products, a single monobrominated 
product is often formed in reactiocs of molecular bromine even with 
compounds having different types of hydrogen atoms available for 
substitution. 

Although the degree of selectivity displayed by the bromine atom as a 
hydrogen abstractor does give bromine definite advantages over chlorine, 
it does also have some distinct disadvantages. The less energetic bromine 
atom reacts readily only with carbon-hydrogen bonds that are chemically 
labile because of certain polar and resonance factors. Urless such a 
carbon-hydrogen bond is available for reaction, the kinetic chain length of 
the bromination chain sequence may be short. For example, bromine 
reacts with toluene in a reaction having a comparatively long kinetic 
chain length. The limiting step in the chain is the hydrogen atom abstrac- 
tion which occurs readily in a reaction involving benzylic hydrogens with 
bromine atoms. On the other hand, methane reacts with bromine only in 

Br' -I- QCH, __f HBr -I- 0 1 %  

eH2+ Br, __f CH,Br + Br' 
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short, kinetic chain length reactions. In this case, the hydrogen atom 
abstraction reaction renders a serious limiting effect on the chein sequence 
because of the low reactivity of the carbon-hydrogen bond of methane 
toward reaction with the bromine atom. Both methane and toluene, on the 
other hand, react with chlorine in reactions having long kinetic lengths. 

Br' f CH,- HBr + CH; 
CH; + Br2- CH,Br + Br' 

(1 5) 

(16) 

Another disadvantage of bromine is its cost. Although this is certainly 
not a serious limitation for most laboratory preparations, the economic 
disadvantage of bromine in comparison to chlorine as an industrial reagent 
does curtail its use to the manufacture of specialty items where either a high 
degree of specificity is required or the element itself is an essential factor in 
the reaction product. In contrast, chlorinations with molecular chlorine 
are used extensively to produce a variety of large-volume products (e.g. 
chlorinated solvents) and chemical intermediates for the production of 
Gther materials. 

c. Fluorine. Molecular fluorine is an extremely reactive species that 
reacts with most compounds having carbon-hydrogen bonds. Reactions 
with alkanes usuaIly result in extensive fragmentation of the carbon chain 
ultimately yielding carbon tetrafluoride as the major reaction product. 
The peculiarities of the free-radical reactions of fluorine with alkanes can 
be attributed mainly to the reactivity of fluorine atoms as chain-carrying 
free radicals. Part of the difficulty arises from the oxidizing ability of 
molecular fluorine itself which reacts with readily oxidizable. carbon- 
hydrogen bonds in a bimolecular process that results in formation of free 
radicals which initiate the chain sequence. Although seemingly an ad- 
vantage at first inspection, too much initiation can be unfavourable not 
only from the standpoint of rate control but also because it leads to the 
formation of large amounts of undesired termination products. For these 
reasons, the intrzduction of fluorine in organic compounds is generally not 
accomplished by the free-radical chain reaction route. 

d. loditze. Molecular iodine does not react at ordinary temperatures in 
the free-radical chain sequence shown in equations (2) and (3). Its reluctance 
to do so can be ascribed to the low reactivity of the iodine atom as a 
hydrogen atom abstractor. One might expect that if it could react, moIecular 
iodine would be even more selective as a halogenating agent than bromine. 
Othzr halogenating agents have been observed that do allow for the 
substitution of a carbon-bonded hydrogen for iodine but have received 
little study. 
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2. Other halogenating agents 
Many species containing a halogen atom can be used as halogenating 

agents. In most cases, the mechanism of the reaction for the halogenatior, 
reaction is essentially identical to that for chlorine and bromine. The one 
distinguishing feature of many of these materials is that the hydrogen 
abstraction is performed by some free radical other than a halogen atom. 
The specificity of the hydrogen atom abstraction, therefore, is often 
different from that encountered in the halogenation reaction using the 
elemental halogens. Thus, chlorinations with sulphuryl chloride in some 
instances involve hydrogen abstraction by the chlorosulphonyl radical 
which is less energetic and therefore more selective as a hydrogen atom 
abstractor than the free chlorine atom. Other chlorinating agents that 

CISO; + RH -j. HCI + SO, + R' (1 7 )  

R" + SO,CI, > RCI + CISO; (1 8) 

display a degree of specificity greater than molecdar chlorine because of 
characteristics of the hydrogen atom abstracting radical are CI,CSO,CI, 
CI,CSCl, PCl,, (CH,),COCl, ICl, and C,H,ICI,. 

Some compounds that have been investigated as brominating agents are 
BrCCI,, BrCCI,CCl,Br, BrCl, (CH,),COBr and the N-bromoamides. For 
some of these reagents, a bromine atom is actually the hydrogen atom 
abstracting radical. The reasons for using brominating agents other than 
molecular bromine do not, consequently, stem from the specificity that 
might be found in having a different hydrogen atom abstracting radical 
participate in the chain sequene. In some cases, a specificity is observed 
(e.g. the allylic bromination of alkenes with N-bromoamides) but it arises 
from other factors (see section IV. D). In some instances (the major 
exception being the N-bromoamides), the brominating agents have been 
largely employed in mechanistic investigations directed at the study of free 
radicals as reactiosl intermediates. 

I f .  ENTHBLPIIC AN5 KlNETeC ASPECTS 

A. Bond Dissociation Energies 

The energy required to break a chemical bond homolytically, a process 
that yields two free radicals, is determined both by the nature of the bond 
and by the structures of the free radicals that are produced. The bond- 
dissociation energies of several carbon-hydrogen bonds are listed in 
Table 1. Although the same type of bond is broken in each case, the bond- 
dissociation energies vary considerably, depending on the degree of 
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resonance stabilization of the free radicals resulting from the homolysis. 
Since each homolysis yields a hydrogen atom, the stability of which would 
be the same in each case, the differences in the bond-dissociation energies 

TABLE 1. Bond-dissociation energies" (kcal/mole) 

Bond AHDis Bond AHnis 

CH3-H 
CZH6-H 
(CH&CH- H 
(CH3)3C- 'H 
CH2=CHCH2-H 
C,&CIg2-H 
CH3COCHz-H 
H-CH,CN 
C13C- 1-3 
(CH,),CO-H 
H- C1 
H-Br 
H-F 
H-I 
c1- C1 
Br-Br 

104 
98 
94.5 
91 
85 
85 
92 
86 
96 

103 
103 
87.5 

136 
71 
58 
46 

F-F 
1-1 
HO-c1 
CH3-Cl 

(CH 3) $2- C1 

CH,-Br 

(CH,),C- Br 
C6H,CH2-Br 
C:,C-Br 
CH,-I 
CsHSCH2-I 

C,H,-Cl 

C.&,CH ,-c1 

c 2H5- Br 

CHs--F 

38 
36 
60 
84 
81 
79 
68 
70 
69 
63 
51 
54 
56 
40 

106 

a Bond-dissociation energies are taken from compilations given in J. A. Kerr, 
Chern. Rev., 66, 465 (1966) and S. W. Benson, J.  Chenr. Ed., 42, 502 (1965). 

must be ascribed to differencs in the stabilities of the free radicals that apz 
formed. Included in the table are other bond-dissociation energies that are 
of value in examining the energetic aspects of free-radical halogenation 
rsactions. 

8. Reaction Enthalpies 

The enthalpies of chemical reactions can be calculated from the bond- 
dissociation energies of the chemical bonds that are made and broken in 
the reaction. For example, chlorination of methane is an exothermic process 
as calculated from the bond-dissociation energies required to break and 
make the chemical bonds involved in the reaction. It is pertinent to point 
out that only the initial and final states of the reaction were considered in 
making the calculation of the reaction enthalpy as shown in (19). 

The enthalpy of a free-radical chain reaction can also be calculated in 
terms of the chain-propagating reactions that compose the chain sequence. 
Such calculations are of considerable value in understanding free-radical 
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CH,--H + CI--CI - CH,-CI + HCI 

Bonds broken: 

CH,-H + 104 kcal/rnole 
CI-CI + 58 kcal/mole 

H-CI - 103 kcal/mole 
CH,-CI - 84 kcal/rnole 

Bonds made: 

557 

(19) 

AH = - 25 kcal/rnole 

halogenation reactions. Examination of the reaction of methane and 
chlorine in this manner shows that the same va!ue for the enthalpy is 

CI' + CH,-H - HCi + CH; 

AH = + 1 kcal/rnole 

CH; + CI-CI- > CH,-CI 4- CI' 

AH = - 26 kcal/mole 

obtained (the stoicheiometry of the chain reaction is the algebraic sum of 
the chain-propagating steps). It is obvious that essentially all of the energy 
evolved comes from the reaction of the methyl radical with chlorine. The 
hydrogen abstraction reaction, on the other hand, is an endothermic 
process io this case. 

Reactions of bromine with methane and toluene illustrate how the 
enthalpic requirements for one of the steps in the chain sequence may 
inff uence the course of the homolytic substitution reaction. The bromina- 
tion. of methane is exothermic overall but the hydrogen atom abstraction 

Br' + CH,-H - HBr + CH;, AH = + 16.5 kcal/mole (22) 

CH; + Br-Br ---+ CH,-Br + Br', AH = - 24 kcal/mole (23) 

CH,-H + Br, > CH,-Br + H6r AH = - 7.5 kcal/mole (24) 

reaction is an endothermic process. The activation energy requirement for 
the endothermic step in the chain sequence must be at  least the endo- 
thennicity of the reaction, in this case 16.5 kcal/mole, and presents a 
sufficiently high energy barrier to introduce a severe limitation to the 
overall chain reaction. Although methane can be brominated via the chain 
mechanism shown in equations (22) and (23), the reaction is slow compared 
to the rate of chlorination of methane under the same conditions. 
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Toluene, on the other hand, is brominated by molecular bromine in the 
benzylic position in a free-radical chain process having a long kinetic chain 
length. The enthalpy for the overall reaction is the same as that of the 

Br' + O C H ,  -> HBr + CH;, AH = -2.5 kcal/mole 

( O ) C H ;  + 8r ,  -+ ( O ) C H , B r  + B r . ,  AH = -5.0 kcal/mole (26) 

( 0 > , H ,  + Br, -> 0 CH,Br + I iBr ,  AH = -7.5 kcallmole (27) 

bromination of methane. The difference is encountered in that the hydrogen 
abstraction step in this case is exothermic and does not impose a limiting 
minimum for the activation energy requirement for the process. 

The reactions of iodine with methane and toluene are endothermic. In 
both cases, the endothermicity of the hydrogen abstraction reaction 

I' + CH,--H - > HI + CH;, AH = + 33 kcal/rnole (28) 

CH; + I, > CHJ + I', A.H = - 20 kcal/mole (29) 

(30) CH,--H + Iz- CHJ + HI, AH = + 13 kcal/mole 

presents a severe limitation on the activation energy minimum for this step 
in the chain sequence. 

I' + ( 0 t . H .  HI + O C H ; ,  A H =  f -14 kcal/mole (31) 

QCH; + I, CH,I + I - ,  AH = -4 kcal/mole (32) 

CH21 + HI ,  AH = +10 kcal/mole (33) 

The situation with fluorine is markedly different from that of iodine. The 
reaction with methane, for example, is very exothermic because of the 
nature of the reactants and the products. Neither step in the chain sequence 
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encounters a minimum activation energy requirement and both might be 
expected to proceed rapidly. The extreme exothermicity of the reaction of 

(34) 

CH; + Fz > CH,F + F', A H  = - 68 kcal/mole (35) 

F' + CH,-H - HF + CH;, AH = - 32 kcal/mole 

CH, + Fz- CH,F + HF, AH = - 100 kcal/mole (36) 

fluorine with alkanes presents difficulties that rendcr this spproach to the 
introduction of fluorine into organic compounds unfavourable (see 
section V). 

The enthalpies of the halogenation of other species with other halogenat- 
ing agents can be estimated from the bond-dissociation energies listed in 
Table 1. Although these enthalpic relationships are informative to some 
degree, their principal value lies in giving information that is useful in 
learning something about the kinetic aspects of the steps in the free-radical 
chain sequence. 

C. Specificities and Kinetic Aspects 

The site of hydrogen abstraction by a free radical is kinetically controlled. 
The activation energy requirements for the reactions are determined by 
chemical features of the hydrogen atom abstracting radical, the chemical 
environment of the carbon atom from which the hydrogen abstraction 
occurs and, to some extent, the medium in which the reaction occurs. 
Although many specific examples for hydrogen abstraction from various 
organic compounds will be given in subsequent sections, certzin generaliza- 
tions will be presented at this time. These generalizations serve as a basis 
for subsequent discussions of some of the more subtle aspects of the 
specificities observed in the halogenations of various compounds by 
different halogenating agents. 

Resonance stabilization of the radical formed is not the most important 
factor in determining the site of hydrogen atom abstraction by the 
abstracting free radicals that are encountered in most halogenation 
reactions. The electronegativity of the abstracting radical can be important 
in determining the nature of the transition state of the hydrogen atom 
abstraction reaction. Two kinds of polar effects are recognized as operating 
in free-radical chain-propagating reactions1. The chlorine atom is both 
energetic and electronegative and prefers to react as a hydrogen abstracting 
radical at sites of high electron density that are generally the result of 
inductive effects in the substrate molecule. Resonance contributions of the 
product radical to the reactant-like transition state of these reactions are 
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probably minimal. A different kind of polar effect involving charge 
separation in the transition state is observed in hydrogen atom abstractions 
by less energetic species (e.g. the bromine atom or trichloromethyl radical) 
where the transition state has considerable product-like character. These 
transition states can be assumed to be resonance hybrids of the two 
canonical structures shown in equation (37), one having no charge 
separation and involving only the free-radical resonance stabilization of the 
product radical and the other having complete charge separation and in 

(37) 
+ 

[R . . .H.. .X] <-> [H . . .H...&] 
or 

6f 6- 
[Re. * H - - * X ]  

which the resonance of the resulting carbonium ion contributes to the 
stabilization of the hybrid. The more stable the carbonium ion counterpart 
of the resulting radical may be, the greater will be the contribution of the 
charge-separation structure to the transition state of the reaction. The 
specificity displayed by bromine atoms in abstracting benzylic hydrogens 
from alkyl aromatics and tertiary hydrogens from alkanes is probably 
largely due to the stabilities of the bemylic and tertiary alkyl carbonium- 
ion character rather than to the corresponding free-radical character in the 
transition states of the reactions. The hydrogen atom abstractions by 
radicals other than chlorine and bromine atoms show characteristics that 
indicate similar transition states are involved. The very energetic radicals 
such as the alkoxy radicals have reactant-like transition states and are 
susceptible to inductive polar effects whereas less energetic free radicals 
participate in hydrogen atom abstractions having product-like character. 
In the latter cases, the carbonium-ion character of the substrate-derived 
radical may be a significant factor if the hydrogen atom abstracting 
radical has a degree of electronegativity similar to that of a bromine atom. 

D. Rate Laws for Halogenation Reactions 

A general mechanism for free-radical halogenation reactions is shown in 
equations (38)-(42). The relative importance of certain of these reactions 
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depends on the nature of the halogenating agent and the substrate being 
halogenated. The chain sequence (39) and (40) is initiated by the forward 
reaction (38) and can be terminated either by the reverse of reaction (38), 
reaction (41) or reaction (42) or a combination of these radical destroying 
reactions. The particular termination reaction that may be operative 
depends on the relative steady-state concentrations of the chain-carrying 
free radicals X' and. R'. These steady-state concentrations are determined 
both by the reactivities of the free radicals in their respective chain- 
propagating reactions as well as the relative concentrations of the reactants 
RH an? X,. The importance of the reverse of reaction (39) depends on the 
reactivity of HX towards attack by R' and the relative concentrations of 
HX and X,. 

Rate laws can be derived for the halogenation reactions if steady-state 
concentrations are assumed for the chain-carrying free radicals and only 
one of the three possible termination reactions is assumcd to be operative. 
If the termination involves only the reverse of reaction (38), the rate law is 
that shown in equation (43). The derived rate law for the reaction if the 

(Termination only reverse of reaction 38) 

cross-tenmination reaction (41) is operative is given in equation (44). The 
rate equation for the reaction if it is terminated only by the dimerization 

(Termination by reaction 41) 

reaction (42) is shown in equation (45). If the concentration of HX is low, 
as it would be at the outset of any halogenation reaction, or if the reverse 

(Termination by reaction 42) 

of reaction (39) is slow ( k b = O ) ,  the fractional terms in rate laws (43) 
and (44) vanish and the rate laws take on the somewhat simpler forms of 
(46) and (47), respectively. 

( ka )* [RH] 
Rate = kh k_, 

k,kbkc 5 
Rate = (T) [x,] [RHI-? (47) 
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Another experimental parameter that can have an effect on these rate 
laws is the mode of initiation. In the general mechanism, initiation is the 
forward direction of reaction (38). The derived steady-state rate laws 
(43)-(47) all include the square root of the rate of initiztion, namely 

(Rate of initiation)* = (kJX,])* (48) 

Most often, the initiation process for halogenation reactions is the 
photolysis of the halogenating agent. This being the case, the intensity of 

(49) 

the illumination becomes a factor in the overall rate under some conditions. 
If the illumination is of a sufficiently high intensity that light is transmitted 
through the reaction mixture, the rate of initiation becomes 

x 2 A  h 2 X '  

Rate of initiation = Ie[X2] (50) 

where I is the intensity of illumination and e is the extinction coefficient of 
X,. This equation assumes 100% efficiency in the photolysis of those 
molecules that do absorb a quantum of light. The derived rate equations 
(43)-(47) for light-induced reactions have the quantity IE in place of k, 
which simply means that the reaction rate depends on the square root of 
the light intensity. If the light intensity is not high enough to have some of 
it transmitted but is all absorbed by X,, the rate of initiation is no longer 
dependent on EX,] and the rate laws (43)-(47) still include IE in place of 
k, but drop a half power in [X,]. 

If some other means of initiation, for example, the decompositim of a 
chemical initiator, is employed for the reaction, the rate laws (43)-(47) 
assume a slightly different form. The rate of initiation becomes ki[Init.] 

h i t .  2 Rad' (51 1 

and the square root of the rate of initiation in the rate equations (43)-(47), 
namely (k,[x,])*, is replaced by (ki[Init.])a. 

These derived rate laws are amply supported by experimental data. The 
usefulness of such investigations lies in the fact that comparisons of 
the observed rate laws with the derived rate laws give an indication of the 
particular termination process that may be operative. Knowing this, one 
also has information concerning the relative concentrations of the chain- 
carrying free radicals and the relative facilities of the chain-propagating 
reactions. 

For example, the observed rate law at the beginning of the bromination 
of methane in the gas phase at  a given pressure is that shown in equation 
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(52)2. As the reaction proceeds, the rate is inhibited by the presence of HBr 

Rate = k'[CH,] [Br]l 

and the observed rate law becomes that shown in equation (53). Both rate 
laws indicate that the chain reaction is terminated by recombination of two 

k'[CH,] [Br]* 
1 + k"[HBr]/[Br,] 

Rate = (53) 

bromine atoms, an observation not unexpected in view of the low reactivity 
of bromine atoms with methane. In order to maintain a steady-state 
concentration of free radicals, a considerably high r?,tio of unreactive 
bromine atoms with respect to the very reactive methyl radicals must be 
maintained, thereby encouraging termination via the reverse of reaction 
(38) rather than by either reaction (41) or (42) which would involve 
reactions of the methyl radical. The retardation of the reaction rate by 
hydrogen bromide is indicative of the reverse of reaction (39) playing a 
role. In  this case, the facile reaction of hydrogen bromide with the reactive 
methyl radical is the reverse of reaction (39). 

CH; + HBr- CH, 4- Br' (54) 

The observed rate laws for chlorinations with moleculslr chlorine are 
complex because the concentrations of the chain-carrying chlorine atoms 
and alkyl radicals are about the same and all three possible termination 
reactions are operative. Since the reactions of alkyl radicals with hydrogen 
chloride are slow, the reaction rate is not significantly retarded by the 
presence of this component and the observed rate law is a hybrid of the rate 
laws (45)-(47). If one of two possible radical dimerizations predominates 
over the other, the observed rate law will assume different concentration 
exponents from those of the rate law (47) to a proportional degree depend- 
ing on the relative contributions of the rate laws (45) and (46) as dictated 
by the predominating termination reaction. 

Somewhat more satisfying are the rate laws observed for halogenations 
xsing other halogenating agents than the molecular halogens. For example, 
photochlorination of toluene (low concentrations in carbon tetrachloride) 
using t-butyl hypochlorite as the halogenating agent follows the rate Iaw 
shown in equation (55)3. This rate law indicates that the reaction is 

(55) 

initiated by the photolysis of t-butyl hypochlorite and that the chain 
sequence (56) and (57) is terminated by the dimerization of two t-butoxy 

Rate = k'[ tol~ene]o~~ [ ? - B u O C I ] ~ ~ ~  Ios5 
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radicals. The latter conclusion is not surprising for a reaction being 

t-BuO' + RH > t-BuOH + R' (56) 

R' + f-BUOCI ~ > RCI + f-BIJO' (57) 

2 f-BuO' -- t-BuOOBU-t 

(R = C,H,CH,) 

performed with a low concentration of toluene since a comparatively 
higher steady-state concentration of t-butoxy radicals relative to benzyl 
radicals would be required to maintain steady-state conditions. 

Interestingly, chlorination of chloroform with t-butyl hypochlorite 
follows the rate law (59) which suggests that the chain sequence is terminated 

Rate = [ ~ - B U O C I ] ~ * ~ ~  (59) 

mainly by coupling of two R' radicals (C1,C' ifi this case). The kinetic 
study is indicative of the apparently slow reaction of trichloromethyl 
radicals with t-butyl hypochlorite since the concentration of these radicals 
at  the steady-state is evidently high enough to permit termination of the 
chain sequence by their dimerization. 

The benzoy! peroxide icdcced reaction of BrCCI, with toluene follows 
the rate law (60)4. This rate law suggests termination of the chain sequence 

(60) 

(61) aad (62) by coupling of two trichloromethyl radicals. As in the case of 
the reaction of t-butyl hypochlorite with toluene, the hydrogen abstraction 

C1,C' + RH ~ > HCCI, + R' (61 1 

R' + BrCCI,-------t RBr + C1,C' (62) 

2 CI,C - C,CI, (63) 

reaction appears to be the rate-limiting step in the chain sequence. In the 
BrCCI, reaction, the low reactivity of toluene towards hydrogen atom 
abstraction by the trichloromethyl radical is probably the reason that a 
high enough steady-state concentration of trichloromethyl radicals is 
attained to cause termination mainly by their dimerization. 

Rate = k'[RH]oSs [B~0,]05* [BrCC1,I0.l3 

I I I .  C H L O  RI N AT1 0 N S 

Various aspects of chlorination reactions have been extensively reviewed5. 
The following discussion is in no way an exhaustive survey of the many 
ramifications of these reactions. Rather, it is an attempt to present some 
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generalizations that can be reached concerning the substitution of the 
hydrogens in a variety of organic compounds with a chlorine atom by the 
use of both molecular chlorine and other chlorinating agents. 

A. Aikanes 
A useful set of rules for the chlorination of alkanes with molecular 

chlorine was formulated by Haas, McBce and WeberO. Most pertinent of 
these to the following discussion are the statements given here: 

1. Every possible monochloride, precluding any rearrangements of the 
carbon skeleton, is formed. 

2. The relative ease of substitution of hydrogens is tertiary > secondary 
> primary. 

3. Increasing the reaction temperature decreases the difference in the 
ease of substitution of tertiary, secondary and primary hydrogens. 

The site of chlorination is determined by the hydrogen atom abstraction 
reaction which, in the case of chlorinations with molecular chlorine, is 
performed by chlorine atoms. The energetics of this reaction, owing to the 
reactivity of the chlorine atom in its role as a hydrogen ztom abstractor, 
are such that this step of the free-radical chain sequence with most alkanes 
is exothermic (with the exception of methane). The transition states for the 
abstraction of hydrogen by chlorine resemble the reactants, namely the 
chlorine atom and the alkane, more than the reaction products. As a 
consequence, the resonance (hyperconjugative) stabilization of the 
resulting alkyl radical plays a small role, if any, in determining the activa- 
tion energy requirements for the reactions. Rather, the relative electron 
densities at the available reaction sites are more important in determining 
the activation energy requirements for the reactions. The observed small, 
but real, differences in the reactivities of primary, secondary and tertiary 
hydrogens toward reaction with chlorine atoms are possibly best explained 
in terms of the relative electron densities at  the sites of these different 
hydrogens in the alkane. 

1. Polar effects 

Alkyl groups are electron-releasing both in a resonance (hyperconjunga- 
tive) and inductive sense. The electron density at  a tertiary carbon is 
therefore greater than at  a secondary carbon which in turn has a higher 
electron density than a primary carbon. In view of this, it is not unexpected 



566 Earl S. Hupser 

that the clectrophi!ic chlorine atom displays its observed preferences for 
abstracting tertiary hydrogens more readily than secondary hydrogens and 
abstracts primary hydrogens the least readily. The observation that primary 
hydrogens can be abstracted even when tertiary hydrogens are present 
suggests either that the differences in electron densities at tertiary and 
primary reaction sites'are not extensive or that the chlorine atom is not 
remarkably sensitive to electron density differences. Listed in Table 2 are 

TABLE 2. Relative reactivitiesa of alkyl hydrogens towards abstraction by 
chlorine atoms 

Compound Temperature Rcference 
("C) 

CH~-CH-CH3 
I 1.0 
CH3 

25 7 

25 7 

3.7 ' 1.0 

I I  
CHj CH3 

1.0 2-6 

2.45 

CH3-CH-CH-CH3 55 8 

CH3-CHz-CH2-CHZ-CH2-CH3 20 9 

0.83 2.16 1.0 
(CH 3) ZCH-CH 2- CH 2- CH 8- CH 2- CH 3 20 10 

2-48 1 -45 2.10 

a Statistically corrected. 

the re!ative rezctivities of various alkyl hydrogens towards abstraction by 
chlorine atoms. Keeping in mind that these ratios are statistically corrected 
for the number of available hydrogens at each site, it becomes apparent 
that considerable amounts of primary chlorides are formed in the reactions 
of alkanes even with available tertiary hydrogens. For example, chlorina- 
tion of 2,3-dimethylbutane in carbon tetrachloride at 55" yields a mixture 
having 63% of the primary afkyl halide and 37% of the tertiary alkyl 
halide. Although the tertiary hydrogens are 3-7 times more reactive than 
the primary hydrogens at this temperature, there are six times as many of 
the latte$. 
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The small degree of selectivity displayed by  the chlorine atom as a 
hydrogen abstractor indicates that there are only small differences in the 
activation energies for the reactions. Indeed, most of the activation energy 
differences are less than one kilocalorie per mole (e.g. Epri-Etert = 
-0-54 kcal/mole for isobutanell; Eprl-Etcrt = 0.7 kcal/mole for 2,3- 
dimethylbutane,; EDri - E,,, = 0.4 kcal/mole for n-butane)l2. Although 
increasing the reaction temperature tends to decrease the relative rates of 
hydrogen abstraction, these differences are not large. For example, 
chlorination of isobutane at 0" yields a product mixture having 38% 
t-butyl chloride, but the amount of the tertiary chloride at 200" decreases 
to only 29% yield of the reaction mixture13. Likewise, lowering the reaction 
temperature has little effect in increasing selectivity as evidenced by the 
69% yield of 2-chlorobutane obtained from chlorination of n-butane at 
68" being increased only to 73:4 by performing the reaction at -78" 13. 

Only at  relatively high reaction temperatures can the selectivity in the site 
of chlorination be eliminated and the product distribution of the mono- 
chloride approach the statistical distribution of the various hydrogens in 
the molecule. 

The relative reactivities of the hydrogens of cycloalkanes towards 
hydrogen abstraction by chlorine atoms indicate that, although small, 
there is some contribution of the alkyl radical to the transition state of the 
reaction. The observed relative reactivities per hydrogen atom of the C, 
c6, C, and C, cycloalkanes at 40" is 1 *04 : 1 -00 : 1-1 1 : 1.59 14. This order of 
reactivities parallels the relative stabilities of the corresponding cycloalkyl 
radicals. Since considerably larger differences in the relative reactivities are 
observed in reactions of more selective hydrogen abstracting radicals 
(e.g. the reactivity ratio of C,, C6, C, and c8 cycloalkanes towards abstrac- 
tion by CI,C is 1.6 : 1.0: 3.3 : 9.2)15, it must be concluded that the 
contribution of the cycloalkyl free radical to the transition state of the 
chlorine abstraction reaction is small. 

2. Solverrt effects 

The electrophilic character of the chlorine atom renders Lewis-acid 
character to the species. In the presence of a suitable Lewis base, the 
chlorine atom may be effectively complsxed and therefore becomes a less 
euezgetic species 'thz:: tho free, non-comp!exed ch!orine atom. That this 
can occur is evidenced by the greater selectivity displayed by chlorine as 
hydrogen atom abstractor in certain solvents. Table 3 lists the relative 
reactivities of the tertiary hydrogen with respect to primary hydrogen 
(kJk,) of 2,3-dimethylbutane towards abstraction in photochlorinations 
of the alkane in various solvents8. Examination of these data shows that 
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some solvents have a remarkable effect on the selectivity of the chlorine 
atom as a hydrogen atom abstractor. 

The halocarbons have essentially no effect on the reactivity of the 
chlorine atoms as a hydrogen abstractor. Oxygen-containing compounds, 
on the other hand, do increxe the selectivity of the chlorine atom to some 

TABLE 3. Solvent effects in chlorinations of 
2,3-dimethylbutanes 

Solvent ktlk, 
(molar concentrations) 

25°C 55°C 

2,3-Dimethylbutane (7.6) 3.7 
C1,C (4-0) 3.5 
Cl,C=CHCl(4*0) 3.6 
(CH3)sCOH (4.0) 4.8 
1 ,4-Dioxan (4.0) 5.6 
Nitrobenzene (4.0) 4.9 
Chlorobenzene (2.0) 9.0 

Benzene (2.0) 11-0 
Benzene (4.0) 20.0 

Chlorobenzene (4.0) 17-1 
Chlorobenzene (6.0) 27.5 

Benzene (8-0) 49.0 
Anisole (4-0) 18-4 
csp (2.0) 15-0 
cs, (4-0) 33-0 
cs, (1 1.0) 161-0 
cs, (120) 225-0 

LT Statistically corrected. 

degree as do the aromatic compounds. The free chlorine atom is in 
equilibrium with the complexed species, both of which can apparently 
function as hydrogen abstractors. The complexed chlorine atom, being 
less energetic than the free chlorine atom, participates in the abstraction 
reaction in a process having a transition state with a considerable amount 

CI'+ 0-R CI+O-R (64) 
1 
R 

i 
R 

1 
Y 
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of product character. As a consequence, tertiary hydrogens are more easily 
abstracted than primary ones by the complexed chlorine atom. The 
differences in the reactivity ratios observed in different solvents probably 
reflect mainly the re;ative amounts of abstraction performed by the 
complexed and non-complexed chlorine atoms. Increasing the solvent 
concentration, as expected, increases the selectivity, since the equilibrium 
favours the complexed chlorine atoms relative to the non-complexed 
atoms at the higher solvent concentrations. 

In addition to concentration effects of the solvents, there are structural 
factors that influence the effectiveness of the solvent as a complexing agent. 
These features relate, for the most part, to the Lewis-bcse character of the 
solvent. While alcohols and ethers display comparatively weak Lewis-base 
character towards the chlorine atom, the aromatics are somewhat more 
effective. Electron-withdrawing groups (C1 or NOJ decrease the effective- 
ness of the aromatic ring relative to benzene in complexing with chlorine 
atoms. On the other hand, the electron-releasing methoxy group has the 
opposite effect. 

Carbon disulphide is unique as a solvent for chlorinations with molecular 
chlorine since, in sufficiently high concentrations, it renders the reaction 
the same high degree of selectivity observed in brominations with molecular 
bromine. The chlorine atom is very effectively complexed by carbon 
disulphide, possibly by way of forming a a-complex which in turn reacts as 
the hydrogen atom abstracting species. 

RH CI' + s=c=s > CtS-e=S - HCI 4- R' CS, (66) 

B. Alkylaromatics 
Toluene can be chlorinated in the side-chain to yield a single product, 

namely benzyl chloride, in high yield. Chlorination of most other alkyl- 
aromatics presents the same problems encountered in the chlorination of 
alkanes, namely, substitution occurs on each carbon of the alkyl chain. As 
might be expected, benzylic hydrogens are the most reactive towards 
abstraction by chlorine atoms and the a-chloroalkylaromatics generally are 
the major monochlorinated reaction product. The amount of hydrogen 
abstraction from the benzylic carbon, a reaction that leads to the formation 
of a resonance-stabilized benzylic free radical, is actually somewhat more 
pronounced than might be expected as a first approximation. For example, 
the relative reactivity ratios, k,/k,, for the reactions of chlorine with 
ethylbenzene and curnene (see Table 4) are unexpectedly high for reactions 
that should not have a significant amount of product character in the 
transition state. This seemingly anomalous situation becomes clarified if 
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TABLE 4. Chlorinations of ethylbenzene and cumenele 

Alkylbenzene 

Ethylbenzene 
Et hylbenzene 
Ethylbenzene 
Ethylbenzene 
Ethylbenzene 
Cumene 
Cumene 
Cumene 
Cumene 
Cumene 

(Conc.) Solvent 

8-10 
5.14 
3-07 
1 -49 
0.0 
7.05 
5.04 
3.00 
1 *49 
0.0 

None 
Nitrobenzene 
Nitrobenzene 
Nitrobenzene 
Nitrobenzene 
None 
N itrobenzene 
Nitrobenzene 
Nitro benzene 
Ni trobenzene 

14-5 
6.15 
3.63 
2.70 
2.00b 

42.2 
2G.8 
10.6 
5.24 
3*50b 

Statistically corrected. 
Extrapolated values. 

the relative reactivity ratios found for the chlorinations of these alkyl- 
aromatics in nitrobenzene are examined. Nitrobenzene has little tendency to 

C l * + a C H C H 2 R  I -% HCI + ( C ) F C H z R  ( 0 ) Y C I C H z R  (67) 

R R R 

complex with free chlorine a t o m  whereas, because of the electron-releas- 
ing character of alkyl groups, the alkylaromatics do complex free chlorine 
atoms effectively. Dilution of the alkylaromatics with nitrobenzene 
decreases the extent of solvation of the hydrogen atom abstracting chlorine 
atoms, thereby increasing the amount of hydrogen abstraction by free, 
non-complexed chlorine atoms relative to those complexed by the 
alkylaromatics. Extrapolation of the experimental data to  zero concentra- 
tion of the alkylbenzene, a situation in which there would be hydrogen 
atom abstraction only by free, non-complexed chlorine atoms, shows 
that the reiative reactivity ratios of primary, secondary and ieriiaiy 
hydrogens are similar to those observed in alkanes. It is interesting that 
the extrapolated values indicate no significant contributions to the 
hydrogen atom abstraction transition states of the resonance stabilized 
benzylic radical formed as a product of the process. The exothermicity of 
the reactions (AH = - 18 kcal/mole) is substantially greater than that 
encountered in the hydrogen atom abstractions from the cycloalkanes 
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(AH = - 8 kcal/mole). Even less product-like character is evident in the 
transition states of the more exothermic hydrogen atom abstractions from 
benzylic carbons by non-complexed chlorine atoms than in abstractions 
from alkanes. 

C. Alkyl Halides and Aliphatic Acid Derivatives 

Both the lack of an extensive product-like character in the transition 
state and the electrophilicity of the chlorine atom as a hydrogen abstractor 
are displayeci in the reactions of molecular chlorine with various alkyl 
halides, aliphatic acids and their derivatives. Table 5 lists the relative 
amounts of monochlorination observed at different carbons for several 
such compounds. 

TABLE 5. Monochlorination product distribution 

Compound Temperature Reference 
(“C) 

4-2 0.7 
CK 3-CH Z-CHZ-CH zC1 
1.0 2.2 

CH3-CH,-CH,-CHzEr 
4.0 0.5 

1.0 (-1 

CHZ-CH 2-CH z-CH2F 
3-7 0.8 

1.0 1-6 

4.3 0.04 
CH3- CH2-CH2-CHz- CF3 
1-0 1.2 

CH 3-* CH 2- CH a- CH 2- CO 2CM 3 

1.0 2.2 

CH3-CHz-CHz-CH2-COCl 
1.0 2.1 

4.2 0.08 
CH3- CH2-CH 2- CH,- COF 
1.0 1-5 

4.4 

4.2 0.7 

3.9 0.2 

CH3-CH2-CH2-CHz-CN 
1.0 

35 

35 

35 

75 

75 

75 

60 

(-1 

17 

17 

17 

18 

19 

19 

20 

21 
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It is most significant that chlorination is least effective on the carbon 
atom bearing the halide or acid function. The lack of extensive hydrogen 
atom abstraction by the chlorine atom at these sites can be ascribed to low 
electron densities at the carbon atoms bonded to electron-withdrawing 
functionalities. The data indicate that this effect is operative in decreasing 
the reactivities of the /3-hydrogens, but to a lesser extent. The most reactive 
hydrogens towards abstraction by a chlorine atom in these compounds are 
those on the penultimate carbon. Not only is the inductive effect of the 
electron-withdrawing functionality ineffectivz this far down the chain, but 
the electron-releasing character of the terminal methyl group also increases 
the electron density at this site. 

7 * +f 
CH3-CH2-CH2- CH,-X 

c 

The lack of any significant amounts of hydrogen abstraction from the 
a-carbons of the acids azld their derivatives again points out the reactant- 
like character of the transition states of hydrogen atom abstractions by 
chlorine atoms. The a-carbonyl- and a-cyano-radicals formed in these 
abstractions from the a-carbons are stabilized by resonance contributions 
of these functionalities to the hybrid free radical. Apparently any contribu- 
tions of the resonance-stabilized radicals to the transition states of the 
hydrogen abstractions are very small and essentially negated by the 
inductive polar effect. 

D. Alcohols, Amines, Ethers and Aldehydes 

Chlorination of primary and secondary alcohols generally results in 
oxidation of the alcohol function to the corresponding aldehydes and 
ketones, respectively. The reactions n a y  be free-radical chain processes 
involving formation of the halohydrin but non-radical mechanisms are 
also possible. If, however, the chlorination is performed in strong acid, the 
protonated akohol is observed to undergo chlorination at carbon atoms 
not bearing the protonated hydroxyl group. For example, chlorination of 
I-butanol in liquid hydrogen ftuoride yields a mixture of 2-, 3- and 4- 
chlorobutanols in a ratio of 2 : 3 : 322. Attack by chlorine atoms at the 
I-carbon of the protonated alcohol does not occur because of the strong 
electron-withdrawing effect of this functionality. Similarly, chlorination of 
1-aminobutane in trifluoroacetic acid yielded 40% of the terminal chloridez3. 

Chlorination of ethers generally yields an a-chloroether**. A side 
reaction that may occur in the course of the chlorination is the fragmenta- 
tion of the intermediate ether-derived free radical before it reacts with 
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molecular chlorine. For example, n-butvl nethyl ether may yield a mixture 
of n-butyraldehyde and methyl chloride as reaction productsz5. Fragmenta- 
tions of the a-alkoxyalkyl radicals occur most readily at higher tempera- 
tures2G and for that reason, svccessful photochlorinations of the ethers 

CI' + CH,Cl-!,CH,CH,OCH, - HCI + CH,CH,CH,kHOCH, (69) 

CH,CH,CH,~HOCH, - CH,CH,CH~C=O + CH; 
I 
H 

CH; + CI,- CH,CI -+ CI' 

(70) 

(71 1 

must be performed a t  lower temperatures. Chlorinations of cyclic ethers 
have been accomplished successfully at temperatures in the range of 
- 30" to - 40°?' Epoxides are chlorinated using t-butyl hypochlorite 
yielding the expected or-chloroethers (e.g. propylene oxide is converted to 
2-chloropropylene oxide)28 but reactions with molecular chlorine are 
complicated by subsequent reaction G f  the reaction products with the 
hydrogen chloride formed as the by-product of the chain sequence. 
Reaction of propylene oxide with chlorine, for example, yields both 
chloroacetone and propylene halohydrin as reaction products29. 

Aldehydes and ketones having a-hydrogens undergo rapid reactions 
with chlorine yielding the a-chloro-compounds via an ionic route. 
Aldehydes having no or-hydrogens react with chlorine at  elevated tempera- 
tures yielding acid chlorides as reaction products. The reaction probably 
proceeds by a free-radical path involving abstraction of the aldehydic 

CI' + FI:C=O - HCI + RC=O 
i 
H 

hydrogen by a chlorine atom followed by reaction of the resulting acyl 
radical with moIecu!ar ~ H o r i n e ~ ~ .  Other halogenating agents, namely 
carbon tetrachloride3I, sulphuryl chloride30 and t-butyl hypochloriteZ8 have 
also been employed to convert aldehydes to acid chlorides (see next 
section). 

E. Other  Chlorinating Agents 

The lack of specificity displayed by chlorine has served to promote the 
investigation of other chlorine-containing compounds as chlorinating 



574 Earl S. Huyser 

agents. The requirements for such a compound to be of value as a specific 
chlorinating agent are the following: it must have a chlorine atom that is 
reactive enough to be abstracted by the free radical that is derived from the 
substrate being chlorinated. The free radical derived from the chlorinating 
agent must either be, or give rise to, a hydrogen abstracting radical that has 
a higher degree of selectivity in this capacity than i? chlorine atom. These 
reagents all suffer from the disadvantage of being more costly than chlorine. 
When the advantage of specificity outweighs the commercial disadvantages, 
the value of the quest for such reagents is realized. 

1. Sulphuryl chloride 
Chlorinations of alkanes with sulphuryl chloride involve the following 

chain sequence of reactions. Rpaction of the alkyl radical with sulphuryl 

R' + SO,CI,- RCI + S0,CI' (74) 

S0,CI' + RH > R' + SO, + HCI (75) 

chloride is a facile process and yields the chlorosulphonyl radical which is a 
more specific hydrogen atom abstracting species than the chlorine atom. In 
Table 6,  thc relative reactivities of tertiary hydrogens with respect to 

TABLE 6. Reactions of 2,3-dimethylbutane with 
chlorine and sulphuryl chloride32 

Condition Temperature ktert/k,,i 
("C) 

c1, S0,Cl2 

Neat 55 3-7 10.0 
Neat 25 4.2 12.0 
8 Molar benzene 25 4.9 53 
4 Molar benzene 55 14.5 27.8 
8 Molar benzene 55 32 36 

primary hydrogens (ktert/kprj) of 2,3-dimethylbutane towards substltutic= 
with both molecular chlorine and sulphuryl chloride are listed. Neat 
sulphuryl chloride is more selective than chlorine, indicating that significant 
amounts of hydrogen atom abstraction are probably performed by the 
chlorosulphonyl radical (S0,CI'). The reason that .the degree of specificity 
is not greater may be due either to a lack of high specificity of the chloro- 
sulphonyl radical as a hydrogen abstractor or to the fact that the radical is 
not stable and decomposes to a significant degree, yielding chlorine atoms 
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which do part of the hydrogen atom abstracting. The relative reactivity 

S0,CI' - so, + CI' (76) 

ratios observed in benzene appear to favour the latter explanation. At the 
higher benzene concentrations, the reactivity ratios for both halogenating 
agents are more alike than in either the lower benzene concentrations or in 
the absence of the aromatic solvent. Apparently the chlorosulphonyl 
radical is of comparable or less stability than the complex of the free 
chlorine atom with benzene. At the higher benzene concentrations, the 
benzene-complexed chlorine atom is the predominant hydrogen atom 
abstracting species for both chlorine and sulphuryl chloride. With this in 
mind, m e  would not expect to find a significant difference in the specificities 
of the two chlorinating agents in their reactions with alkylaromatics. 

2. t-Butyl hypochlorite 

Hydrocarbons can be chlorinated with t-butyl hypochlorite in a free- 
radical chain reaction that involves the f-butoxy radical as the hydrogen 
atom abstracting speciesa3. The reagent itself is very reactive towards 
chlorine abstraction by alkyl radicals but, from the kinetic analysis of the 
chlorination of chloroform3 with t-butyl hypochlorite, it is apparently less 

R' + (CH,),COCI > RCI + (CH,),CO* (77) 

(CH,),CO' + RH ____+ (CH,),COH + R' (78) 

reactive towards abstraction by electrophilic species such as the tricfdoro- 
methyl radical. With most hydrocarbons, the kinetic chain lengths of the 
chain sequence are long and can be initiated either by light or chemical 
initiators. t-Butyl hypochlorite is commercially available but also can be 
prepared either by passage of chlorine into a mixture of t-butyl alcohol and 
sodium hydroxide or by acidification of a mixture of the alcohol and 
sodium hypochlnrlte with an equivalent of acetic acid. t-Butyl hypo- 
chlorite is a yellow, water-insoluble liquid that can be distilled (b.p. 79"). 
It is capable of storage for long periods in the dark but may explode when 
exposed to intense illumination. 

The chain sequence outlined above indicates that the t-butoxy radical is 
the hydrogen atom abstracting species and therefore determines the 
specificity of the reagent as a chlorinating agent. At elevated temperatures, 
the t-butoxy radical fragments, yielding a methyl radical and acetone. 
Although the methyl radical may function as a hydrogen atom abstractor, 
it most iikely does not do so but rather reacts with the chlorinating agent. 
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While no specificity that might be rendered by the t-butoxy radicals is lost, 
some of the chlorinating agent is consumed in the chain sequence of 
reactions leading to the formation of acetone and methyl chloride. A more 
serious complication arises if the hydrogen chloride resulting from light- 
induced reactions is formed in large quantities. Hydrogen chloride and 
t-butyl hypochlorite interact to yield molecular chlorine which may 

(CHJ,COCI + HCI - (CH,),COH 4- C1, (81 ) 

function as the chlorinating agent, a complication that becomes serious if 
the halogenating chain sequence is short and much initiation is required. 

(CH,),COCI z t  (CH,),CO' + CI' (82) 

CI' + RH P HCI + R' (83) 

Thc t-butoxy radical is more selective than the chlorine atom as a 
hydrogen atom abstractor although it resembles a chlorine atom in this 
capacity more than a bromine atom. The transition states for hydrogen 
atom abstraction resemble the reactants more than the products of the 
process. A good linear correlation is observed between the log of the relative 
reactivities of the rneta- and para-substituted toluenes and the Hammett 
U-values of the substituents ( p  = -0.83 at 40°)33. This observation is 
indicative both of the electrophilicity of the t-butoxy radical and the lack of 
product-like character in the transition state of the hydrogen atom 
abstraction reaction, at least in the case of benzylic hydrogens. 

Like the chlorine atom, the t-butoxy radical is subject to solvent 
interactions. The solvent effects observed for the t-butoxy radical are 
somewhat more subtle than those described earlier for chlorine atoms. For 
the latter, the solvent interacts with the radical and the solvated or 
complexed chlorine atom is the actual hydrogen abstractor. The solvation 
of the t-butoxy radical very likely occurs at the radical site, namely the 
oxygen with the unpaired eiectron. Hydrogen atom abstraction from a 
substrate by such a complexed radical cannot readily take place unless 
so'me degree of desolvation occurs. The extent of desolvation required for 
the transition state to be attained depends on the amount of product-like 
character of the transition state. Thus, more desolvation is encountered in 
hydrogen abstractions of primary hydrogens than of tertiary hydrogens. 
This solvent effect does not become apparent in the relative reactivity 
ratios of various hydrogens with respect to each other as in the case of the 
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chlorination reactions with niolecular chlorine. Table 7 lists tbe relative 
reactivity ratios of the tertiary hydrogens with respect to the primary 
hydrogens in the reactions of 2,3-dimethylbutane with t-butyl hypochlorite 
in various solvents. At any given temperature, the relative reaciivity ratios 

TABLE 7. Reactions of 2,3-dimethylbutane with t-butyl 
hypochlorit~~~ 

Solvent ktertlkpri Epl,i-Et%rh" 

100" 70" 40" 25" 0" 
~ ~~~ ~ 

None - - 44 54 68 1-85 
Benzeneb - - 55 70 89 1-99 
Chlorobenzeneb - 35 54 66 94 2-58 
Acetoneb 20 30 51 76 128 3.77 
Acetonitrileb 10 17 33 47 - 4.57 

a kcalfmole. 
[2,3-Dimethylbutane] =0.8 molar and It-BuOCI] = 0 2  molzr. 

are quite similar in the various solvents. However, on examination of the 
difference in activation energies, a significant effect for the various solvents 
becomes apparent. A plausible explanation for this effect is the following: 
in order to attain the transition states for the hydrogen abstractions, which 
might be similar in each solvent since the main components would be the 
t-butoxy radical and the substrate, a greater degree of desolvation is 
required for primary hydrogen atom abstraction than for tertiary hydrogen 
abstraction. The primary hydrogen abstraction is a less exothermic process 
than tertiary hydrogen abstraction and therefore has a transition state 
with somewhat more product-like character and will require more complete 
removal of the solvent from the radical site for the transition state to be 
attained. The more tightly the solvent is complexed with the t-butoxy 
radical, the greater will be the energy necessary to remove the solvent 
molecules from the radicaI site. This energy appears in the activation energy 
for the primary hydrogen atom abstraction to a greater extent than in the 
activation energy for abstraction of the more reactive tertiary hydrogens, 
which have transition states with less product-like character and therefore 
do not require the same degree of desolvation of the radical for the 
transition state to be attained. From the data in Table 7 it can be concluded 
that the solvation of the t-butoxy radical by acetonitrile may involve 
solvation energies amounting to almost three kcal/mole. 
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The allylic hydrogens of alkenes are labile to attack by i-butoxy radicals, 
yielding allylic radicals which, on reaction with t-butyl hypochlorite, result 
in formation of a mixture of allylic chlorides. For example, trans-2-butene 
is converted to a nixture of trans-1-chloro-Zbutene and 3-chloro-1-butene 

H H3C\ / -+ (CH,),COH -I- HZ'C, H/C=C, / 
H 

,c=c + (CHJ,CO' - 
H 'CH, CH, 

at 40". The most striking feature of these allylic chlorinations is that the 
hybrid allylic radical retains its config~rat ion~~.  Chlorinations of other cis 
and trans isomeric alkanes with the same reagent also yield allylic chlorides 
with the same configuration as the alkene indicating the preservation of the 
stereochemistry of the alkene in the hybrid allylic radical. If no allylic 
hydrogens are available for abstraction by the t-butoxy radical, it will add 
to the unsaturated linkage, yielding ultimately an addition product of 
t-butyl hypochlorite and the alkene (e.g. reaction with styrene)36. 

3. Trichlorornethanesulphonyl chloride and trichlorornethane- 

Alkanes and alkylaromatics have been chlorinated with trichloro- 
methanesulphonyl chloride (Cl,CSO,CI) in light- and peroxide-induced 
reactions3'. The chain sequence for the chlorination reaction most likely 
involves hydrogen atom abstraction by the trichloromethanesulphonyl 
radical (C1,CS0,')38. The latter radical displays a degree of selectivity 
considerably greater than that of either a chlorine atom or a t-butoxy 
radical, attacking tertiary hydrogens of alkanes in preference to secondary 
(ktert/kSec = 20) or primary (ktept/kpri = 20-30) and only the benzylic 

Cl,CSO; + RH - CI,CSO,H + R' (86) 

R' + C!,CSO,CI- RCI + CI,CSO; (87) 

sulphenyl chloride 
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hydrogens of alkylaromatics. TrirhloromethanesuIphinic acid is the 
product formed in the hydrogen atom abstraction reaction but this species 
is not stable and decomposes to chloroform and sulphur dioxide, the 
observed by-products of the chlorination reaction. The kinetic chain 

CI,CSO,H - HCCI, + SO, (88) 

lengths of the reaction sequence are short compared to those of chlorina- 
tions with molecular chlorine, sulphuryl chloride or t-butyl hypochlorite. 

Although the hydrogen atom abstractor is shown above to be thz 
trichloromethanesulphonyl radical, it may be that this radical decomposes, 
as in the case of the chlorosnlphonyl radical, yielding a free trichloromethyl 
radical which may be the hydrogen atom abstractor. That the reaction 

(89) 

CI,C' + RH z HCCI, + R' (90) 

does not proceed entirely by this route is evident from the observation that 
the relative reactivity of cyclohexane with respect to toluene is different for 
trichloromethanesulphonyl chloride (kcsclohclane/ktoluene = 1.86) and 
for bromotrichloromethane (kcyclohesone/ktoluene = 0-20), a halogenating 
agent known to involve the trichloromethyl radical as the hydrogen atom 
abstracting species. 

Trichloromethanesulphenyl chloride (C1,CSCI) reacts in light- and 
peroxide-induced reactions with alkanes according to the following 
stoicheiometryS9 : 

R H  + 2 CI,CSCI - RCI + HCI + CI,CSSCCI, 

cIIcso; ___+ CI,C* + so, 

(91 1 

The mechanism proposed for the reaction involves hydrogen atom 
abstraction by a trichloromethanethiyl radical, a species having a degree of 

R' + C1,CSCI - RCI + CI,CS' (92) 

Cl,CS' + RH > CI,CSH + R' (93) 

C1,CSH + CI,CSCI - HCI + CI,CSSCCI, (94) 

selectivity in this capacity similar to that of the trichloromethyl radical. 
For example, at 0" the kterJkpri for 2,3-dimethylbutane is 110 and the 
k,, Jkpri for iz-pentane is 33, The disulphide formed as a by-product in the 
reaction can be isolated and converted back to the starting material by 
treatment with chlorine. 
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4. N-Chloroamides 
N-Chlorosuccinimide can be used to chlorinate hydrocarbons in reactions 

that are either light-induced or initiated with benzoyl peroxide40. The 
mechanism of the chlorination reactions with this is probably similar to 

that of the brominations with N-bromosuccinimide in that the actual 
halogenating agent is the molecular halogen generated by interaction of 
the N-haloamide and the hydrogen halide produced as a product of the 
halogenation chain sequence. Since the site of chlorination is determined 
by a chlorine atom, little advantage in terms of selectivity is gained in 
using this reagent. 

R' + CI, - RCI + CI' (97) 

(98) CI' + RH - > HCI + R' 

N-Chlorosulphonamides have been used to chlorinate alkanes41. The 
selectivity of these reagents is only slightly greater than that observed for 
chlorinations with molecular chlorine and has prompted the suggestion 
that sulphonamide radicals may be the hydrogen abstracting species in 
these reactions. If so, the sulphonamide radicals do not show a degree of 
selectivity as hydrogen abstracting radicals significantly different from 
chlorine atoms. Since the yields of chlorinated products are low in these 
reactions, little advantage i s  gained in the use of these reagents as chlorinat- 
ing agents (see Table 8). 

5. Phosphorus pentachloride 
Alkanes and alkylaromatics can be chlorinated with phosphorus 

pentachloride in benzoyl peroxide-induced reactions at 100" 43. A degree of 
selectivity displayed by this reagent is observed that is about comparable to 
that of trichloromethanesulphonyl chloride (see Table 8). Hydrogen atom 
abstraction is probably accomplished by the PCl; radical in these reactions. 

(1 00) 

(1 01 1 

PCI: + RH 

R' + PCI,- RCI + PCI; 

> PCI, + HCI + R' 
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A similar selectivity is noted in the chlorinations of alkanes with 
molecular chlorine in the presence of phosphorus trichloride, suggesting 
that the chlorine atom may be effectively complexed with this reagentu. 
The complex is not extremely stable since competition reactions of 

cyclohexane and toluene with PCI, indicate a selectivity comparable to that 
of molecular chlorine. In this case, the aromatic ring of the toluene 
possibly complexes the chlorine atom more effectively than the PCl, and 
the selectivity displayed is essentially that observed in the absence of PCI,. 

6. lodobenzene dichloride 

In light-induced reactions, iodobenzene dichloride reacts with alkanes to 
yield primarily the chlorinated alkane, iodobenzene and hydrogen 
chloride&. The mechanism for the reaction has been suggested to involve 
the following free-radical chain sequence of reactions in which the hydrogen 
abstraction is performed by C,H,ICI': 

Iodobenzene itself displays good complexing properties with chlorine 
atoms as evidenced by its effectiveness in increasing the selectivity of the 
chlorine atom as a hydrogen atom abstractor in reactions of molecular 
chlorine. The relative reactivity ratio of tertiary to primary hydrogens of 
2,3-dimethylbutane towards substitution with chlorine with iodobenzene 
dichloride is over 350 at 40°, indicating a high degree of selectivity of the 
monochloroiodobenzene radical as a hydrogen atom abstractor. 

7. Cupric chsoride 

2,3-Dimethylbutane and toluene have been chlorinated in the photolysis 
of a mixture of the hydrocarbon in acetonitrile with cupric chloride and 
lithium chloride (the latter presumably present to increase the solubility of 
CuClh. A non-chain free-radical process involving the chlorine atom as the 
hydrogen atom abstractor has been proposed for the reaction. Both the 
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lack of specificity and the non-chain character of the reaction render the 
reagent of limited value as a chlorinating agent4G. 

(f 05) 

(1 06 

(1 07) 

Liuht 

CI' 3- RH - HCI + R' 

CuCI,- CUCI + CI' 

R' f CuCI,- RCI + CuCl 

8. N-Chloroamines 

The Moffmann-Lofflei reaction is an intramolecular chlorination 
involving protonated N-chl~roamines'~. The reaction can be initiated 
thermally or, at lower temperatures, with light, with ferrous ions, with 
hydrogen peroxide or with a combination of the latter two reagents. An 
intramoleculzr hydrogen atom abstraction performed by an amino radical 
is the key step in the free-radical chain sequence for the reaction. For 
example, N-chlorodibutylamine reacts at 20" in 85% sulphuric acid in a 
light-induced reaction by the path outlined in the chain sequence (108)- 
(1 10) which is initiated by the photolysis of the protonated N-chloroamineA7. 

Lhht 
(n-C,H,),NCI + H + ___+ (n-C,H,),NHCI+ - 

(n-C,H,),fiH+ + Cl' (108) 

.+ 
CH,CH,CH,CH,NHC4H,-n > 

'CH,CH,Cti,CH,~H,C,H,-n (109) 

+ + 
'CH,CH,CH,CH2NH,C,H,-~ + (n-C,H,),NHCI - 

CICH,CH,CH,CH,+NH,C,H,-~ + (~-c,H,),~H + (I 10) 

It  is significant that the protonated species is also involved in the chain 
sequence itself, particularly in the hydrogen abstraction reaction. The 
charge on the radical must impart a large degree of electrophilicity to the 
radical as a hydrogen abstracting species. This behaviour becomes evident 
in intermolecular chlorinations of organic compounds having electron- 
withdrawing functionalities. The amounts of chlorination at various sites of 
the following molecules using N-chloroamines (R,NCI) in sulphuric acid 
(80-90%) and light to induce the reactions illustrate the selectivity of the 
protonated dialkylamino radical (R26H+) as a hydrogen atom abstracting 
radical. It is noteworthy that the penultimate carbon undergoes the most 
extensive substitution in each case, probably because of the electron- 
releasing qualities of the terminal methyl group. 
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CH,-CH,-CH,-Cti2-CH,-COzCH3 (Reference 48) 
4% 15% 0% 

78% 5% 

2% 19% 0% 
CH,-CH,-CH,-CH,-CH,--CH,CI (Reference 49) 

72% 7% 0% 

1% 6% 0% 

93% 0% 
CH,-CH,-CH2-CH,-CH,-CO,H (Reference 50) 

2% 
CH,-CH,-CH,-CH,-CH,-CH,OH (Reference 50) 

90% 2% 0% 

585 

9% 12% 0% 

79% 0% 
CH,-CH,-CH,-CH,-CH,OCH, (Reference 50) 

IV. BROMINATIONS 

A. Alkanes 

Bromine atoms are less energetic than chlorine atoms and consequently 
display a greater degree of specificity as hydrogen abstracting radicals. 
Hydrogen abstractions from alkanes by bromine atoms involve transition 
states having a considerable amount of product character and consequently 
both resonance and polar aspects of the resulting free radical contribute 
significantly to the structure of the transition state. Owing to the electron- 
accepting qualities of the bromine atom, the contributions to the transition 
state of the hydrogen abstraction from an alkane of the canonical structure 
having complete charge separation may be considerable if the cationic 
species is itself stabilized by efficient delocalization of the positive charge. 
Since the order of relative stability of catbonium ions is tertiary > secondary 
+primary$ methyl, it is not surprising that bromine atoms abstract 

Br' + RH - [Br.-.H...RJ f------f [Br- . - .H-- -R+;  -----+ HBr + R' 

(111) 

tertiary hydrogens considerably more readily than primary or even 
secondary hydrogens. Relative reactivities of various hydrogens have been 
calculated from available rate data and are given in Table 9. It can be 
deduced from these data that if a tertiary hydrogen is available along with 
primary and secondary hydrogens, the amounts of primary bromides 
ultimately formed in the chain process vill be negligible whereas the 
amounts of secondary bromide could be appreciable (depending on the 
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TABLE 9. Relative reactivities of alkyl hydrogens towards abstraction by 

bromine atomss1. 52  

~~ 

Relative reactivities" 

Primary Secondary Tertiary 
--- 

~~~~~ 

CH3CH2-H (1.00) (CM3)zCH-H (88)b (CH3)3C-H (1980)b 
CH3CH2-H (1.00) CH3CH2CH(CH3)- H (43Y (CH3)aC- H (1 980)b 
CH3CH,CH,CH,-H CHBCHzCH(CH3)- H (82)' (CII 3)3C-H (1 640)" 

(1 -00) 

Statistically corrected. 
Relative to the hydrogens of ethane. 
Relative to the primary hydrogens of ti-butane. 

statistical availability of secondary hydrogens with respect to tertiary 
hydrogens). For example, bromkation of 3-methylpentane could yield 
anywhere from 10-20% 2-bromo-3-methylbutane along with the tertiary 
bromide, 3-bromo-3-methylpentane. The amount of the primary bromide, 
l-bromo-3-methylpentane, formed would be less than one per cent of the 
total mono-brominated product, however. 

CH, 
I 

CH3CH CHCH,CH, (1 0-2079 
I 

> Br Br (112) r* CH3CH2CHCH,CH, - 
I I 

C H3C H 2 CC H pC H 3 
I 

CH, 

CH3 

(80-90%) 

Although dibromides could be obtained by further bromination of the 
monobromides (see section IV. C), the amounts of dibromide are often 
observed to be greater than might be expected on the basis of the available 
monobromides. Formation of excessive amounts of dibromides is 
particularly evident in branched hydrocarbons which form tertiary alkyl 
bromides as the initial products. For example, bromination of 2,3- 
dimethylbutane with 25 mole% bromine at 55" yielded 89% 2,3- 
dibrom0-2-3-dimethylbutane~~. Similarly, 2-methylpentane yielded 17.5% 
of 2,3-di bromo-Zmethylpentane along with 76% of the tertiary bromide53. 
The amount of dibromides produced in these reactions decreases with 
decreasing temperature but formation of dibromides has been found to 
occur in the dark provided some monobromination product is present. It 
has also been observed that the extent of dibromide formation depends on 
the nature of the hydrogens on the carbon atom adjacent to that bonded to 
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the bromine, the order of reactivity being tertiary 1 secondary > primary. 
The dark reaction has been suggested to be an ionic process involving 
dehydrohalogenation of the monobrominated product yielding an alkene 
that undergoes rapid ionic addition of molecular bromine. The extent of 
dibromide formation via this route appears, therefore, to be related to the 
ease of formation of the unsaturated linkage which in turn is determined by 
the stability of the alkene formed in terms of the substituents that stabilize 
the unsaturation by resonance. Consequently, it is not surprising that 
cumyl bromide is readily converted to the dibromide in a dark reaction 
since the uxaturated intermediate a-methylstyrene is stabilized both by 
an aryl group and a methyl group. 

The mechanism for the dehydrohalogenation reaction is not precisely 
clear but map involve heterolysis of the bromide promoted by either the 
available hydrogen bromide or molecular bromine. Loss of the hydrogen 
on the carbon atom adjacent to the carbonium ion site would follow the 
Saytzev rule producing the m.ost stable of the possible alkenes which then 
undergoes addition by molecular bromine. 

Structural features of certain hydrocarbons render tertiary hydrogens 
less labile towards abstraction by bromine atoms than secondary hydrogens. 
Bromination of n ~ r b o r n a n e ~ ~ ,  for example, yields a mixture of the endo- 
and exo-2-bromonorbornanes in a 1 : 3 ratio but none of the l-bromono- 
bornane that would result from abstraction of a tertiary hydrogen. In this 
case the tertiary bridgehead hydrogen is not abstracted since, owing to thc 

inability of the bridgehead carbon to assume the coplanarity of an sp2- 
hybridized carbon, the resulting tertiary alkyl radical is unstable. T i e  
predominant formation of the em-2-bromonorbornane reflects the less 
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hindered approach of the bromine at the exo-side of the 2-norbornyl 
radical relative to the more hindered approach from the endo-side. 

6. Alkylaromatics 
Toluene is readily brominated in the side-chain by molecular bromine ia 

a light-induced reaction. The effect of the aromatic ring in stabilizing the 
benzyl radical is extensive and decreases the bond-dissociation energy of a 
benzylic hydrogen to such an extent that, in contrast to alkanes, abstraction 
of benzylic hydrogens by a bromine atom is slightly exothermic. By way of 
contrast, the benzylic hydrogens of toluene are 64,000 times more reactive 
than the hydrogens of ethane toward abstraction by bromine atomss5. 
Although the greater reactivity of the benzylic hydrogens relative to the 
ethane hydrogens can in part be ascribed to the differences in the bond- 
dissociation energies of the carbon-hydrogen bonds (85 kcal/mole for 
toluene and 98 kcal/mole for ethane) and hence the resonance stabilization 
of the resulting radicals, the polar factor also plays a significant role in 
lowering the transition state energy requirement for the reaction. There is 
extensive delocalization of the positive charge of the poIar canonicaI 
structure that contributes to the hybrid transition state of the benzylic 
hydrogen abstraction reaction, whereas there is little contribution from the 
polar canonical structure to the hybrid transition state of the hydrogen 
abstraction from ethane. 
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It is interesting that hydrogen atom abstraction from toluene by 
bromine atoms is only about three times faster than abstraction of the 
tertiary hydrogen from isobutane. In the latter case, the contribution of the 
polar canonical structure to the hybrid transition state is significant 
because of extensive deiocalization of the positive charge in the t-butyl 
moiety. 

The combination of the radical resonance and cationic resonance factors 
to the transition states of benzylic hydrogen abstraction by bromine atoms 
causes those hydrogens to be more reactive than any of the others in alkyl 
aromatics. As a consequence, only a-bromo-alkyl aromatics are formed as 
the monobrominated products in the photobrominations of alkyl aromatics. 

The nature of the polar effects encountered in benzylic hydrogen 
abstractions by  bromine atoms can be appreciated in terms of the Hammett 
linear free energy relationship log(k/k,) = pa observed in examination of 
competitive brominations of mefa- and para-substituted toluene. 

A plot of logklk, for the bromination of rneta- and para-substituted 
toluene against the U-values of the substituents is not linear. On the other 
hand, if log k/k, is plotted against Brown and Okamoto’s o+-values for the 
sub~ti tuents~~,  a linear correlation is observed. The o+-parameters measure 
the ability of the substituent in the Ineta- or para-position relative to the 
reaction site to delocalize a positive charge that is developed at the reaction 
site in the transition state, as determined from solvolysis rates of cumyl 
chlorides (I 18). Hence, in the transition states of the hydrogen abstractions 
of benzylic hydrogen by bromine, development of cationic character at the 
benzylic position can be assumed, also. 

The p-values for benzyli): hydrogen abstraction by bromine atoms from 
meta- and para-substitutea toluenes depend significantly on the reaction 
conditions employed for the competition study. The p-value is lower at 
higher temperatures, as would be expected, but is also lower if the competi- 
tion reaction is performed under conditions in which the ratio of Br, to 
HBr is low. When such a situation persists, there is appreciable reaction of 
the benzylic radicals produced with the hydrogen bromide rather than with 
bromine to yield the reaction product. Only at  high Br, to HBr ratios do the 
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benzylic radicals react rapidly enough with bromine to provide a meaningful 
reaction rate ratio for the hydrogen abstraction reaction. High Br, to HBr 
ratios can be attained performing the competition reactions rapidly using 
relatively large amounts of bromine. If the reaction is performed slowly by 
addition of smalier quantities of bromine, a low Br, to HBr ratio develops. 
Some p-values that have been obtained are - 1-07 and - 1-36 at 80" and 
19", respectively, for reactions involving slow addition of bromine and 
- 1-36 and - 1-76 at 80" and 19", respectively, for rapid reactions involving 
an excess of bromine". 

C. Alkyl Halides 
In some instances, monohaloalkanes are brominated in a free-radical 

chain reaction in which the halogen already present in the molecule plays a 
role in both the hydrogen atom abstraction and, owing to the character of 
the radical formed, in its reactions with molecular bromine. The peculiar 
behaviour noted in these reactions is ascribed to the ability of chlorine and 
bromine to bridge with the radical site positioned on a carbon atom 
adjacent to the atom to which it is bonded. The interaction of the unpaired 

electron of the radical with the halogen atom may incorporate the energetic- 
ally available d-orbitals of bromine and chlorine in the bridging process. 

The involvement of a bridged radical can be observed in the relative 
rates of hydrogen abstraction from the various carbons of the alkyl 
halides by bromine atoms illustrated in Table 10. Abstractions of hydrogen 
atoms by both bromine atoms and chlorine atoms are listed in this table. 
The chlorinations of these alkyl halides appear to follow the expected 
behaviour in that the electrophilic chlorine atoms react faster at sites of 
higher electron density (see section 111. C).  Although bromination of the 
alkyl chlorides appears to involve some degree of selectivity based on 
electron density, the effect is far less pronounced. The product-like 
character in the transition states of the hydrogen atom abstractions by 
bromine atoms is evident to some degree in that abstraction from the 
carbon bonded to the chlorine occurs readily. In this case, the resulting 
radical is stabilized by delocalization of the unpaired electron by the 
chlorine. 

The most striking anomaly is the enhanced reactivity of the hydrogen 
atoms on the p-carbon relative to  the bromine towards abstraction by 
bromine atoms. This effect is noted both in the reactions of l-bromobutane 
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TABLE 10. Relative rates of hydrogen abstraction by bromine and chlorine 
atoms from butyl halides at 60" 6 8  

Butyl halide Halogenating 
agent 

1 -Chlorobutane Chlorine. 

l-Chlorobutane Bromine 

1-Bromobutane Chlorine 

1 -Bromobutane Bromine 

2-Chlorobutane Bromine 

2-Broxliobutane Bromine 

Relative reactivitiesa 

0.397 0.478 
CHB- CH,-CH,-CH,-CI 

1 -00 0.1 58 

0,488 

1.00 0.439 
CH3-CXz-CH2-CH2- C1 

0.455 0.424 
CH3- CH ,- CH,- CH,- Br 

1-00 0.093 

5-78 
CH3-CHz-CH2- CH,-Br 

1 -00 0.62 
1.00 

CHS-CHZ- CHC1-CH3 
0.086 

1.00 
CH3- CH ,- CHBr- CH3 

5-13 

Statistically corrected. 

and 2-bromobutane. The reactivities of these hydrogens towards abstrac- 
tion by bromine atoms have been suggested to be augmented by participa- 
tion of the bromine on the /?-carbon in stabilizing the resulting radical by 
bridging with the radical site. If the contribution of the bridged species to 
the overall stability of the resulting radical is significant, this factor may 
lower the activation energy rey~irement ,F=r the kykogen atom abstzacticn 
provided the transition state has product-like character. Such would be the 
case for hydrogen atom abstractions by bromine atoms, reactions that are 
endothermic, but not for the exothermic hydrogen atom abstractions by 
the more energetic chlorine atoms. 
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Evidence for the bridged radical is also found iri the products resulting 
from its interaction with molecular bromine yielding the dibrominated 
alkane. For exaaple, both bromocyclohexane and bromocyclopentane 
yield predominantly trans-l,2-dibromocycloalkanes on photobromina- 
t i ~ n ~ ~ .  Not only is the site of hydrogen atom abstraction dictated by the 
particii>ation of the bridged intermediate in the transition state, but the 
resulting free radical reacts in such a manner that the bromine molecule is 
attacked only from the unhindered side of the bridged radical. 

Bromination of the isomeric 4-t-butylcyclohexyl bromidesGo illustrates 
both the anchimeric assistance of the bridged species in the hydrogen 
atom abstraction and the stereochemical control of the product formation 
dictated by the bridged intermediate. cis-4-t-Butylcyclohexyl bromide, 
with its axial bromine, is brominated 15 times more readily than the 
trans-isomer which has ar! equatorial bromine in its most stable conformer. 
In the case of the cis-isomer, anchimeric assistance of the bromine in the 
hydrogzn atom abstraction reaction is readily attainable without the 
introduction of any severe conformational problems. The bridged radical 
formed reacts with molecular bromine yielding the expected trans-diaxial- 
1,2-dibrorno-4-t-butylcyclohexane (equation 124). Participation of ' the 
equatorial bromine of the tramisomer in the hydrogen atom abstraction 
process is not possible without a change in the cyclohexane ring system. 
Unless the ring flips to the other chair conformer in which the t-butyl 
group is in the axial position, so that the bromine may also be axial and 
participate in the same manner as encountered in the cis-isomer, anchimeric 
assistance can only be expected from the twist-boat conformer of the 
compound. In  either case, the conformational strain would become part of 
the activation energy requirement for the hydrogen atom abstraction from 
the trans-isomer if the bridged radical is involved in the reaction. Conse- 
quently, bromination of the trans-isomer most likely does not involve 
any of the anchimeric effect in the hydrogen atom abstraction reaction as 
evidenced by its slower rate of bromination compared to the cis-isomer and 
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also by the fact that the trans-isomer yields a mixture of dibromides. The 
latter, of course, is the consequene of hydrogen atom abstraction fro= 
other sites on the cyclohexane ring. 

Br' +WH --+ 

Br 

q r  

? H 

Br 

__f q s q -  (124) 

S; Br 

The concept of the bridged free radical has been criticized and alternate 
explanations for the observations just outlined have been presented. There 
appears to be no marked enhancement in the rate of hydrogen atom 
abstraction from brominated alkanes relative to alkanesG1. The argument 
for the bridged species in terms of its anchimeric effect in the transition 
state therefore, is one of relative rates of hydrogen abstraction at the 
different positions in the alkyl halides, the hydrogens in the /3-position with 
respect to the halogen already present being favoured over the remaining 
hydrogens. If the anchimeric effect were indeed a significant fzctor, an 
alkyl bromide with ,%hydrogens relative to either a chlorine or bromine 
might be expected to be more reactive than the dorresponding alkane since 
bridging in the former would lower the activation energy requirement for 
the reaction. 

The observed preference foi formation of 1,2-dibromoaIkanes in the 
bromination of bromoalkanes has been suggested lo result from dehydro- 
halogenation of the alkyl bromide (in an ionic reaction catalysed by 
hydrogen bromide) yielding an alkene iinkage which undergoes rapid 
addition of bromine to give the I,2-dibromoz!kmes1. This mechanism not 
only explains the preference for formsrtion of vicinal dibromides but also 
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accounts for the steregspecificity noted in both the reactivities of the 
isomeric t-butylcyclohexyl bromides and in the formation of the trans- 
diaxial bromides from the cis-isomer and from the bromocycloalkanes. 

Br 
(127) 

-HBr Br, ~ \ I  
> ;C=C: c-c, 

I 1  
H-C-C--Br 

I I  Br' 1 

Dehydrohalogenation of the cyclcalkyl bromides having the bromine in an 
axial position would be expected to occur more readily by an E2 mechanism 
than would the dehydrohalogenation of the cycloalkyl bromide having its 
bromine in the equatorial position in its most stable conformer. Ionic 
addition of molecular bromine to the unsaturated linkage would yield only 
the trans-diaxial vicinal dibromide. 

B r  Br 

Although the argument against the bridged radical is not without merit 
and at the time of the writing Iaf this article is actively being investigated62, 
there is evidence to support the existence of such species. Most compelling 
is the evidence that is observed in the halogenation reactions of (+)-2- 
bromo-Zmethylbutane (active amyl bromide) and ( +)-2-chloro-2- 
methylbutane (active amyl chloride)". Hydrogen abstraction from the 

CH2X 
I CHoX CH2X * 

I CI, > Cl-C* 
1 

CI' + H-C. ---+ HCI + C.' 
/ .. / .  

H3C C2H5 H,C' &H, H,C 'C,H, 

i- (1 29) 

CH2X 
I 

c-Cl 
/ *  

H3C C2H5 
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2-carbon of the active amyl halides by chlorine aioms yieIds pIanar, 
symmetrical radicals which on reaction with chlorine yield optically 
inactive products. On the other hand, bromination of the active amyl 
halides yields optically active reaction products. In the case of the bromina- 
tion, hydrogen atom abstraction occurs less readily than it does in chlorina- 
tion. As a consequence, the anchimeric effect of the halogen (either 
chlorine or bromine) on the p-carbon is significant and the product of the 
hydrogen atom abstraction is the bridged free radical which retains its 
asymmetry. Reaction of the asymmetrical free radical with bromine yields 
an asymmetric dihalide. The degree of optical purity of the product, 
particularly in the case of the amyl chloride, is smaller at low bromine 
concentrations, indicating a finite rate of conversion of the bridged 
asymmetrical radical to the non-bridged symmetrical radical. 

D. Other Brominating Agents 

The lack of specificity of the chlorine atom as a hydrogen atom abstract- 
ing radical makes the search for chlorinating agents with more selective 
abstracting radicals of interest. The bromine atom, on the other hand, is 
selective in its role as a hydrogen abstractor and the use of brominating 
agents other than the element itself must be dictated by other factors. Some 
of these brominating agents, in particular the N-bromoamides, have been 
used extensively in organic synthesis because of their specificity in brominat- 
ing the allylic position of compounds having unsaturated linkages. Most of 
the other brominating agents do not have any outstanding advantages over 
bromine as a brominating agent. They have been investigated mainly from 
the standpoint of determining the mechanistic and kineiic characteristics of 
the free-radical chain reactions in which they are involved. Some of these 
compounds will be discussed from this viewpoint. 

1. N-Bromosuccinimide and related compounds 
The bromination of an alkene in the allylic position by an N-bromoamide 

has been known as a valuable synthetic procedilre for some time. The first 
report of such a reaction was made by Wohl in 1919@. The synthetic 
potential of the reaction was not appreciated until the 1940's when Ziegler 
and coworkers published their investigationsG5. The Wohl-Ziegler reaction 
has been used extensively for allylic brominations as well as for bromina- 
tions of alkylaromatics and alkanes since that time. Several review articles 
are available which list the applications of the N-bromoamides as brominat- 
ing agentsss. 

AT-Bromosuccininlide is generally employed in synthetic work for the 
allylic bromination reactions and serves well as a model for the reactions of 
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the N-bromoamides. The stoicheiometry of the reaction indicates a simple 
substitution ol" an allylic hydrogen of the unsaturated compound with the 
nitrogen-bonded bromine of the N-bromosuccinimide. A free-radical chain 
mechanism for this substitution seems plausible in view of the observations 

I 
r o  N-Brl- H-C-C=C. - 

I 

that the reaction rate is accelerated by free-radical initiation procedures 
such as decomposition of peroxides and illumination of the reaction 
mixture. The obvious mechanism for the reaction, namely that shown in 
the chain sequence below, involves abstraction of the allylic hydrogen atom 
by the N-succinimidyl radical followed by reaction of the resulting allylllc 
radical with the brominating agent. This mechanism was first postulated by 
Hey67 and Bloomfield6* in 1944. Subsequent investigations showed, 

however, that this mechanism was not correct. The presently accepted 
mechanism for the reaction was suggested by Goldfhger in 195369, and 
invokes the formation of minute quantities of molecular bromine which 
serve as the brominating agent. The required bromine is generated by 
reaction of hydrogen bromide formed in the free-radical chain sequence 

(1 35) ;C-C=C, + Br2 - f Br-C-C=C, + Br' 
\ / I /- 

I I 1  

I / \ / 

I I  I '  
Br' 4- H-C-C=C, ---+ >C-C=C f HBr 
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that produces the allylic bromide. The key features of this mechanism are 
the low concentration of bromine and the reversible addition of bromine 
atoms to the unsaturated linkage. The adduct radical formed in this 
addition process could react with bromine to form an addition product of 
bromine with the unsaturated compound. However, because of the !ow 

I 1 . 1  Br I I 
I I  I l l  I 1  1 

Br' i- HC-C=C:- HC-C-C-Br &> HC-CBr-CBr 3- Br' (138) 

concentration of bromine, the unimoIecuIar decomposition of the adduct 
radical is faster than the bimolecular reaction with bromine. Abstraction 
of the allylic hydrogen by the bromine atom is also reversible but not to the 
same extent as the adduct radical fragmentation. Once formed, the allylic 
radical apparently reacts faster with bromine, although it may be present 
only in low concentrations, to form the allylic bromide than i t  does with 
the hydrogen bromide. 

The most compelling evidence supporting the Goldlinger mechanism is 
the similarity observed in the relative rates of bromination of alkanes, 
alkylaromatics and substituted toluenes with bromine and with N-bromo- 
su~cinimide~~.  Both reagents require the bromine atom as the hydrogen 
atom abstracting radical. Other convincing evidence supporting this 
mechanism is the observation that alkenes are brominated in the allylic 
position under free-radical conditions if low bromine concentrations are 
rnaintained7l. 

2. Polyhaloalkanes 
Bromotrichloromethane reacts with alkylar~matics~~ and, to a lesser 

extent, with alkanes73 in a free-radical chain process yielding the brominated 
substrate and chloroform. Hydrogen atom abstraction in this case is 
performed by the trichloromethyl radical, a species that has characteristics 

RH + BrCCI, t RBr + HCCI, (139) 

in this capacity similar to those of a bromine atom. While benzylic 
hydrogens are readily abstracted by both bromine atoms and trichloro- 
methyl radicals, only alkanes with tertiary hydrogens axe reactive enough 

T C I ,  + RH - HCCI, + R' (1 40) 

R' + BrCCI,- RBr + 'CCI, (1 41 1 

to participate readily in chain reactions with either bromine or bromotri- 
chloromethane. Similarities are also observed in the reactivities of the 
benzylic hydrogens of substituted toluenzs towards attack by  bromine, 
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atoms and by trichloromethyl radicals. A better linear correlation is found 
if the log of the relative reactivities of substituted toluenes towards attack 
by the trichloromethyl radical is plotted against the a+-values of the 
substituents ( p  = - 1-46 at 50") than when plotted against the a - ~ a l u e s ~ ~ .  
Benzylic hydrogen abstractions by the trichloromethyl radical and by 
bromine atoms are similar in that cationic character at the site of the 
hydrogen atom abstraction is developed in the transiti,on state of the 
reaction, 

V I 

The trichloromethyl radical adds readily in a non-reversible process to 
unsaturated linkages and the resulting adduct radical on reaction with 
bromotrichloromethane yields an addition product. The trichloromethyl 
radical also shows a properisity for abstracting allylic hydrogens from 
alkenes. The latter reaction can lead to formation of an allylic silbstitution 
product. The relative amounts of addition product with respect to sub- 
stitution product, measured by the ratio of the rate constants kadd/k&& 

1 . 1  I I 

1 I 1  1 1  1 
H-C-C-C-CC13 + BrCCI, ---> HC-CBr-C-CCt3 3- CI3C' (145) 

-. / I / 

I I 1  
;C-C=C, 4- BrCCI, __+ Br-C-C=C, + CIjC' (146) 

depends on the structure of the alkene both in terms of the steric effects 
that may retard the rate of addition and resonance and polar effects that 
may enhance the rate of allylic hydrogen atom abstraction. Table 11 lists 
kadd/kabstr ratios observed for simple alkenes. Note that terminal alkenes 
yield predominantly the addition product whereas substitution may account 
for as much as 40% of the reaction of bromotrichloromethane in reactions 
with cycloalkenes and alkenes with tertiary hydrogens in the allylic position. 



8. Homolytic mechanisms of substitution 

TABLE 11. Relative rates of addition with respect 
to allylic hydrogen abstraction by trichloromethyl 

 radical^'^ 

Alkene kaddlkabstr 

40" 77.8" 99" 

599 

1-Octene 44 
2-Pen tene 5.7 
3-Heptene 5.0 3.5 
4-Methyl-Zpentene 1.68 1.26 
cis-2-Butene 34 
trans-2-Butene 26 
Cyclo hexene 1.20 
Cyclopentene 5.4 
Cycloheptene 5.5 

1 ,ZDibromo- 1,1,2,2-tetrachloroethane brominates compounds having 
abstractable hydrogens via the following chain sequence of reactions: 

Br' + RH - HBr + R' 

R' + BrCCI,CCI,Br - RBr + 'CCI,CCI,Br 

(1 47) 

(1 48) 

(149) 

Note that hydrogen abstraction is accomplished in this reaction sequence 
by a bromine atom. This material has been observed to brcminate alkenes 
in the allylic p~si t ion '~.  The bromine atom, as in the N-bromoamide 
reactions, may add to the unsaturated linkage yielding an adduct radical 

(1 50) 

'CCI,CCI,Br ___j Br' + CI,C=CCI, 

/ / \ I 

I I  I 

\ / I / 

I I 1  

Br' + H-C-C=C, d HBr + ,C-C=C, 

;C-C=C, + BrCCI,CCI,Br + Br-C-C=C, + 'CCI,CCI,Br 

3. 
Br' + CI,C=CCI, (151) 

but reaction of the adduct radical with the polyhaloalkane is slower than 
its fragmentation. The allylic radical, on the other hand, apparently reacts 

I 0- I I 

1 1  I l l  
Br' $- HC-C=C,- HC-k-CBr 

BrCCI,CCI,Br ~ 
I 1 

HC-CBr-CBr 
I 1  I 

-I- 

'CCI,CCI,Br (152) 
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with the dibroniotetrachloroethane faster than it does with the hydrogen 
bromide that is present in the reaction mixture. 

3. t-Butyl hypobmmite 
This reagent might be expected to behave in a manner similar to that of 

t-butyl hypochlorite in that the ' t-butoxy radical would be the hydrogen 
abstracting radical in a chain sequence resulting in substitution of a hydro- 
gen for a bromine. However, little work has been reported on the use of 
this reagent as a brominating agent. Substitution of a propargyl hydrogen 
for bromine in 2-butyne using t-butyl kypobromite possibly proceeds by the 

expected chain sequence and is illustrative of the preference for hydrogen 

(CH,j,CO' + CH,C=CCH, __j (CH,),COH + 'CH,CsCCH, (153) 

'CH,CrCCH, + (CH,),COBr - DrCH,C=CCH, + (CH,),CO' (154) 

abstraction by t-bvtoxy radicals relative to their addition to unsaturated 
linkage~7~. If no allylic, proparwlic or benzylic hydrogens are available for 
abstraction, the t-butoxy radical mry add to the unsaturated linkage that 
may be available. The result i s  the formation of an addition product of 
the brominating agent as shown with styrene76. 

CH=CH2 3- (CHJ&OBr --+ (O)CHBrCH,OC~CHJ, (155) 

Brominations may be accomplished by the use of a mixture of t-butyl 
hypochlorite and brorn~trichloromethane~~. The procedure for the use of 
this mixture of reagents requires an excess of bromotrichloromethane 
relative to the hypochlorite. This is done by slowly adding the t-butyl 
hypochlorite to an illuminated solution of the substrate to be brominated 
and bromotrichloromethane. Note that the hydrogen abstraction is 
performed by the t-butoxy radical in this case although the polyhalo- 
methane is the source of the bromine. Only reactive alkyl radicals react fast 

(CH,),CO' -I- RH . (CH,),COH + R' (1 56) 

R' -1- BrCCI,- RBr + CI,C (1 57) 

CI,C' + (CHJSCOCI - CI,C + (CH3)3CO' (1 58) 

enough with bromotrichloromethane to allow it to compete effectively with 
the t-butyl hypochlorite which, although present in small amounts, is very 
reactive towards attack by free radicals. 
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4. Bromochloride 

Mixtures of molecular chiorine and bromine contain the mixed halogen1 
brorn~chloride~~. This mixed halogen can be used to brominate compounds 

(1 59) CI, -t Br, - 2 BrCl 

that are normally resistant to bromination. For example, methylene 
difluoride is brominated by brornochloride but does not react with bromine. 
It does, however, react with chlorine, suggesting that the mechanism for the 

Cl. -t- CH,F, - HCI + 'CHF, (1 60) 

reaction involves hydrogen abstraction by the reactive chlorine atom. The 
selectivity of the reagent as a brominating agent would therefore be similar 
to that of molecular chlorine. 

The attack on the bromochloride by the substrate radical occurs, 
interestingly, at the bromine end of the molecule. The larger size of the 
bromine n a y  be responsible in part for this specificity. Another factor may 
be the greater polar contributions encountered in the transition state of the 
reaction in which the chlorine rather than bromine is the electron acceptor 
moiety. 

R' + Br-CI - [R. . .Br.- .Cl]  - RBr + CI' (1 62) 
6+ 6- 

5. Trichloromethanesulphonyl bromide 
Trichloromethanesulphonyl bromide brominates alkanes and alkyl- 

aromatics in a reaction that stoicheiometrically resembles that of the corre- 
sponding sulphonyl chloride. Investigation has shown that the reaction 

CI,CSO,Br + RH - HCCI, + SO, 4- RBr (1 63) 

paths for the two reagents are different79. In the case of the sulphonyl 
chloride (see section 111. E), much, if not all, of the hydrogen atom 
abstraction from the substrate is accomplished by the trichloromethane- 
sulphonyl radical. Competition reactions indicate that the trichloromethyl 
radical is the sole hydrogen atom abstracting species in the reactions of the 
trichloromethanesulphonyl bromide. Under the influence of light or 
peroxides, the material has been observed to decompose yielding sulphur 
dioxide and bromotrichloromethane. The latter very likely is the actual 
bronlinating agent in the reactions of this material. 
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V. FLUORINATION 

Reactions of alkanes with molecular fluorine are exothermic and often 
lead to complete oxidation of the alkane to carbon tetrafluoride if sufficient 
fluorine is present. The cleavage of carbon-carbon bonds in the fluorination 
of alkanes can be ascribed, at  least in part, to the reactivity of the fluorine 
atom as a reaction intermediate. Whereas the reaction of a chlorine atom 
with ethane, for example, resulting in carbon-carbon cleavage, is endo- 
thermic, the same reaction with a fluorine atom is appreciably exothermic. 

(1 64) CI' + CHJ-CH3- CH,CI + CH; 

(AH = + 4 kcal/rnole) 

It seems unlikely that displacement on carbon by fluorine atoms would 

(1 65) F' + C H , - C H 3 F  CH,F + CH; 

(AH = - 20 kcal/mole) 

compete with hydrogen atom abstraction since the latter is both more 
exothermic and sterically preferred. Carbon-carbon cleavage possibly 
occurs after all of the hydrogens have been substituted and are no longer 

(1 66) 

available for reaction with fluorine atoms. The accessibility of the carbon to 
displacement, owing to the small size of the fluorines, as well as the 

Fa + C H J - C H 3 ~  H F  4- CH,CH; 
(AH = - 37.8 kcal/mole) 

F' + CF,-CF,- CF, + CF; (1 67) 

exothermicity of the formation of the carbon-fluorine bond, are probably 
the most significant factors that lead to carbon attack in these reactions. 

The fluorination of methane under carefully controlled reaction condi- 
tions reveals other interesting characteristics of fluorinations. Not only are 
the various fluorinated methanes observed as reaction products but 
appreciable amounts of hexafluoroethane (CF,CF,) and octafluoropropane 
(CF,CF,CF,) are also founds0. Furthermore, the reaction proceeds 
readily in the dark and at temperatures as low as -80". The higher 
molecular weight fluorocarbons are probably formed in coupling reactions 
of radicals present in the reaction mixture (e.g. 2 CF;+ CF,CF,). In order 
for appreciable amounts of termination products such as these to be 
formed, some facile means of radical formation (initiation) must be 
available. The homolytic cleavage of fluorine, although energetically 

F, ----+ 2 F' 

(AH = f 38 kcal/mole) 
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feasible at higher temperatures, would not be expected to account either for 
the initiation of an unusually large number of chains or for the reaction 
taking place at low temperatures. A bimolecular reaction of methane with 
fluorine, however, can occur at  lower temperatures and may well be 

CH, + FZ- HF + CH; + F' 
(AH = + 6.2 kcal/mole) 

(1 69) 

responsible both for the rapid rates of fluorination at low temperatures and 
the formation of radical dimerization products in unexpectedly large 
amounts. 

VI. IQBINATION 

Hydrogen atom abstraction by iodine atoms is an endothermic process 
with most organic compounds and consequently renders a severe limitation 
in the free-radical chain sequence between molecular iodine and most 
substrates (e.g the reaction of methane with iodine). While the activation 

I' + CH,- HI  + CH; 

(AH = + 33 kcal/mole) 

CH; + I,- CHJ + 1" 
(AH = - 20 kcal/mole) 

energy requirements for hydrogen abstractions may be too high for 
reactions to occur at temperatures generally employed for halogenation 
reactions (room temperature rt 100"), reactions might be possible at  more 
elevated temperatures, particularly with substrates having readily abstract- 
able hydrogens (e.g. the reaction with toluene). There are, however, 

(1 72) I' + C,H,CH,- HI + C,H,CH; 

(AH = + 14 kcal/mole) 

complicating features that would be encountered if the reaction does occur. 
One of these is the fact that the equilibrium favours reduction of alkyl 
iodides by hydrogen iodide. This reverse reaction becomes mechanistically 

RI + HI (1 73) RH +I2 - 
possible because of the facility of the reverse reactions of both steps in the 
chain sequence of the iodination reaction. 

A 

R ' +  HI- RH +I' 

I' + R I  - R' + 1, 
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The alkyl iodide is labile to attack by iodine atoms both by attack on the 
iodine atom and also on the carbon to which the iodine is bonded, In the 
latter case, the process is an identity reaction but can be observed both in 

I' + RI- IR + I' (1 76) 

exchange reactions using radioactive iodine and in the racemization of 
opticaliy active 2-iodobutane with iodine atomss1. 

I t  would appear that iodination with reagents that do nct involve iodine 
atonis as the chain-carrying hydrogen abstracting species would be 
promising. Little work, however, has yet been done in this area. The 
reaction of iodine monochloride with alkanes apparently does effect the 
iodination of the alkanea2 but, unfortunately, the hydrogen chloride 

(1 77) 

(178) 

CI' + RH - HCI + R' 
R' + ICI __3 RI + CI' 

formed in the chain reaction catalyses the dehydroiodination of the 
product. 
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1. INTRODUCTION 

Base-initiated 13-elimination is one of the most characteristic reactions of 
the carbon-halogen bond. The wide range of reactivity of the alkyl halides 
has meant that there are few features of /%elimination that they fail to 
illustrate, and the smooth variation of the factors contributing to their 
reactivity, the basicity, solvation energy, polarizability and steric require- 
ments of the halogen leaving groups has made them, as a family, a useful 
foil in investigations of mechanism. However, ,kI-eliminations are by no 
means confined to alkyl halides, and because it is the elimination process 
which has come to be recognized as chiefly defining the common character- 
istics of the reactions, no attempt will be made here to segregate related 
results solely on the basis of leaving group. From a practical standpoint it 
is now clear that the behaviour to be expected of an alkyl halide may often 
be inferred from measurements with, say, an alkyl arylsulphonate, and that 
an understanding of the halides in general may be increased by placing 
them in the context of a wider variety of leaving groups. 

p-Eliminations have been well served by reviews, both of a general 
naturela and on restricted t o p i ~ s ~ - ~ ~ ,  and summaries of new work appear 
annually14. In this chapter older work will normally be presented only as a 
background to, or for reassessment in the light of, new results. The chapter 
reflects the nearly exclusive mechanistic emphasis of recent work and 
indeed is confined to the mechanistically homogeneous olefin-forming 
eliminations in which a hydrogen is lost from the 13-carbon. Nonetheless it 
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should be emphasized that synthetic applications have not been lacking 
and the last five years have seen a useful expansion in the scope of stereo- 
selective olefin syntheses9* lo* l5-l0. 

I I .  MECHANISMS O F  ELIMINATION 

The three principal mechanisms novv recognized for eliminations were first 
formulated by Ingold and Hughes in the course of their work on alkyl 
halides and ’onium ions20s21. As shown in Scheme 1 ,  the bonds to the 
j?-hydrogen and to the leaving group X may be broken in either a concerted 
or a stepwise manner. In the concerted mechanism the olefin is formed in a 
single reaction step, and in the stepwise mechanisms it is preceded by 
formation of an intermediate which may be either a carbonium ion or a 
carbanion, depending on whether it is the C-X or t5e C-H bond that is 
broken in the initial step. 

X 

BH++=+x-  (1) 
Y 

E2 

The notation for the mechanisms, E l ,  E2 and ElcB, was also introduced 
by Hughes and Ingoldl. 21*22 and had its origin in an operational distinction 
between mechanisms based on kinetic order. Strictly speaking the terms 
El  and El  CB refer to kinetic modifications of the stepwise mechanisms in 
which formation of the carbonium ion and reaction of the carbanion 
respectively are rate-determining. Such a formulation is out of step with the 
modern view that the principal distinction between mechanisms lies in the 
presence or absence of a reactive intermediate, irrespective of the rate- 
determining step23. In so far as Hughes’ and Ingold’s notation is now firmly 
stamped on the literature, and indeed is a fitting reminder of their 
contributions to the f i e l d l ~ ~ ~ ,  in this chapter the sense of El  and ElcB is 
simply extended to inciude both kinetic modifications of the mechanisms. 
W-ith this small qualification Hughes’ and Ingold’s mechanistic classifica- 
tion is used as the framework for the discussion that follows. 

Blil. T H E  €2 MECHANISM 

There has been a revival of interest both in experimental methods for 
distinguishing elimination mechanisms and in the factors that favour one 



61 2 R. A. More O’FerraIi 

mechanism over another. These questions will be discussed in detail in 
connexion with the El and ElcB mechanisms and here it will suffice to note 
that the concerted mechanism is normally readily recognized by a combina- 
tion of the kinetic necessity of a bas: and the kinetic sensitivity of the 
reaction to the chemical and isotopic nature of the leaving group. Except in 
borderline cases, the high rate of reaction ruIes out the possibility of 
carbanion formation. This does not cover all event~a l i t i es~~~ 26, but it is 
convenient at this point to take the concerted nature of reactions for 
granted and to return to the question of detailed corroboration later. For 
alkyl halides it will be true generally that primary and most secondary 
substrates reacting under basic conditions and lacking a very strongly 
activating P-substituent, such as RCO-, RS0,-, NO,-, will adopt a 
concerted mechanism. 

A. The Transition State in E2 Eliminations 

An important advance in the understanding of concerted eliminations 
came with the recognition that in the transition state there may be an 
imbalance in the degrees to which the C-H and C-X bonds are 
broken. This is illustrated in the now familiar- schematic diagrams 
1-3 which further show that dominant C-X bond breaking leads 
to positive charge or ‘carbonium ion character’ at  the a-carbon, while 
dominant C-H bond breaking leads to negative charge and ‘carbanion 
character’ at the /3-carbon. Bartsch and Bunnett have called transition 
states 1 and 3 paenecarbanion and paenecarbonium ion re~pectively’~. 
Transition state 2 is often described as ‘central’. 

(1 1 (2) (3) 

Variability of structure for the E2 transition state was first seriously 
suggested by Cram, Greene and DePuy2’. Subsequently, DePuy28 and 
S a ~ n d e r s ~ ~  and their collaborators demonstrated charge localization at the 
/3-carbon in the elimination of ring-substituted 6-phenethyl halides, 
tosylates and dimethylsulphonium ions, (4). Harnmett plots gave values of 

R-C,H,CH,CH,X 

(4) 

p in the range 2-3 with u- constants required for conjugating substituents. 
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By contrast a value of p > 0.2 can be derived from the scattered plot of log K 
versus cr for the equilibrium dehydration of /3-phenethyl alcohols30. 

H+ 
R-C6H,CHzCHzOH - R-C,H4CH=CH, + H,O 

In  1963 the factors affecting transition state ctructure were com- 
prehensively reviewed by BunnetP, who promulgated the general principle 
that any substituent effect or change in reaction conditions favouring a 
particular element of the activation process, whether bond formation, bond 
breaking or charge development, increased its relative contribution in the 
transition state. This simple recipe makes qualitative predictions of changes 
in reactivity a simple matter. In the following sections the experimental 
methods for obtaining information about the transition state, especially 
measurements of linear free-energy relationships and isotope effects, are 
reviewed. At the same time the status of Bunnett's generalization in the 
light of recent experimental evidence is assessed. 

I .  Methods of determining transition state structure 
a. Hainmett p values. Values of p for reactions of /3-phenethyl deriva- 

tives (4) in ethanolic sodium ethoxidezS~ 29s31 are listed for different leaving 
groups in Table 1. The magnitude of p depends on the leaving group, and 

TABLE 1. E2 elimination of /3-arylethyl derivatives at 30" C (4) 

X Relativerate p knf kD koD-/koH- a 
(EtOH) (EtOH) (EtOH) 

- - I 26,600 2.07 
Br 4100 2-14 7.1 1-30 
OTs 

1 -40 CI 68 2.61 
&CH,), 37,900 2.75 5.1 1.55 
F 1 3.12 - 1.67 
kCH3)3 760 3.77b 3.0' 1.62 

392 2.27, 2.50 5.7 - 
- 

+ 
a p-N(CH,), derivative, 60". 

Strongly temperature-dependent. 
50". 

more reactive substrates are generally associated with smaller p values as 
may be seen from the halide family which follow their normal reactivity 
order, I > 31- > CI > F, with k,,/kc, = 60. The sequence is brcken if 'onium 
ions and halides are compared, but here the difference in charge type 
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renders reactivity comparisons of little significance; on the basis of the 
p values 'onium ions should be considered relatively poor leaving groups 

with N(CH,), inferior even to F. A broadly similar pattern is found for 
reactions in ~ - B U O H ~ ~ *  31- 32; and in t-BuOH-DMSO at 50" /?-@enethyl- 
methylsulphoxideS with its exceptionally poor leaving group gives the 
large value of p = 4.4. 

A nice illustration of the correlation between p and the ease of displacing 
the leaving group has been found by Banger and CockerilP in the elimina- 
tion of /?-phenethyl-p-benzenesulphonates substituted in both benzene 
rings (5). Electron-withdrawing substituents in the benzenesulphonate 

+ 

ring both increase reactivity and decrease p for substitution in the /3-phenyl 
ring. A plot of p for substitution at R1 in 5 against u for substitution at R2 
(or vice versa) gives a straight line of slope - -0.5. If p for p-phenyl 
substitution is taken to reflect /?-carbanion character in the transition state, 
these results and those of Table 1 imply that a poorer leaving group 
increases carbanion character and hence increases the ratio of C-H to 
C-X bond breaking in the transition state. This is consistent with Bunnett's 
dictum. 

b. Bronsted exponents for base catalysis. The p value for /?-phenyl 
substitution is sensitive to changes in the relative importance of C-H and 
C-X bond breaking in the transition state, not to changes in their 
absolute magnitudes. A more direct measure of the extent of C-H bond 
breaking is probably provided by the measurement of Bronsted exponents, 
/3, for genera; base catalysis. For oxygen and nitrogen bases, values of /3 
normally fall in the range 0-1 and may be considered to provide a rough 
measure of the order of the bond between the base and transferred hydrogen 
in the transition ~ t a t e ~ ~ ~ , ~ .  Most of the available measurements for /I-elimina- 
tions37-39 are collected in Table 2. In some cases the use of thiolate ions 
may entail interaction between base and or-carbon in the transition state 
(section 111. D). Nonetheless, comparisons between different substrates are 
in line with expectations based on Bunnett's principle and also with 
conclusions drawn from p values. Thus the smaller value of /? for t-BuC1 
than t-BuS(CH,), is consistent with less C-K bond breaking for the: 
substrate with the better leaving group. Similarly, comparisons between 
bromoheptane, /?-phenethyl bromide and p-nitrophenethyl bromide on the 
one hand, and between bromocyclohexane and I, I-dibromocyclohexane 

+ 
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on the other, indicate that electron-withdrawing substituents at either the 
a- or 6-carbons increase /3; this is consistent with the increase in C-H bond 
breaking reasonably expected from the stabilization of /3-carbanion 
character or inhibition of a-carbonium ion character iii the transition state. 

TABLE 2. Bronsted exponents for /3-elimination 
in ethanol 

t-Butyldimethylsulphonium ion 
r-Butyl chloride 
4-Bromoheptane 
/3-Phenethyl bromide 
/3-(p-Nitrophenet hy1)bromide 
Cyclohexyl tosylate 
Chlorocyclohexane 
Bromocyclohexane 
1,l -Dibromocyclohexane 

0-46a 
0.17" 
0.39 
0.54 
0.67 
0.27" 
0-39" 
0.36" 
0.51" 

a Substituted benzenethiolate ions used as bases. 

c. Isotope eflects. Measurements of primary hydrogen isotope effects 
can be expected to reflect the relative strengths of the partial bonds to the 
6-hydrogen undergoing transfer in the transition statem. For simple 
hydrogen or proton transfer reactions both calculations41 and experi- 
m e n t ~ ~ ~ ~ ~  suggest that the isotope effect should be maximized at a value of 
kH/kD-7-10 for a transition state in which these bonds aie of equal 
strength. For j?-eliminations, Katz and Saunders have reported calculations 
which suggest that the concerted nature of the reaction should not alter the 
qualitative behaviour of the isotope effecP. This conclusion is supported 
by Cockerill's demonstration that 13-deuterium isotope effects for elimina- 
tion of 15-phenethyl dimethylsulphonium bromide in mixtures of water and 
dimethylsulphoxide pass through a maximum value of k,/k, = 6.9 as the 
composition of the solvent is varied45. Addition of dimethylsulphoxide 
greatly increases the basicity of the reacting hydroxide ion4s so that a change 
in transition state structure is expected. The variation in k,/k, observed is 
matched by that of a straightforward proton transfer reaction in the same 
solvent mixture43 and similar behaviour has becn reported for the phenethyl- 
trimethylammonium ion4'. 

Table 1 lists primary isotope effects for phenethyl  derivative^^^. The large 
values for the bromide and tosylate suggest transition states dose to 
symmetrical with respect to proton transfer. For the related eliminatioqs of 
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2-aryl-1-propyl tosylates with potassium t-butoxide in i-butyl alcohol, 
similar values of kH/k,-, are observed which increase in magnitude with 
substitution of electron-withdrawing groups in the phenyl ring32. If 
electron-withdrawing substituents stabilize negative charge at the 13-carbon 
and, as seems likely, increase the extent of C-H bond breaking in the 
transition state, the results imply a structure on the reactant side of 
symmetrical for the transition state. For the substrates with poorer leaving 
groups lower isotope effects, 3.2 for N(CH,), and 2-7 for S0CHsm, 
point to asymmetric transition states and the large p values and, more 
conclusively, the magnitudes of secondary solvent isotope effects con- 
sideied below indicate a large rather than a small degree of C-H bond 
breaking. DDT, 6, with electron-withdrawing substituents at 01- and 
/3-carbons favouring a large ratio of C-H to C-X bond breaking, also 
gives a small isotope effect38: k,/k,  = 3.8 in NaOEtjEtOH at 25". For 
benzyldimethylcarbinyl chloride 7, on the other hand, the moderate 
isotope effect, k,/k, = 2.6 at 76" in CH,OH, has been taken as indicating 
a small degree of hydrogen transfeP; this is consistent with the carbonium 

+ 

(p-CIC,H,),CDCCI, C,H,CD,C-CI 
I 
CH, 

(7) 

ion character that might have been expected in the transition state6* but 
the value of p = + 1.0 found for substitution in the /3-phenyl ring5' raises 
doubts as to the precise behaviour here. 

Although the systematic investigation required to make primary 
isotope effects a really effective probe of transition state structure is lack- 
ing, available results appear to be generally consistent with expectations 
and independent measurements. 

Further information on the extent of C-H bond breaking in the 
transition state comes from measurements of solvent isotope effects for 
elimination by hydroxide and deuteroxide ions in H,O and D,O 523 53. Here 
there is no primary isotope effect and a straightforward assumption is that 
the bond to the isotopically substituted hydrogen in the transition state is 
intermediate in character between the corresponding bonds in reactants 

6- 6- 
OD- + RCH,CH,X ___j [OD---H..-RCH-CH,...XJ* 

> HDO + RCH=CH2 + X- 
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and products. If so, the ltinetic isotope effects ko,,-/korI- may be expected 
to fall between the limits 1.0 and the equilibrium constant for the isotopic 
exchange reaction, - OD- 4- H,O; OH- + HDO 
which, at the temperature of the measurements, is - 1.90. Thus an increase 
in isotope effect may be taken as indicating an increase in the extent of 
C-H bond breaking in the transition state". 

Results for different leaving groups are shown in Table 1; because of 

their solubility, substrates with a p-N(CH,), ring substituent were studied. 
AII the measurements fall within the proper limits and they increase in 
magnitude as the leaving group becomes poorer, from 1-30 for X = Rr to 

1.62 for X = N(C&),. This is consistent with the trend in primary isotope 
effects and measurements of p, but unlike these results is subject to no 
ambiguity of interpretat i~n~~.  

Secondary isotope effects have also been measured for deuterium 
substitution at the a- and p-carbons of the substrate11s64-56. Values fall in 
the range k,/k, = 1.02-1*52 and can probably be taken as indicative of 
transition state structure in much the same way as the secondary solvent 
isotope ef'iects55p 56; as yet no extensive correlation with changes in transition 
state structure has been reported. There have also been measurements of 
heavy atom isotope effects, for a- and /3-~arbons~~* 68, and, with ammonium 
and sulphonium leaving groups, for nitrogen5M2 and The 
latter are of interest in giving 2n index of leaving group bond breaking and 
some of the results are discussed below (section 111. A. 3. b). It should be 
mentioned however, that, particularly with sulphur isotope effects, there 
have been some difficulties of interpretationM* Isotope ',.ffects for halogen 
leaving groups, although measurable, at least in the case of chlorine, do not 
appear to have been reported. 

A comprehensive review of isotope effects in /3-eliminations has been 
published''. 

+ 

+ 

2. interpretations of structural changes in E2 transition states 

In general the experimental data considered bear out well the principle 
that easing a bond-breaking process or the development of charge increases 
its contribution in the transition state. As noted by Bunnett, such behaviour 
is in apparent conflict with predictions based on existing G5 of 
variations in transition state structure, including the Hammond postulate66. 
This may be appreciated by writing the E2 transition state as a hybrid of 
structures corresponding to reactants, products and the fully formed 
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carbanion and carbonium ion, as shown in 8-11. Such a formulation is 
clearly related to that of structures 1,2  and 3, and is also consistent with a 
representationG7 112 commonly used for the SN2 transition state and recently 

BH+ 
- B H  

L+ - 

(1 0) (11) 

revived with new experimental evideuce by KO and Parkerm. For SN2 
reactions, KO and Parker point out that a contribution to the transition 
state from a carbonium ion structure X- R+ Y -  (in which X- and Y- 
denote the nucleophile and leaving group respectively) leads to a weakening 

X- X -  

of the bonding to the central carbon, and they call such transition states 
‘loose’, as opposed to ‘tight’. Contributions of either carbanion or 
carbonium ion structures 9 or 10 could be regarded as leading to ‘loose’ 
E2 transition states. 

Most interpretations of medium or substituent effects on transition state 
structure relate the effects to energy changes in reactants and productsG5* 06. 

An idealized representation of an effect which stabilizes products relative to 
reactants is illustrated by the potential energy-reaction coordinate curves 
of 13; the energy of the transition state is decreased and its structure is 
moved closer to that of the reactants. ThorntonG9 has provided a neat 
analytical model for this behaviour by superimposing a linear perturbing 
potential upon an inverted parabola in the manner shown by the full lines 
in 13. It is found that the movement of the potential energy extremum is 
indeed in the direction shown. 

Here stabilization of the product renders the transition state less product- 
like. This is contrary to the behaviour generally observed for E2 elimina- 
tions. However, energy changes are considered in the reactants and 
products only, whereas the E2 transitior, state is evidently sensitive to the 
stability of the carbanion and carbonium ion. Recently it has been shown 
that a potential energy surface may be formulated upon which all four 
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stable species 8-11 can be represented'O. The C-X and C-H bond orders 
are taken as displacement coordinates and the potential energy is repre- 
sented by contours. The form of the surface is determined by the necessity 
of locating the stable species at energy minima with C--X and C-H bond 

Potential 
energy 

6 f  \-? 
X 

* - _. 
/ r  \ ", BH" + = 4 X- 

'.*\ ' .. - f - 
Stabilization 

2ts t i toent  
\ 

-. + 
Reaction coordinate 

(1 3) 

orders of 0 or 1 and of interconnecting all species except the carbanion and 
carbonium ion by energy valleys and saddle points. The connexions 
between reactants and products and between the carbanion a.nd carboniurn 
ion are implied by the existence of El and ElcB mechanisms. The assump- 
tion is made that the rn bond orders and developments of charge remain in 
step with C-H and C-X bond orders. 

The surface is shown in Figure 1. E2 elimination is represented by the 
direct path from reactants to products and in this case involves a nice 
balance of C-J3 and C-X bond breaking, with a transition state 
similar to 2. The surface may be used to examine the effect of energy 
changes in a11 the stable species $-PI upon the energy and structure of the 
E2 transition state. This is done by extracting diagonal cross-sections, one 
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bond 
order 
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H C-H bond order 
B+ \)( BH++ -\)( 

FIGURE 1. A potential energy surface encompassing concerted and stepwise 
p-elimination. 

to include the transition state, reactants and products, which is fairly 
represented by the energy curves in 13, the other to include the transition 
state, the carbanion and the carbonium ion, as is shown in 14. 

Potential 
energy 
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The effect of reactant and product stability is clearly in accord with 
normal, or  Hammond postulate, behaviour. However, an essential 
difference in the effect of the carbanion and carbonium ion is that energy 
changes in these species are transmitted across the minimum rather than 
the maximum of the saddle point at which the E2 transition state lies. As 
pointed out by ThorntonOD, application of the parabola model in this case 
leads to the expectation that the transition state will move closer in 
structure to the stabilizing influence. Thus for an extended potential 
energy model, carbanion and carbonium ion stabilizing substituents 
increcse carbanion and carbonium ion character in the transition state. 

The above model has strong affinities with an earlier treatment of 
substituent effects upon concerted reactions developed by ThorntonG9. 
Thornton considered the effects of substituents upon the ease of molecular 
displacements along the normal coordinates of the tramition state. 
Effectively, attention was confined to the potential surface in the immediate 
vicinity of the E2 saddie point. The opposite signs for curvatures of the 
surface along the reaction coordinate and normal to it lead to changes in 
geometry respectively consistent with, and opposed to, the Hammond 
postulate in a manner complementary to that described above. No attempt 
will be made here to reproduce Thornton’s treatment52* G9*71 or  otherm* 72 

approaches to the problem; these should be consulted directly. However, 
the practice already adopted of where possible adapting results to the 
pctential energy model will be continued. 

The predictiom deriving from the simplest consideration of Figure 1 are 
that substituent and medium effects acting to stabilize structures 8-11 will 
lead to a smaller contribution or the reactant or product structures 8 and 
11 and a larger contribution of the carbanion and carbonium ion 
structures 9 and 10. This is consistent with Bunnett’s rule when it is 
formulated as pertaining to the relative extents of C-H and C-X bond 
breaking in the transition stateG. The rule then complements Hammond 
behaviour in much the same way as ‘loose’ transition states complement 
‘tight’ transition statesm, and substituent effects exerted ‘perpendicular’ to 
the reaction coordinate complement those exerted ‘parallel’ to itG9* The 
importance of anti-Hammond behaviour in the E2 transition state stems 
from the charged character and hence sensitivity to substituent effects 
of the carbanion and carbonium ion. 

3. Factors affecting transition state structure 

With these points of interpretation in hand the following sections will 
illustrate the capability and limitations of the models in makir,g predictions, 
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and also prepare the ground for the consideration of special features of 
E2 eliminations which follows (sections 111. B. C.  D). 

a. The leaving group. A change to a poorer leaving group will stabilize 
reactant and carbanion structures 8 and 9 relative to carbonium ion and 
product structures 10 and 11, since the latter incorporate the leaving group 
in ionized form, X-. This will lead to both z more reactant-like transition 
state and an increase in carbanion character (or a decrease in carbonium 
ion character). There will also be an increase in C-H bond breaking; but 
because changes in contributions of 8 and 9 have opposite effects on C-X 
bond breaking it is not immediately clear whether C-X bond breaking will 
increase or decrease. Experimentally, as we have seen, the p values of 
Table 1 show that a poorer leaving group does increase carbanion character, 
while the primary and solvent isotope effects and changes in Bronsted 
exponent for base catalysis testify to an increase in C-H bond breaking. 
The effect on C-X bond breaking is not known. 

b. Substituents at the /3-carbon. For carbanion-like transition states 
/3 electron-withdrawing substituents should both increase the carbanion 
charszter and the degree of C--H 3ond breaking, and decrease the extent 
of C-X bond breaking; electron-donating substituents should have the 
opposite effect. In practice, carbanion stabilizing substituents such as 
phenyl are believed to promote carbanion-like transition states6 and 
Table 2 shows that if Bronsted exponents are a reliable guide they also 
increase C-H bond breaking. Correspondingly an electron-donating 
j3-methyl group leads to reduced p values (and hence less carbanion 
character) for elimination of /3-arylethyl bromides and tosylatess2, as may be 
seen in TabIe 3 *. 

Detailed measurements of 13-hydrogen and Ieaving group isotope effects 
in the elimination of /3-phenethyltrimethylammonium ions made by Smith 
and Bourns60~62~73 show a different pattern. Table 4 shows that while 
electron-withdrawing substituents decrease the nitrogen isotope effects and 
hence, presumably, decrease the extent of C-X bond breaking, as would 
be expected, they lead to an increase in /3-hydrogen isotope effects. Since 
transition states are here expected to involve a large degree of proton 
transfer (section 111. A. 1. c) this must imply a decrease in C-11 bond 
breaking, a conclusion that is corroborated by the decrease in solvent 
isotope effect52. 53 also shown in Table 4. 

This behaviour is clearly contrary to expectation and it may reflect a 
limitation in the substituent effect model. Re-examination of Figure 1 

* The large effect of or-methyl substituents upon p in Table 3 is quite 
unexpected. It may signify interaction of the base with the a-carbon in the 
transition state. 
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indicates that simple predictions based on structures 8-11 apply only to a 
transition state centrally located on the potential surface. This case, in 

TABLE 3. The effects of methyl substituents and solvent upon 
elimination of /3-phenethyl derivatives (PhCH,CH,X) at 50" 

X Substituents P P 
EtOH/NaOEt t-BuOHINaOBu-r 

OTS H 2-3 
OTs W H 3  1.8 
OTs a-CH3 1-3 
Br H 2.1 

CY-CH~ 1.8 
Ha 3.9 

Br P-C& 2.1 

N(CH3) 3 
B+' 

3.4 
2.2 
1.9 
2.1 
1.8 
1.4 
3.1 

~~ ~~ 

a 30", p-Me@, p-Me and H substituents only. 

which changes in carbanion stability are felt across the reaction coordinate, 
is usefully contrasted with that of elimination via a carbanion intermediate, 
in which, as may be seen from inspection of the ElcB reaction path in 

TABLE 4. Substituent effects on isotope effects for /3-phenyl- 
ethyltrimethylammonium ions 

p-Substituent k14/klS a 

40°, EtOH 
- 

CH30 1.0137 
H 1.0133 
CI 1.0114 
CE3 1.0088 
NO, 
kCX3)3 

k d k D  koD-/kos- 
40", EtOH H20, D20, 80.45" 

2-64 
3-23 1.79 
3-48 1 -73 
4-16 

(6*0)b 
1.62' 

a Nitrogen isotope effect for trimethylammonium leaving group. 
( k d k ~ ) " ~ ' " ~  for WaOCH,/CH30H at 22", references 57, 74. 
GO". At 80.45" the value should be smaller. 

Figure 1, changes in carbanion stability are felt along the reaction co- 
ordinate. It is apparent that a p-substituent increasing or decreasing 
carbanion character in a 'central' E2 transition has the opposite effect on 
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carbanion character in an ElcB transition state. For a carbanion-like E2 
transition state, behaviour between these extremes may reasonably be 
expected, and for the reactions in Table 4 substituent effects could well be 
felt more strongly along the reaction coordinate than normal to it. This 
possibility has been considered in detail by T h ~ r n t o n ~ ~  who points to the 
low curvature of the potential surface along the reaction coordinate as a 
factor magnifying substituent effects in this ‘dire~tion’~1. On the other hand 
it seems likely that such behaviour is not normal and applies only to 
transition states of highly developed charge character. 

c. The effect of base and solvent. Because it is a major factor affecting the 
orientation and stereochemistry of elimination, it is important to determine 
the influence of base strength upon the E2 transition state. In practice a 
change in base is often associated with a change in solvent and, not 
surprisingly, the complication that this introduces has led to some 
differences in the interpretation of experimental resultssp 31. 

Focusing attention on the base B and its conjugate acid BHf, considera- 
tion of structures 8-11 suggests that an increase in base strength will 
decrease the extent of C-X bond breaking and produce compensating 
effects on C-H bond breaking. With respect to the solvent, the predicted 
effects depend upon the nature of the leaving group. Normally an increase 
in base strength entails transfer to a poorer ion-solvating solvent. This will 
facilitate displacement of a positively charged leaving group, leading to a 
decrease in C--H bond breaking in the transition state, but will hisder 
displacement of an initially neutral group, causing an increase in C-H 
bond breaking. The net effects of base and solvent are tabulated below. 

The combined effects of increased base strength and 
a poorer ion-solvating medium upon the E2 

transition state 

C-H C--x P 
bond breaking bond breaking I 

? - -  - -  R-X+ 
R-X + - + +  

The predictions are in accord with those of Saunders and C ~ c k e r i l P ~ * ~ ~  
based largely on consideration of reactant and product stabilities. Bunnett’s 
principle is also applicable2* but should be confined to predicting relative 
and not absolute changes in bond breaking. 
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Experimentally, @-hydrogen isotope effects and values of p for /?-phenyl 
substitution offer the best guides to actual behaviour. For a neutral leaving 
group an increase in carbanion character and an increase in p value is the 
expected effect of a stronger base and less polar solvent. The @-phenethyl 
tosylates in Table 3 offer examples of this32. In passing from NaOEt/EtOH 
to NaOBu-t/t-BuOH, p for /?-phenethyl tosylate itself increases from 
2-3-3.4, while k,/k, increases from 5-7-8.2. As discussed in section 
111. A. 1. c the change in isotope effect probably reflects the expected 
increase in C-H bond breaking. 

For 'onium ions the change in p cannot be firmly predicted because the 
solvent and base have opposing effects 011 carbanion character in the 
transition state. For the /?-phenethyltrimethylammonium ion p decreases 
from 3.9 to 3-1 in passing from EtOH to t-BuOH (Table 3) suggesting that 
the solvent effect is dominant31. For the/?-phenethyldimethylsulphonium ion 
addition of DMSO to water leads to a small increase in d5. In this case the 
relative insensitivity of p to solvent and the opposite direction of the change 
with respect to solvent polarity from that of the ammonium ion both 
suggest the operation of compensating effects. Measurements of changes in 
isotope effects for the ammonium ion in going from EtOH to t-BuOH 
show k,/k, increasing, from 3.0 to 7.0, and the nitrogen isotope effect 
de~reas ing~~,  indicating a decrease in both C--M (cf. section 111. A. 1. c) 
and C-X bond breaking. Broadly parallel behaviour for the dimethyl- 
sulphonium ion in H,O-DMSO is found. 

The consistency of this picture is marred by the behaviour of the 
phenethyl bromides. In a number of instances increasing the basicity of the 
m e d i ~ r n ~ ~ * ' ~ ,  in going from EtOH to Z-BUOH~~ or adding DMSO to 
t-BuOH7?, leaves k,/k, unchanged and actually causes p to decrease 
(cf. Table 3). This is particularly surprising insofar as simple alkyl halides 
appear to behave normally; for secondary butyl bromide, for example, 
k,/k, increases from 3-5 to 4.0 to 4.4 in going from EtOH to s-BuOH to 
t-BuOH, as would be expected of increased C-H bond breaking78. At 
present the behaviour cannot be fully understood; possibly, ion pairing 
plays a role77. 

B. The Hofmann and Saytzeff Rules 

A touchstone of any theory of E2eliminations is its ability to interpret the 
rules formulated by Saytzeff and Hofmann for predicting the orientation of 
elimination from substrates with @-hydrogens attached to different carbons. 
According to the Saytzeff rule79, which was applied to elimination of alkyl 
halides (I, Br, Cl), reaction occurs preferentially at  the most heavily 
substituted carbon; according to the Hofmann rulesO*sf, which was applied 
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to alkyl ammonium ions, it occurs at the least substituted carbon. Nowa- 
days, the rules are normally considered only in relation to alkyl substituents. 

CH3, ,CH3 ,c=c, Saytzeff 
H 

(CH 3)2CH C HC H 
I 
X (CH3),CHCH=CH, Hofmann 

1. Interpretations 

As pointed out by Ingold', a conflict between the rules became apparent 
when it was recognized that eliminations of alkyl halides and Hofmann 
degradations involve a common reaction mechanism. Once this was 
established the operation of two independent factors in determining the 
direction of alkyl substituent effects had to be accepted and explained. 
Hughes and Ingold proposed that in the elimination of alkyl halides the 
stabilizing effect of an alkyl substituent upon the olefinic product is felt by 
the incipient double bond in the transition state, but that in the 'onium 
ions, for which the acidity of the /3-hydrogen was reckoned of overriding 
importance, this factor is more than counterbalanced by the adverse 
inductive effect of the methyl groupz4? *I. 

Hughes' and Ingold's opposition of hyperconjugative and inductive 
effects was matched by an opposition of hyperconjugative and steric effects 
advocated by Brown and Moritani82. Brown made the important discovery 
that the Saytzeff orientation of halides was changed to Hofmann in passing 
from a primary alcohol-aikoxide solvent-base combination to a secondary 
or tertiary one. This is hardly consistent with an inductive interpretation of 
Hofmann behaviour and Brown suggested that the Hofmann orientation 
arises by default through steric hindrance, by a bulky leaving group or 
bulky base, to the attainment of an anti-periplanar conformation of the 
8-hydrogen and leaving group in the transition state for formation of 
Saytzeff olefin (I§). 

H H*5 X 
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A weakness in both Brown’s and Ingold’s interpretations is that the 
factors determining orientation are unrelated to the large difference in 
reactivity between the common alkyl halides and the alkyl ’011ium ions. 
This, on the other hand, provides the basis for an explanation in ternis of 
variations in transition state structure2* 20. In primary alco5olic solvents 
alkyl iodides, bromides and chlorides should rcact via ‘central’ or El-like 
transition states (2 or 3) and the principal effect of the /-&methyl group 
should indeed be its interaction with the incipient double bond, as Brown 
and Ingold suggest. For the ’onium ions, the poorer leaving group should 
induce greater C-H bond breaking and more carbanion character in the 
transition state so that the dominant effect of the alkyl group will be an 
unfavourable inductive interaction. This is similar to an updated interpreta- 
tion of Banthorpe, Hughes and Ingolds3 save that they considered the 
inductive effect of the leaving group to be the factor-determining transition 
state structure. 

2. Alkyl halides 

a. Leaving group. With the advent of gas-liquid chromatography 
Saunders and coworkersM were able to show that previously undifferen- 
tiated o l e h  proportions from elimination of 2-pentyl iodide, bromide and 
chloride in fact showed an increase in the proportion of Hofmann olefin in 
the order I -= Br < C1, contrary to Brown’s prediction. Although it could be 
arguedg6 that here changes in steric requirements need not necessarily 
parallel changes in atomic radiusgG, the subsequent finding of a much 
larger fraction of Hofmsnn olefin for 2-pentyl fluorideg7 appears to offer 
unassailable evidence agzinst the generality of Brown’s interpretation. The 
reactivity of the halides and hence the ease of displacing the halogen 
leaving group decreases with the atomic radius, I > Br > C1> F, so that the 
observed behaviour is fully consistent with the explanation based on 
variations in transition state structure. These experiments provide a nice 
illustration of the mechanistic use that can be made of the halogens as a 
family. 

The above results have been corroborated under kinetically controlled 
conditionsSs by Bartsch and Bunnett who have studied the elimination of 
2-hexyl derivatives (17) for a wide variety of leaving groups and reaction 
~ o n d i t i o n s ~ ~ . ~ 8 ~ 8 ~ .  Rate constants and product fractions of 1 - and 2-hcxene 
for the hexyl halides in methanolss and t-butyl alcohoP5 are shown in 
Table 5. Also shown are the ratios of translcis 2-hexene. The variations of 
these with base and leaving group have been interpreted84*87*88 as reflecting 
the extent of eclipsing and hence the degree of double-bond character in the 
transition state. The close correlation between changes in cis-trans and 

22 
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Hofmann-Saytzeff olefin proportions supports such an interpretation, but 
for wid.er changes in solvent, base or leaving group other factors become 
important (sections IIK. C. 3 and 111. D. 3). Significantly, the proportion of 

n-PrCH,CHCH, - t -t n-PrCH,CH=CH, 
I 
X 

(1 7) 

Saytzeff 

Hofmann product shows no correlation with (T* values for the leaving 
groups, arguing against the rather unlikely suggestion of inductive control 
of transition state geometryaa. 

TABLE 5.  Olefin compositions and rate constants for eliminations of 2-texyl 
halides at 100" 

NaOCH,/CH,OH NaOBu-rjr-BuOH 

Leaving kZa % 1- translcis % 1- translcis 
group x 108 hexene 2-hexene hexene 2-hexene 

r 57,000 19 3.6 69 1-8 
Br 14,400 28 3-0 80 1.4 
c1 380 33 2.9 88 1.1 
F 0-55 70 2-3 97 1.2 

-___- 

a Rate constants for formation of 1-hexene in NaOCH,/CH,OH. 

b. Base strength. In the light of the discussion in section HI. A. 3. c the 
expected effect of a change to a stronger base and less polar solvent upon 
transition state geometry for reaction of a simple alkyl halide is that 
carbanion character should be increased15. This nicely explains the increase 
in Hofinann orientation between sodium methoxide and sodium t-butoxide 
seen in Table 5. In this instance, however, an explanation in terms of the 
steric requirements of the alkoxide base would also apply, and there have 
been attempts to complement the separation of steric and electronic effects 
of the leaving group with a similar separation for the base1Gn70*0@-Q4. 
Curiously, a separation of changes in base strength from what could 
conceivably be construed as steric requirements of the base, especially if 
these are expanded to include solvating moleculesa5, is quite difficult. For 
the commonly used alkoxide bases, for example, increases in basicity are 



9. Elimination reactions in solution 629 

associated with homologation and, more strongly, with chain branching at 
the or-carbon atom. Perhaps the most straightforward demonstrations of 
the importance of base strength are provided by comparisons between 
substituted nhenoxide ions76* and between C,H,O- and CF,CH,O- 
ionsg1. In each case the predicted increase in Hofmann orientation with 
basicity was observed. Departures from the normaP6> 82p s9* 9 2 ~  01-96 effect 
of basicity on orientation of alkyl halides indeed seem to occur only for 
transfers from protic to dipolar ayrotic solventseeB62, in which case E2C 
elimination (section 111. D) probably intrudes. However, the anomalous 
results for phenethyl bromides mentioned above (section Iff. A. 3. c) offer 
a reminder that not all is understood here3"*77. 

Apart from its intrinsic interest the effect of base strength has some 
practical importance in that strongly basic media may be used for the 
efficient synthesis of thermodynamically unstable olefins16* 16. An example 
of this has beer? given by Acharya and Brown16 in the interconversion of a- 
and ,$-cedrene, 18 and 19. 

3. Alkyl 'onium ions 
A detailed consideration of orientation in alkyl 'onium ions adds IittIe to 

the results obtained directly with halides and is bcyond the scope of this 
chapter. It should be noted, however, that a number of results suggest that, 
especially for the trimethylammonium group, steric effects are important. 
For rigid cycloalkylammonium ions", particularly where heavily substi- 
tuted, steric effects appear to weaken the C-N+ bond7~97-g9 causing an 
increase in reaction rate; in acyclic alkyl ammonium ions, on the other 
hand, steric effects hinder the attainment of an anti-coplanar conformation 
of 13-hydrogen and leaving group, in the manner discussed by Brown, and 
a retardation in rate results. Evidence of the latter effect comes from a 
comparison of the effect of 13-alkyl substituents upon eIimination of alkyl 
bromides and alkyltrimethylammonium ionss3, shown in Table 6 .  A 
t-butyl group slows elimination of the ethyltrimethylammonium ion in 
sodium t-butoxidelt-butyl alcohol by a factor of 40,000, a factor too large 
to be ascribed to an inductive effect alones3. The larger effect in t-BuOH 
than in EtOH is reasonably explained by the more reactant-like transition 
state for the poorer solvent and stronger base. 
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In retrospect Brown and Moritani's suggestion of a gauche interaction 
between p-substituents and leaving groupsa appears more reasonable than 
that of the steric effect upon proton transfer to an alkoxide base. It is 

TABLE 6. The effect of fl-alkyl substituents on relative rates of e1imina.- 
tion of alkyl bromides and trimethylammonium ions RR'CHCH2X 

~~~~ 

+ + 
R, R X = Br X = N(CH3)a X = N(CH3)3 

NaOEt/EtOH, 55" NaOEt/EtOH, 100" NaOBu-t/t-BuOH, 73" 

1-0 
0.07 
0.043 
0.029 
0.001 

1.0 
0.012 
0.003 

0*000024 

possible that the implications of the gauche interaction for the rather 
complex behaviour of alkyl and cyclcalkyl 'onium ions have not yet been 
fully worked out. An extension of t5e already fruitful comparison between 
fluorides and 'onium ions would be particularly welcome. 

C. The Stereochemistry of E2 Elimination 
1. Small rings 

Until quite recently E2 eliminations were believed to show a strong 
preference for a transition state in which the &hydrogen and leaving group 
bore an anti-periplanar (ap) relationship to each other (20). This belief was 

(20) 

based in part upon early dernonstrationslo0 that under E2 conditions 
trans-1 ,Zcyclohexyl derivatives (e.g. 21) appeared to undergo no elimina- 
tion of the p-hydrogen unable to achieve an anti-periplanar conformation 
with respect to the leaving group, and in part upon the analogy drawn by 
Hughes and PngoldN between E2 elimination and SN2 displacements, 
which could be taken to imply that the two reactions should show similarly 
rigid stereospecificities. The belief indeed seems to have been confirmed by 
the fact that early observations of syn elimination were confined to systems 
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in which either competing reactions were strongly inhibited, as, for 
examplelo1, with /3-hexachlorocyclohexane (22), or syn elimination was 

i-Pr 

strongly activatede1. l0l3 as in the tra~ts-l,2-phenylcyclohexy!trimethyl- 
ammoniums1 ion (23). The deactivation implied for syn compared with 
anti elimination was sufficiently strong that observations of syn stereo- 
chemistry were taken as prinza facie cvidence for the formation of a 
carbanion intermediate1w*106-108 , this point has been well reviewed by 

(21) 

McLennan12. 

Cl*Cl 
CI 

(22) 

Subsequently it was shown 

h c  H, 1, 
Ph 

(23) 

that syn-anti rate differences are much 
smaller in cyclopentyl than in cyclohexyl rings103* no* ll1 and thzt in 
dihalobicycloheptanes, such as 24 and 25, syn elimination from the 
traits isomer 24 is faster than anti elimination from the exo or endo (25) cis 
isomerslo6* Lr2, a finding that complemented earlier measurements with 

2,3-dibenzobicyclooctadiene dichl~rides~~’. In 1962, DePuy and coworkers 
suggested that the coplanarity of the /3-C-H and leaving group bonds 
might be a more important factor in determining stereochemistry than their 
syn or anti relationshipllO. On this basis, the preference for syn elimination 
of bicyclooctyl and bicycloheptyl derivatives comes from the close approach 
to a syn periplanar (sp) relationship between the cis-/3-hydrogen and 
leaving group, and to an anti-clinal (ac) relationship between the trans- 
/3-hydrogen and leaving group, as in 26. In the cyclohexyl ring the 
preference for anti elimination of course tallies with the anti-penplanar 
relationship of leaving group and trans-/3-hydrogen; indeed where syn E2 
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elimination in cyclohexyl rings does occur it may well do so through a 
skew-boat conf~rmnt ion~~ .  In acyclic substrates anti elimination is still 

T; X ac 

(26) 

expected to be favoured because syn elimination leads to unfavourable 
eclipsing effects in the transition state12. A stereoelectronic preference for 
arzti eIimination may also exist5*24>113-115, but if so it is presumably either 
not very great, or readily relaxed or reversed5s113 by changes in transition- 
state structure. 

Measurements with norbornyl substrates labelled stereospecifically with 
deuterium cis or trans to the leaving group (27), from which the stereo- 
chemistry of elimination may be inferred by measurement of a kinetic 
isotope effect and the isotopic composition of the productsu6, have shown 
that exo-syn elimination occurs very much more rapidly than endou6p 117 
which suggests that an additional factor must be operating. However, 
where comparisons have been made the endo syn-anti ratio is still unusually 
high1le. AS shown in Table 7 a good qualitative correlation between 

TABLE 7. syn-anti Rate ratios and values of p for elimination of phenyl- 
cycloalkyl tosylates at 50" in KOBu-t/t-BuOH 

~~ ~~ ~~~~ 

Elimination k2 x lo4 P syn-anti 
mode M-1 s-1 

P I1 

exo-anti 

30.7 

0.48 2.6 

Ph 
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TABLE 7 (cont.) 

633 

~~ ~~ ~~ ~ 

Elimination k, x lo4 P syn-anti 
mode M-1 s-1 

endo-syn 0.020 - 

OTs 0-58 

ooTs 
\ 
Ph 

Ph 

PTS P h  

endo-anti 0.033 - 

sy/r 5.10 2.9 

0.39 

anti 13.0 2.2 

syr1 2.9 2.8 

@O Ts anti 29.1 1.5 

P h 

- - a O T s  syn 
PI1 

OTs 

ariti - 1 *92 

< 1 0 - 4  

syn-anti ratios and the expected size of the dihedral angle between the 
leaving group and the cis-/3-hydrogen is found. A broadly similar pattern 
has been found for Hofmann elimination of small ring-119, lZo, bicyclooctyl- 
and bicydoheptyl-trimethylammonium ions121, although in the bicyclo- 
heptyI case only exa-syn elimination was investigated. 
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2. Medium rings 

Stereospecific isotopic labelling has proved a powerful technique for 
investigating the stereochemistry of elimination from structurally simple 
lion-cyclic and flexible-ring substrates. With stereospecifically deuterated 
erythro and threo diastereomers 28 and 29 as reactants the proportions 
of syn and anti elimination may be obtained either by combining product 
analyses for cis and trans olefins with determinations of the deuterium 

R + + RwR D - % y  
R 

R R LA. $x R X 

H+Ftt 
R 

fhreo (29) 
\-<" + L4 X 

erythro (28) R 

contents of the separated olefin isomers or, when the protio and/?-dideutero 
substrates are also available, by combining non-isotopic product analyses 
wifi  measurements of kinetic isotope lz2. lZ3. In favourable cases 
simplifying assumptions may also allow semiquantitative or qualitative 
conclusions to be drawn from more limited datad8. 

Ziivada, Svoboda and SicherlzZ rigorously applied a stereospecific label- 
ling method to elimination from the ten-membered ring substrate 1,1,4,4- 
tetramethylcyclodecyl-7-trimethylammonium chloride (30, X = N(CH,)J 
in which the methyl substituents help to lock the ring in the favourable 
conforinationla shown below. The cyclodecenes (31 and 32) formed as 

+ 

CH, JJd@ H.-- H trans 

(31 1 (32) 
cis and trans cis and trans 

CH, 
(30) 

products, like other monocyclic olefins of ring size greater than seven, may 
exist as cis and traits isomers, of which the trans isomer, although the less 
stable, is the major elimination product. As may be seen from Table 8 the 
remarkable result was obtained that both cis and trans olefins are formed 
stereospecifically, the cis isomer by anti elimination and the dominant trans 
isomer by syn elimination. The stereospecificity is directly revealed by the 
experimental results. While formation of both cis and trans cyclodec-7-enes 
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(31) from the 'oniun: ion (30) deuterated in the trans-8-d position is subject 
to a substantial isotope effect (k,/kD = 3.6 and 2.7 respectively), within 
experimental error formation of the same olefins from the isomeric 
cis-8-d 'onium ion (which has the stereochemistry of 28, with the Rs 
representing ring residues) shows no isotope eifect. 

TABLE 8. Elimination of 1 , I  ,4,4-t~tramethylcyclodecyl-7-trimethylammonium 
chloride in KOCH,/CII,OH, at 130" 

% tram olegnu kn/kD % cis olefin" k H / k D  --- + - 5.6 7-NMe, 39.3 - 
cis-8-d-7-N Me: 45.8 1.1 6.1 1.0 
trans-8-d-7-N Me: 28-7 2-7 2.2 3.6 

cis- and trans-l,1,4,4-tetramethyldec-7-encs (31). Percentages are of total olefin 
product 31 and 32. 

This result differs from that of syn eliminations in sma!! or bicyclic rings 
in that ,syn elimination is not favoured by geometrical constraint in the 
reactants. Strong evidence that it is Characteristic of elimination from 
medium rings in general comes from a c o m p a r i s ~ n ~ ~ ~ ~ ~ ~ ~  of the kinetic 
dependence of 'oniurn ion eliminations upon ring size with that of the 
necessarily syn stereospecific thermal elimination of cycloalkyldimethyl- 
amine oxides127 (33). From Figure 2 it can be seen that the two dependences 
are closely similar for formation of the trans olefin and substantially difYerent 
for formation of the cis olefin. 

The very strong preference for syn elimination is characteristic of alkyl- 
ammonium ions in strongly basic media. Investigation of other leaving 

and of a variety of solvent base systems131~ 132 has revealed 
some of the factors upon which the stereochemistry of elimination depends. 
Generally speaking, a sharp inverse correlation between the fraction of syn 
elimination and the fraction of cis-olefin in the product prevails, with 
infractions of the anti-cis correlation occurring more readily than of the 

HON(CH,), 
-0 \+ 

N(CH,), + 
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FIGURE 2. The ring-size dependence of eliminations ; (a) cis-olefin formation, 
(b) trans-olefin formation ; Q , cycloalkyltrimethylammonium ions in 
KOBu-t/t-BuOH at 55"; 0, cycloalkyldimethylamine oxides in t-BuOH at 
70.6"; -, 5-nonyltrimethylammonium ion; - - - - , 5-nonyldimethylamine 

oxide. 

syrr-trans. The syn-tram mode is favoured by leaving groups in the order 

N(CH,), > OTs - B F  - CP3O, which paralleis both steric requirements and 
ease of displacement. It is favoured by a strong base and a poor ion-solvat- 
ing medium, typically KOBu-tlbenzene > KOBu-t/t-BuOH > KOCH,/ 
CH,Ol-I, with behaviour in dipolar aprotic solvents depending on the 
nature of the leaving group. The cffect of leaving group and medium, as 
reflected in the ratio of cis-trans olefin products frGm the cyclodecyl ring, is 
shown in Table 9. Figure 2 shows that the stereoselectivity also depends on 
ring size, being a maximum in the range 10-12. 

Partial interpretations of the observed behaviour have been presented by 
Sicher and  collaborator^^^^^^^. A feature of the medium rings expected to 
favour syn elimination is the distortion of normal C-C-C bond angles. 
As the ring size is increased from cyclohexane, angle distortions destroy the 
coplacarity of a leaving group and an anti C-H bond and improve 
coplanarity of a leaving group and a syn C-€3 bond. In the larger rings 
such as cyclodecyl a second factor is that substituents may occupy intra- or 
extra-annular positions in the ring. Preference of the leaving group, 

+ 
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particularly when bulky, as in the case of an 'oniam ion, for the less 
sterically demanding extra-annular position will tend to place the cis 
p-hydrogen in an intra-annular position as in 30. It is not hard to 

TABLE 9. The effect of base, solvent and leaving group upon trans-cis olefin 
ratios 

Cyclodecyl-X 5-Nonyl-X 
f 

Base-solvent X = N(CHa)3 Br Br OTs &CH,), 
--- 

t-BuOKlbenzene - 200 8 0-8 1.0 9 
t-BuOK/f-BuQH 65 7 1.5 0.5 2.8 
i-PrOK/i-PrOH 24 1.4 2.3 0.9 
EtOK/EtOH 4 0.18 3-3 0.3 
t-BuOK/D MF (65)" 0.06 7.0 3.1 (4.6)" 

" t-BuOK/DMSO. 

imagine that in this conformztion the cis hydrogen is sterically 'shielded' 
from approach of a base. As expected, the preference for syn 
elimination decreases as the ring size becomes large and coilformational 
behaviour approaches that of an open-chain substrate138*120* 1319 132 

(Figure 2). 
The trans stereospecificity of syn elimination may be understood as a 

consequence of the extreme eclipsing that would occzr in the transition 
state leading to cis olefin, 34. Given the fact of predominant syn elimina- 
tion this indeed provides an attractive explanation of the long-standing 
problem as to why elimination in medium rings gives preferentially the 
relatively strained trans ~ l e f i n l ~ ~ .  lm. Significantly, there is a transgression 

x 

H 
H 

of the syn-tram rule €or cyclooctene, for which the energy difference 
between trans and cis cycloolefiris is maximized1=. On the other hand, the 
relative stability of the cis olefin favours cis-siereoselectivity for the anti 
elimination mode. For Iarger rings this stereoselectivity is also relaxed. 
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3. Open-chain substrates 

While comparisons between medium rings and the corresponding open- 
chain systems122n l3O,  135, for examp:e between decyl and cyclodecyl 
dibromides and dichl~ridesl~~,  do indicate a greater proneness to syn 
elimination in the rings, syn elimination in acyclic substrates does occur. 
Indeed the tendency towards syn elimination shows qualitztively the same 
dependence upon medium and leaving group as for the rings48*135p136, and 
for favourable structures, e.g. 35, the same stereoselective synltrans- 
antilcis dichotomy is found137. In cases where syn eliminatior is probably 

unimportant, strongly basic media can lead to predominant foimation of 
the cis, and now thermodynamically unstable, ~ l e f i n ~ ~ t  1359 13G* 13*9 139. 

Saunders and collaborators have suggested that the open-chain 
substrates for which syrz elimination is favoured may simulate some of the 
characteristics of the medium ringsd8S 13% 139. Product analyses for a range of 
alkyl t o ~ y l a t e s l ~ ~  and 'onium ionsrn* 1399 140 indicate that both the tendency 
towards syn elinlination and the cis stereoselectivity of anti eliminatiou are 
increased by bulky substituents at the a- and j3-carbon atoms. In line with 
this, independent labelling measurements indicate very nearly exclusive 
anti elimination for the lightly substituted 2-butyl tosylate141, 2-butyl 
bromide78, and ethyl-142 and /3-phenylethyltrimethylammonium ionslay as 
compared with the large fraction of syn elimination for 35. 

Bailey and S a u n d e r ~ ~ ~  have pointed out that a bulky leaving group such 
as N(CH,),, or to a lesser extent OTs, will cause alkyl substituents separated 
from the a- or p-carbons by a methylene group, as are R1 and R2 in 36 and 
37, to assume an arrangement in which, in the stable conformation leading 
to trans olefin, they shield the trans /3-hydrogen from attack by base in a 
manner closely analogous to the intra-annular shielding surmised in the 
medium rings (compare 30 and 37). By default, both the proportion of syn 
elimination, which normally leads to trans olefin, and the porportion of 
anti elimination occurring from the less stable but unshielded conforma- 
tion 37 to give cis olefin will increase. Interestingly, a bulky substituent is 
more effective at R1 than at R2 in promoting syn elimination and anti-cis 
stereoselectivity. This is consistent with R1 being principally responsible 
for the shieldine*. 

c 
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Sicher has noted that the shielding may be enhanced by rotation from the 
perfectly staggered conformation under pressure of the gauche inter- 
a c t i o n ~ ~ ~ ~ ~ ~ ~ .  However, he also points out that comparisons of cyclic and 

(CH 1 
4- 

CH2,@i N(CH,), , H,&Tz - ? l 7 ~ ( C l - I 3 l 3  
R2/ R2 = 

H --. -.. 
CH, CH, 

R' R2 
H 

(361 (37) 

acyciic systems suggest that elimination is accelei ated in the medium rings, 
and recently Z9vadalUa has shown that an increase in the synlavti e!imina- 
tion ratio in the open-chain 'onium ion 38, brought about by bulky alkyl 
substituents at R1, is due mainly to an increase in the rate of'syn elimination. 
This is in contrast of course to the effect of alkyl substituents at the 
/?-carbon which sharply retard elimination (Table 6). Clearly all aspects of 
the effect of alkyI structure are not yet understood. 

RCHZCHCHDBU-f - RCHzCH=CHBu-t 
I 
N+(CH,), 

(39) 

For some time it was felt that the variable effect of a strong base and 
noil-polar medium on syn elimination was associated with an increase in 
C-H bond breaking and greater carbanion character at the @-carbon in 
the transition state131. Saunders' measurements for phe3ethyl 'onium 
ions3' make it more likely that for the trimethylammonium ions the a a i n  
effect is to give a more reactant-like transition state with less double-bond 
character and less C-H bond breaking3l~~~ (section 111. A. 3. c). For 
a more reactant-like transition state any stereoelectronic constraint 
might well be relaxed and conformational factors in the reactants should 
assume greater importance@, as seems to be implied by the results. 
There are indications, such as the observation of consistently small 
isotope effects48* 11% 122p 12*~ l', that a transition state with pronounced 
carbanion character does occur for syn elimination, but Saunders suggests 
that this reflects a discontinuity of structure between transition states for 
the syt2 and anti stereochemical In zccord with this are the 
lower isotope effects, for both /?-hydrogen and leaving group, for syn 
than for artti elimination in cases where direct comparisons have been 
.madesr*119*131, and the larger positive p values for syrz than for anti elimira- 
tion of p-arylcycloalkyl tosylates (TabIe 7)*18. 
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A further factor is that syti eliinination tends to occur in media favouring 
ion pairing. This has been emphasized in recent worklM, and in sufficiently 
non-polar media it has been found that substrates with leaving groups of 
steric requirements as different as -N(CH,), and -F can undergo syn 
elimination to similar extentslMb. Ion pairing may readily be thought of as 
favouring syn elimination by promoting reaction via a cyclic transition 
ststeI3', as is shown for an anionic leaving group in 39. If such is the case 
the cyclic nature of the transition state may influence the pattern of 
isotope and substituent effects in the manner discussed in sections 111. D. 2 
and 4 below. Ion pairing solvents also appear to favour formation of trans 
rather than cis olefin in the anti elimination mode144c. 

+ 

Much can now be done to predict reaction conditions and substrate 
structures favouring syn or anti elimination or cis or trans olefinic products, 
and although existing results pertain largely to 'onium ions ar-d tosylates, 
which probably represent extreme behaviour as far as dcpendence on 
leaving group is concerned, a reasonable basis for attempting to predict the 
behaviour of alkyl halides is provided. On the other hand, interpretations 
evidently fall short of the observations and here further studies with alkyl 
halides would be welcome. The possibility of stereoselective synthesis of 
cis or trans isomers of mediLirn iing cycloolefins by a proper choice of 
leaving group and solvent-base system has been notedlo* 19. 

D. E2C Elimination 

So far no reference has been made to a family of reactions which show an 
unusual sensitivity to the nucleophilicity of the reacting base. The f i s t  
acknowledged example of this was provided by Winstein, Darwish and 
Ho lne~s~*~ ,  who found that with dimethylformamide as solvent elimination 
of cis- and tra~is-4-t-buty!~4.clohe?.,;.l tcsylate (4C) could be eEected by 

chloride, bromide or thiophenolate ions. A rather unlikely proposal of an 
intermediate common to substi:ution and elimination paths was quickIy 
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d i s p r o ~ e d ~ ~ ~ ~ ~ " ~ ,  but further extensive investigations, especially by Winsteiii 
and Parker9*14e14g, established the generality of the behaviour and led to 
the suggestion14B that it arose from the capacity of a nucleophilic base to 
undergo what amounts to a neighbouring group interactian with positive 
charge developed at the a-carbon of favourable E2 transition states, i.e. as 
in 41. Such transition states have been termed 'E2C' to distinguish them 
from 'E2H' transition states in which the base interacts only with the 
j ? -hydrog~n~~~ .  

Empirically, the E2C character of a transition state has been judged by 
the relative effectiveness of nucleophilic and basic anions in promoting 
r ea~ t . i on~~*  l4&lS2, for example by the rate constant ratios kBr-/kCHsCOO- 
or kIxs-/kRo-. According to this criterion, E2C elimination is favoured by 
the alkyl structure of the substrate in the order tertiary > secondary > 
primary which is also the order of effectivefiess of steric hindrance to 
competing substitution reactionsD.149. It is also favoured by dipolar aprotic 
solvents such as acetone, DMSO, DMF or CH,CN and by good leaving 
 group^^^^^^^ 153, especially arylsulphonates and the halogens, I, Br, C1. 
Plainly the optimum conditions for E X  reactions stand in contrast to 
the alcoholic solvents and strongly basic alkoxide ioiis most commonly 
used for the E2 reactions considered so far. 

In discussing the characteristics of E2C elimination it seems best 
tentatively to regard structure 41 as on a par with structures 1-3. Parker 
and W i n ~ t e i n ~ t ~ ~ ~  have emphasized both an opposition between E2C and 
carbanion-like transition states, 41 and 1, and a balance between E2C 
and the double-bond character of the transition state, as represented by 
structure 2. Fewer references have been made to carbonium-ion-like 
transition states, 3, but it seems likely that factors favouring 3 will also 
favour nucleophilic participation. An important point is that E2C character 
in the transition state appears to be increased by factors stabilizing 
structure 41. This is contrary to expectations based on the Hammond 
postulate and in this respect E2C character is evidently analogous to 
carbonium ion-carbanion rather than reactant-product character. 

Special features arising from the cyclic nature of the transition state may 
of course be expected. 
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I .  Stereochemistry 

Eliminations of secondary and tertiary halides and tosylates in dipolar 
aprotic sohents show a strong anti stereoselectivity with both basic and 
nucleophilic anionsD; normally, as for 42, the effect is greater than in 
hydroxylic solvents. This is clearly consistent with, if it does not require, 
interaction of the base with the a-carbon on the opposite face from the 
leaving group. 

A characteristic of E2C elimination from cycloalkyl substrates, which, 
ironically, led to tne formulation of the original ‘merged’ substitution- 
elimination mechanism145 with a syn stereochemistry, is the rather small 
rate difference observed between isomers in which the leaving group and 
trans /I-hydrogen are held respectively in diaxial and diequatorial conforma- 
tions by a bulky 4-substituent ; for example, for cis- and trans-4-t-butyl- 
cyclohexyl tosylate (do), kcis/kitansN 14. This cannot now be regarded as a 
consequence of syn elimination and the suggestion has been made that it 
reflects a product-like transition state14’. This fits in with an interpretation 
given of other features of E2C elimination and the possibility is considered 
further below. Here, however, it seems fair to say that uncertainties in 
interpreting the kinetic effects of conformational differences in cyclohexyl 
rings niake the deduction a less than ce*in one. Indeed, it appears to be In 
conflict with the relatively small changes in rates of E2C elimination of 
cyclohexyl substrates known to accompany a change in leaving group163. 

2. Substituent effects 

Electron-withdrawing substituents such as Ph, COOCH, or Br at 
the /I-carbon favour carbanion-like transition states and reduce E2C 
characterl*g. Mchnnan and Wongl= have argued against nucleophilic 
participation on the grounds that p for elimination of the DDT derivatives 
(43) under E2C conditions is + 1.23, indicating a carbanion-like transition 

Bu,h’C1 
ncetone, 6 6 O  

(XC,H,),CHCCI, - t (XC,H,),C=CCI, 

(43) 

state. However, the /I-phenyl and a-chloro substituents of 3 D T  strongly 
favour carbanion character in the transition state, and it is noteworthy that 
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p is less than the value of 2-46 observed for the corresponding reaction with 
EtO- in ethanol. Values of p for p-phenethyl halides have also been found 
to be lower in aprotic than alcoholic solvents17; and for elimination of the 
/3-phenyl-or-br0moketone~~~ (44) with bromide ion in CH,CN p N - 0.2. 
This would seem to be consistent with a spectrum of transition states 
involving E2C contributions to a greater or lesser degree. 

&EL2c6H4x - &Hc6H4x 

(44) 

For favourable substrates alkyl substituents at either a- or /3-carbons 
commonly increase elimination rates under E2C conditions by factors of 
N 100. This is much larger than effects in hydroxylic solvents (Table 10) 

TABLE 10. The effect of a-substituents on elimination rates 
of I-bromopropanes CH,CH,CRRBr 

a-Substituents k x lo6 M-l s-l k x lo8 M-1 s-1 
R R' Br-/acetone" KOBu-t/Bu-tOHb 

H H 1.2 15 
CHa H 16 3.0 
CH3 CH, 10,000 4.0 
Ph K 420 30 
~-0zNCeHd H 260 

" 75". 
40". 

and has been interpreted as reflecting a large degree of double-bond 
character in the transition state149. However, the effect greatly exceeds the 
relative theirnodynamic stabilities of the olefins, and it seems possible that 
the gem-dimethyl effect, well known in cyclization and neighbouring-group 
reactionslc6, may also play a role. The effects show little dependence on the 
bulk of the substituent, and for t-butyl bromide 45 replacement of an 
a-methyl by a neopentyl group 46 actually leads to a small increase in 
rat&57. Eck and Bunnett15', indeed, have plausibly argued that the complete 
lack of steric hindrance here is inconsistent with the E2C formulation, but 
this may be pushing an analogy betweeo participation and SN2 substitution 
too 15*. The effcct of an or-phenyl group is also large and is practically 
unaffected by a p-nitro substituent (Table 10). This apparent lack of 
electronic effect is corroborated by the ready elimination of or-haloketones 
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under E2C conditi~nsl~~p 159-1G1 and has been noted as inconsistent 
with suggestions that the E2C syndiome may sometimes merely reflect 

(CH&Cer (CHJ,CCH,C(CHJ3 
i 
Br 

(45) (46) 
k,,/ka6 = 1.7 with Bu,NCI in acetone 

carbonium ion character in a transition state14D. However, it is possible that 
the behaviour of haloketones is Linked with their still incompletely under- 
stood susceptibility to nucleophilic substitution162 and, if experimentally 
acce~siblel~~,  more information on the pure:y electronic effects of a-sub- 
stituents would be desirable149. 

3. Wofmann-Saytzeff and cis-trans olefin ratios 
The large accelerating effect of p-alkyl substituents makes the orientation 

of E2C elimination strongly to the point of being of 
synthetic utilityD. Surprisingly, in view of the large and cumulative effect of 
alkyl substituents, the ratios of trans to cis olefin isomers are also large, 
suggesting appreciable eclipsing in the transition state. This has been taken 
as a further pointer to extensive double-bond character, but Bartsch and 

TABLE 1 1 .  Orientation and cis-tram olefin ratios in elimina- 
tion of 2-butyl halides CH3CH2CHXCHs 

X Solvent/base % 1-butene trans-cis 2-butene 

C1 
T 
I 
I 
I 
I 
I 
C1 

Bu-tOK/Bu-t OH 
Bu-ZOK/BU-t OH 
EtOK/EtOH 
LiI/D MF 
LiBr/DMSO 
NaOAc/DMF 
LiF/DMSO 
LiF/D MSO 

67 
33.5 
11.7 
1.5 
3.3 
6.7 

19.4 
40.8 

1-28 
2.02 
3.25 
3-55 
3.33 
3-76 
3-23 
3-36 

coworkers have found that1** 92 for Zbutyl halides reacting in dipolar 
aprotic solvents the ratio of cisltrans 2-butene is practically independent of 
the nature of the solvent, base or leaving group (cf. references 164, 165). 
This is true despite considerable variations in the fraction of Hofmann 
olefin, and thus contrasts with the correlation between cis-trans ratios and 
the orientation of elimination that exists in hydroxylic solvents, and was 
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there taken as reflecting variations in double-bond development in the 
transition states8. Possibly this is a further manifestation of the cyclic 
nature of the transition state. The behaviour is illustrated in Table 11. 

4. Hydrogen isotope effects 

A direct indication of the cyclic nature of the transition might have been 
expected from measurements of P-hydrogen isotope effects, insofar as 
non-linear transition states have generally been expected to exhibit low 
values of kn/kDlG6. In fact the largest of a number of isotope effect 
m e a s u r e r n e n t ~ ~ ~ ~ ~ ~ ~ ~ ,  3-6 at 75", is significantly Iess than the values of 7-8, 
(usually measured at 30") commonly found in hydroxylic solvents (section 
111. A. 1. c), and although alternative explanations of small isctope effects 
have not been excluded, an interpretaticn in favour of a cyclic transition 
state1G7b seems a reasonable one. 

5. Changes in leaving group 
No general discussion of the factors determining the relative reactivities 

of different leaving groups has been attempted in this chapter because data 
for the halides are limited and because the more numerous measurements of 
rate ratios for bromide and tosylate leaving groups indicate a comparatively 
complex behaviouF. 168-170. Crudely, however, a large sensitixiity to the 
nature of the leaving group may normally be taken as indicating a large 
degree of leaving group bond breaking in the transition state. In E2C 
eliminations, the very large ratio of 3400 has been found for the relative 
reactivities of benzyldimethylcarbinyl chloride and bromide (47) with 
chIoride ions in acetone171, Comparable rate ratios (kBr/kCI = 1160 and 
1500) have been observed159 only for elimination under E2C conditions of 

0 

X (47) 
(48) 

CI 

the 2-halotetralones 48 (cf. k,,/k, = 60 and 38 in Tables 1 and 5). These 
results have been oEered as further evidence of product-like character in 
E2C transition states, but they cannot be generalized to secondary alkyl 
substrates because here the change in leaving group has a much smaller 
effect; for the reaction of cyclohexyl halides with chloride ions in dimethyl- 
formamidelrn, for example, kBr/kcl = 23. Probably the large ratio for the 
tertiary substrates does indicate extensive bond breaking in the transition 
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state, but it is possible that the natural increase in reactivity in going to a 
better leaving group is enhanced by the a.dditiona1 effect of increased 
participation. I t  may also be significant that large rate ratios, Jc,,/ka- 500, 
are observed for nucleophilic d i~placements~~~.  

For benzyldimethylcarbinyl derivatives it has also been foundl'l 
that the relative effectiveness of mercaptide and alkoxide bases decreases 
as the leaving group becomes harder to displace. For 47 in methanol 
kEtS-/kCHaO- = 6.5, 0.8 and 0.05 for X = C1, S(CH,), and SG,CH, 
respectively. This parallels the expected increase in C-H bond breaking 
and carbanion character, and presumably decrease in E2C character, in the 
transition state. For cyclohexyl derivatives with different leaving groups 
there is evidence of a correlation between rates of elimination effected by 
chloride ions and the corresponding substitutions occurring under the 
same conditions. By contrast, no such correlation exists for alkoxide bases 
in alcoholic solventslm. 

+ 

6, The case against nucleophilic participation 
There have been criticisms of the E2C formulation for eliminations. The 

lack of sensitivity to steric effectslS7 and the possibilities that E2C transition 
states simply show carbanionla, carbonium ion152 or produ~t-l ike'~~ 
characteristics have been referred to. B ~ n n e t t l ~ ~  and M ~ L e n n a n ~ ~ ~  38 have 
also argued that variations in the effectiveness of basic and nucleophilic 
ions may simply depend on the relative importance of ion desolvation and 
covalent bond making required of the base in the transition state. Measure- 
ments for cyclohexyl halides and tosylates (49) made by McLennanS7 ana 
shown in Table 12 nicely illustrate the expected correlation between the 

TABLE 12. Eliminations of cyclohexyl 
derivatives, 49, with ethoxide and 

thiophenoxide ions in ethanol 

OTs H 0.27 7.0 
Br H 0.36 1.6 
C1 H 0.39 0.73 
Br Br 0.5 1 0.63 
C1 c1 0.58 0.21 

extent of C-H bond breaking, as measured by the Bronsted exponentp for 
general base catalysis, and the rate constant ratio kpm-/kmo-- for reaction 
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with thiophenolate and ethoxide ions. It may also be noted that a satisfac- 
tory formulation of a reaction coordinate leading to covalent bonding 
between atoms which are not joined by covsllent bonds in either the 
reactants or products has yet to be made. 

K 

(49) 

However, no expIanation is offered of the relative importance of basic 
and nucleophilic properties of the reacting base in non-solvating media or 
in particular of the dependence of these upon the proneness of the substrate 
to react via carbagion or carbonium ion-like transition states. The remark- 
able pattern of a- and ,f3-substituent effects and pronounced anti-stereo- 
selectivity of elimination also point to a far-reaching difference from 
reactions in basic and protic media. At the time of writing, nucleophilic 
participation, though its interpretation and consequences are incompletely 
understood, appears to offer the most helpful formulation of the behaviour. 
It will be of some interest to see if, as Fraser and Hoffmann suggestlG9, 
riucleophilic influences stretch to hydroxylic solvents and to those com- 
paratively neglected E2 eliminations proceeding through transition states 
with strongly developed caibonium ion character. 

IV. THE El& MECHAN1SM 

The ElcB mechanism involves reaction via a caibanion intermediate and, 
as shown in Scheme 2, may exist in either of two kinetic modifications 

depending upon whether formation or reaction of the carbanion is rate- 
determining (k,>kk,[BH+] or k,<k-,[BH+]). In either case the 
kinetic dependence upon the concentration of base and substrate is the 
same as that for the E2 mechanism and, partly because of this and partly 
because the existence of carbanion character in the E2 transition state 
seems to imply a more subtle mechanistic relationship, experimental 
attempts at distinguisbing the two mechanisms have been carried out with 
some care. At the outset, it is useful to consider how successful these 
attempts have been. 
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A. Methods of Diagnosing E I cB Mechanisms 

1 .  The stereochemistry of elimination 
As already noted (section 111. C. l), violations of anti stereochemistry in 

eliminations from cyclohexyl substrates have been cited as evidence for 
carbanion f ~ r r n a t i o n l ~ ~ ~ ~ ~ *  106109. With the possibility of syir elimination 
and perhaps reaction via a non-chair conformationg9~ 173 now more widely 
acknowledged, significance should probably be attached only to the 
observation Gf a marked lack of stereoselectivity. In the case that carbanion 
formation is rate-determining, the likelihood that even this could be of 
diagnostic value is diminished by the finding17* That rates of nitroanion 
formation from cis- and trans-l,2-phenylnitrocyclohexane, (50) and (51), 
differ by a factor of 350 : 1 .  Jndeed, if, as suggested, this difference is due 

qph -:I1 
NO2 H 

(50) (51 1 

largely to steric strain in the tram i s ~ m e r ’ - ~ ~ * ~ ~ ~ ,  a similar factor could 
contribute to an enhanced rate for syn E2 elimination2j. In the case that 
carbanion formation is not rate-determining, there is some evidence that 

configxationally stable carbanionsZ5, such as RSO,CHR, or ion-paired 
~ a r b a n i o n s l ~ ~  ixay still lead to stereoselective reactions. For reactions other 
than of cyclohexyl derivatives the preference for anti elimination seems to 
be too weak to be of diagnostic value. 

2. Isotope effects and isotope exchange 
When the rate of elimination is significantly slower than that of forma- 

tion of the carbanion the presence of the carbanion may be detected by the 
observation of /3-hydrogen isotope e x c h a r ~ g e ~ ~ ~ - ~ ~ ~ ,  as for example in the 
elimination of 1,1, l-trifluoro-2,2-dihaloethanes177~ 178, such as 52. This 
does not establish that the carbanion is an inte~rnediatel~~*l*~ but when 
exchange is sufficiently rapid the demonstration that reaction in a 

CF,CHCI, + CH,O- - -+ CHJOH + CF,=CCI, + F- 
(52) 

deuterated hydroxylic solvent occurs at a rate greater than or comparable’ 
with that in the light solvent affords evidence that it is. Such behaviour has 
been observed in the elimination of 4-methoxy-2-butanone (53)li9 and the 
8-phenoxyethylsulphonium ion(!%)1S0 ; it isconsistent with an E2 mechanism 
only in the rather unlikely event that the primary P-hydrogen isotope effect 
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(kH/kD > 1) is too small to offset the weak inverse secondary isotope effects 
contributed by the base and solvent (cf. section 111. A. 1. c.) 

0 0 

9. El:-:.. AB.L.l..atim reactions in solution 

II h'Dz01kSIrO 11 
OD- + CH,CCD,CH,OCH, 5 CH,CCD=CH, + CH,O- + D,O 

+ kDiO/kHnO - 150 t (CH,),SCD=CH, 4- PhO- + D,O OD- 4- (CH,),SCD,CH,OPh - + 

(54) 

The possibility of a small primary effect may aiso be ruled out when 
elimination and exchange occur at comparable rateslsl. In this case a 
primary isotope effect kz /kg ,  the significance of which depends upon the 
reaction mechanism, may be measured directly. When the mechanism is 
E2, k$j/kg corresponds to the normal /?-hydrogen isotope ef3ect for 
concerted elimination, and when the mechanism is ElcB it is the isotope 
effect iipon ionization to form the carbanion. For 9-fluorenylmethanolY 
(59, kg/k,D = 7.2, which is much too large for the small solvent isotope 
effect, kHzO/kDzO = 0.9, to be consistent with an E2 mechanisml81. 

CH,OD BD -I- OD- --& + OD- + D20 

3. Base catalysis 

When carbanion formation occurs in a pre-equilibrium step ElcB 
elimination is subject to specific base catalysis and may in principle be 
distinguished from the general base-catalysed E2 mechanism. However, as 
pointed out by Fed01-l~~ in reportkg specific catalysis for elimination of 
4-methoxy-2-butanone the possibility of general catalysis with a Bronsted 
exponent close to unity is not excludedlsG. Indeed this situation seems likely 
to arise specifically for E2 elimination involving a carbanion-like transition 
state, which is likely to be the type of reaction from which ElcB elkination 
must be distinguished. 

For a reactive substrate, the distinction can be made a rigorous one if a 
change in rate-determining step with changing p H  can be f o ~ n d l ~ ~ - l ~ ~ .  
This is revealed by the appearance of a characteristic plateau connecting 
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regions of unit slope in a log k-pH rate profile, as shown in Figure 3a. The 
origin of such behaviour can be seen by expressing k,  the pseudo first-order 
rate constant for the reaction, in terms of the molecular rate constants 

(a)  (b) 
FIGURE 3. The base dependence of ElcB elimination. (a) The dependence of 
log k upon pH. (b) The dependence of log k upon the concentration of general 

base at constant pH. 

shown in equation (3), in which SH denotes the substrate and k; and k-, 
are rate constants for reaction of the solvent with substrate and carbanion, 
respectively. 

olefir: (3) 
..s- 1:. ~ 

?+[OH-I + k ~ ’  
SH 

L+z-c’_l[Ii,o F I  

k2(kl[OH-] +Ic;) 
k, + k-,+k-,[H,O+] 

(k2> k-, for a change in rate- 
determining step to be observed) k =  

In Figure 3a the region of unit slope B corresponds to rate-determin- 
ing carbanion formation or, most improbably, E2 elimination with 
k =  k,[OH-1. Over the plateau C ,  carbanion formation is still rate- 
determining but the pH is sufficiently low that k = k;. Here the reaction 
cannot involve E2 elimination because the drop in rate with a further 
decrease in pH over section D m i s t  entail a change in rate-determining 
step; i.e. kI_JH,O-’-] becomes > k, and k = k,k;/k;[H,O+]. In principle a 
change to an E2 mechanism with H,O acting as base might now be revealed 
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by a further plateau E, but so far no example of this has been observed 
experimentally. 

Textbook illustrations of this tjrpe of behaviour have been reported by 
Bruice1s7* leg* lgO for some rather unusual /3-eliminations in which ketenes, 
subsequently hydrolysed to acids, are formed from activated esters such as 
56. A further examplelSe to be discussed in a later section has been found by 

(56) 

Crowell and coworkers for dehydrochlorination of erythro-4,4‘-dichloro- 
chalcone dichloride. Interestingly, for the esters, at higher pHs an 
ad&tional plateau, A in Figure 3a, corresponding to a breakdown in the 
steady-state approximation and complete ionization of the substrate to 
form the carbanion, has been observed. 

Apart from the pH proflle, the addition of a general base B at constant 
buffer ratio, p]/[BH+], and hence constant pH, can also be lE8. 

At a plp below that at which the change in rate-determining step occurs the 
reaction is subject to speciiic catalysis a r d  the rate is independent of the 
concentration of general base, as is indicated by the line labelled pH, in 
Figure 3b. At higher pH’s general catalysis prevails and the rate increases 
linearly with [B], as at pH,. At an intermediate pH close to, or just above, 
the point of change introduction of a term k:,[BH+] into the denominator 
of the expression for k will tip the balance between k, being dominant and 
k, being insignificant in comparison with the net rate of protonation of the 
carbanion. This wiII lead to the tell-tale ‘saturation’ behaviour for added 
base, indicated at pHc. Such behaviour has also been foundlSg for 56 and 
for the erythro-4,4’-dichlorochaicone dichloridelss, as well as for elimina- 
tion of 4-(p-chlorophenoxy)-2-butanone1Dz. The additional lines shown in 
Figure 3b represent dependences on buffer concentration at pH’s close to 
the limits of the plateau region C of Figure 3a. 

These criteria apply only to hydroxylic solvents. In aprotic solvents 
specific catalysis may be indicated by  a mass law rate depression upon 
adding the conjugate acid of the basexg3 or by a Bronsted exponent of unity 
for reaction of a series of bases. Often, however, results in aprotic solvents 
are complicated by ion pairing, as described below. 

4 The element effect 

Except when the point of change in rate-determining step is directly 
observable, isotope effects and base catalysis do not distinguish an EIcB 
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mechanism in which formation of the carbanion is rate-determicing from 
E2 elimination. In this case a lack of dependence of elimination rate upon 
the nature of the leaving group, or a comparison with the rate of hydrogen 
exchange of a related substrate incapabie of undergoing elimination, offers 
the best hope of making a distinctionlo4. Such comparisons have bean 
made between exchange and elimination of various nitrocycloalkanes for a 
number of leaving and also between fluorene and 9-fluorenyl- 
methanol (55)Io5. Difficulties may arise in assessing 109*190 or 
steric effectsIg4 of the leaving group upon ionization rates. These may 
sometimes be overcome either by measuring leaving group isotope effectss1 
or by interpolating electronic effects with the aid of linear free-energy 

A nice application of this criterion has been made by Fedor and 
Cavestrilg7 in the general base-catalysed elimination of the j?-ketoalcohol 
derivatives, 57. The rates show a very mild dependence on the nature of 
the leaving group and when plotted as values of log k against the pK,s of 
the corresponding substituted acetic acids, 58, give a straight line of slope 
close to unity (Figure 4) indicating that the dependence is consistent with an 

lg7. 

I 1 

3.0 3.3 36 
M a  

FIGURE 4. Plot of log k for elimination by hydroxide ion of a.ry1- and benzoyl- 
oxybutanones, ROCH2CM,COCH,, against pKas of the corresponding 
oxyacetic acids, ROCH,COOH; for 0 log k refers to /3-hydrogen exchange 

of CH,OCH,CH,COCH, 8. 

ionization of the /3-hydrogen subject only to an inductive effect from the 
leaving group. As shown in the figure the plot also correlates the exchange 
rate constant for 4-methoxy-2-butanone (57, R = CH,) for which 
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eliminatior is subject to specific cstalysis and occurs at  a rate more than 
200 times slower than that of exchange. 

0 0 
II 

HOCCH,R 
II 

CH,CCH,CH,OR 

(57) (58) 

0 
II 

R = -C,H,X, -CC,H,X 

5. The carbanion as reactant 

For a number of relatively acidic substrates such as nitroalkanes the 
carbanion may constitute the reactant in elimination1%, lga201. Technically 
the reaction no longer has the stoicheiometry of an elimination, but sensibly 
it must be considered a limiting modification (k,[B]>>k_,[BH+] and kz in 
equztion 2) of the E lcB  scheme, and its observation as such for the ester 56 
has already been notedls7~ 189. The reaction has distinctive kinetic character- 
istics, which have been described by R a p p o p ~ r t ~ ~ ~ ,  but these do not 
distinguish direct elimination from the ncw indirect ‘E2’ r n e c h a n i ~ r n ~ ~ ~ ~  202. 

If this kinetic form of elimination is the only one that can be observed, lack 
of general acid catalysis (sic) and of a significant primary isotope effect 
probably constitute the best evidence for a ‘carbanion’ mechanism, and 
have been demonstrated by Rappoport and Shohamy for the amine- 
catalysed elimination of 2,6-dimethyl-4-( 1,1,2,2-tetracyanoethyl)aniline 
(59) in chloroforrn*o*. 

+ 

CN CN 
M 

+ CN- 

B. Factors Favowing an E l c 5  Mechanism 
I t  would be expected that an ElcB mechanism should be favoured by an 

acidic /3-proton and by a poor leaving group; the first factor should 
increase the rate of carbanion formation, and the second should slow E2 
elimination to the point that carbanion formation competes. That this is so 
experimentally is illustrated by the examples already cited and, for the 
effect of acidifying P-substituents, by the relative reactivities of substrates 
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of the type XCH,CH,OPh reported by Crosby and Stirli11g2~3 and shown 
in Table 13. 

TABLE 13. Rate constants for elimination 
of phenyl ethers XCH,CH,OPh 

X k (h4-ls-l) k (M-ls-l) 
OH -/H,O Et 0 -/EtOH 

NO, 320 1500 
Ph,P+ 1 *98 6000 
Me$+ 0.048 I95 
MeCO 3.12 31.5 
PhSOz 0.35 
CN 0.094 
COOEt 0.01 5 0.061 
MeSO 9.2 x lo-& 4-27 x 1 0 - 4  

k M e L  3-07 x 1 0 - 7  

For the most reactive substrates in Table 13, with X = CH,CO or NO,, 
the results of BordwelPg4* lgO and FedoP7 indicate that carbanion forma- 
tion is rate-determining. However, for X = S(CH3)z and SOCH,, inverse 
solvent isotope effects and, in the former case, a value of p--1.3 for 
substitution in the phenoxy leaving group point to formation of the 
carbanion in a pre-equilibrium step. Since these groups nearly bracket the 
reactivity range shown in the remainder of Table 13 a pre-equilibrium 
ElcB mechanism probably applies in most cases18o. The wide variation in 
reactivity observed testifies to the scope of the mechanism201 and com- 
parisons with other reactions involving carbanion intermediates show a 
close parallelism of substituent effects205. The effects of ,fI and a alkyl and 
aryl substituents on ElcB elimination have also been reported206. 

The necessity for a poor leaving group in ElcB elimination is apparent 
from the leaving groups for which the reaction has been observed; e.g. 
CH,O, HO, PhO, RC30, CN. Among the halogens the poorest leaving 
group is F, and the strong activation of the ,fI-hydrogen necessary to cause 
dehydrofluorination under mild conditions2o7 makes it likely that an 
ElcB mechanism will most commonly be observed in this case; as for 
example with substrates such as 52 177*178 (section IV. A. 2). On the other 
hand, for sufficiently strong &activating substituents, and perhaps 
especially in the ion-pair forms of the reaction considered below, the more 
common halogens can also act as leaving groups. Because they are good 
leaving groups, however, except in cases where the base is very weak the 

c 
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modification of the inechanism in which formation of the carbanion is 
rate-determining (Ic, =- k-,[BH+] in equation 2) can normally be expected to 
prevail. 

An interesting inference to be drawn from the failure to observe a 
transition to an E2 mechanism in a number of studies of ElcB elimination 
carried out over a wide pH range187-1eo is that the strength of the base 
appears to be of little inportance in determining the mechanism. 

C. Ion Pairs in Carbanion Eliminations 

I .  ,Qprotic soivents 
A further variation on the ElcB mechanism, a number of examples of 

which pertain 10 halogen leaving groups, involves rate-determining reaction 
of an ion pair. Such a mechanism was suggested by Miller and collabor- 
ators208 for the elimination of cis-dibromoethylene (60) to bromo- 
acetylene in dimethylformamide with triethylamine acting as base. The 

reaction is not subject to common ion rate-depression and there is no 
deuterium exchange accompanying elimination. However, the very low 
deuterium isotope effect kEI/kD = 1-0 strongly suggests that complete 
transfer of the /3-hydrogen occurs prior to the rate-determining step. 
Similar behaviour bas been found in other instances200* *09 and the proposed 
mechanism is consistent with the well-known observations of carbanion 
racemization within carbanion ammonium ion pairs in aprotic solvents210. 
Interestingly, for elimination of 59 in chloroform, when the amine base is 
the primary amine aniline there is still no common ion rate-depression but 
exchange does occur2oo. This is again consistent with measurements of 
carbanion racemization which suggest that for primary or secondary 
amines exchange within the ion pair is possible210. 

2. Hydroxylic solvents 

Elimination from carbanion ion pairs in aprotic solvents is perhaps not 
surprising. More remarkable are demonstrations that ion pairs or 
specifically solvated carbanions can be of kinetic significance in hydroxylic 
media. A case where ion-pair formation in a hydroxylic medium appears to 
occur involves the elimination of cis- and trans-l ,Zhalo- and arylsulphonyl- 
cydoalkysulphones, (6l), in 50% v/v aqueous acetonez5. Reference to 
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Table 13 suggests that the phenylsulphonyl group should favour a 
carbanion mechanism, a d  the combination of general base-catalysislo3 
with a very low sensitivity to the nature of the leaving (e.g. 
k,,/k, = 4.2) seems to indicate that carbanion formation occurs in the 

X = SO,Ar, Br, CI (X = F, reference 196) 
-0,Ph X 

(61) 

rate-determining step, as indeed would be expected of the good .leaving 
groups and strong bases that characterize the reactions. In apparent 
contradiction with tfis is the observation211 that the rate of hydrogen 
exchange of cyclohexylphenyl sulphone is slower than that of the elimina- 
tions by  a factor of - lo5, a difference much too great to be put down to an 
inductive effect of the leaving groups. However, a comparable rate 
discrepancy, a factor of 560, is found between an exchange rate and the rate 
of 1,3-elirnination of EiBr in the Ramberg-Backlund reaction212 of 62. 

cH3xH /Y2 -so, 
OH- f (CH3I2CH CHPhBr + 

(62) CH, Ph 

Since it is most unlikely that a carbanion does not precede cyclization in 
this case, Bordwell and  collaborator^^^^ 212 suggest that the isotope exchange 
reactions involve rate-determining diffusive separation of a carbanion and 
conjugate acid of the base, and that the elimination reactions represent the 
true (and faster) rate of carbanion formation (i.e. k2 > k-, > k3 in equation 
4). This is supported by the small isotope effect observed for the exchange 
reactionlg6, and is consistent with the acknowledged configurational stability 
of sulphonyl car bani on^^^^.^'^ (which may also imply a capacity for 
hydrogen bonding) as well as with increasing evidence of internal return in 
other reactions of carbanions in hydroxylic solvents2l0B 212-214. 

.L 
exchange with BD + 

A puzzling feature of sulphone eliminations that remains is that with 
alaine bases in aprotic solvents the rather ucexpected combination of a 
small leaving group effect and a small isotope effect is observed215; e.g. for 
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63 reacting with EtN(CH,CH,OH), i n  acetonitrile at 50" k,,/kcl = 7.0 
and k,/kD = 2.0 (63, X -- OTs). 

C,H,SO,CH,CH,X 

(63) 

The finding that isotope exchange can take place at a slower rate than 
carbanion formation plainly implies that rate-determining reaction of a 
specifically solvated carbanion (/c-~ > k2 > k3 in equation 4) can also occur. 
This indeed is the form of reaction for which the intervention of specifically 
solvated carbanions was originally suggested, by  Crowell and collabor- 
atorsls8, in the elimiilation of the dichlorochalcone (64). As already 
mentioned (section IV. A. 3) pre-equilibrium carbanion formation in the 
reaction of 64 with weak bases in ethanol was rigorously abthenticated by 
the observation of both il kinetic 'saturation effect' with increasing 
concentration of general bases, and a rate retardation following addition of 
hydrogen ions. Nonetheless, no hydrogen exchange could be detected and 
no isomerization of erytlzro to t h o  chalcone occurred. Since the ioniza- 
tion step is subject to general base-catalysis, to account for the mass law 

(64) 

effect of added acids the involvement of a solvent molecule in addition to 
the base in the formation of the specifically solvated carbanion was 
suggested (equation 5). This is akin to the accepted mechanism for base- 
catalysed nucleophilic attack at a carbonyl group40, although actual attack 
at a carbonyl carbon in 64 was considered irnprobablels8. A stable solvated 
carbanion is particularly surprising for an a-keto carbanion because 

SH + 0-H + B Y  S - * . . H - O  + HB+ 
I I 

(5) 

Et Et 

formation of the enol would appear to offer a diffusion-controlled pathway 
to racemization. 

A recent observation216 of specific catalysis for elimination of the 
sulphone PhS0,CHzCHPh&(CHJ3 probably provides a further example 
of this mechanism and suggests also that in eiimination of other sulphones 
rates of internaI return and elimination may be finely balanced. 
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D. Links between E2 and ElcB Mechanisms 

The meticulous characterizations of the El cB mechanism described 
above were in part prompted by doubts as to the generality and even 
existence of the mechanism. Ironically, they have now led to a questioning 
of the generality of the E2 mechanism. As pointed out by Bordwell and 
collaborators, acceptance of the ion-pair modification of the mechanism 
means that one obvious criterion of an E2 mechanism, the combination of 
an element effect on changing the leaving group with a lack of j3-hydrogen 
exchange, no longer excludes a carbanion intermediate25. This comple- 
ments the demonstration considered below that an ion-pair modification of 
elimination from a carbonium ion removes the simple distinction based on 
kinetic order between the E2 and El mechanisms (section V. D,)26. 
Bordwell, indeed, suggests that ion pair mechanisms may be offered as 
alternatives to a wide range of reactions now regarded as E2. In particular, 
he has shown that the cyclic sulphone 65 almost certainly reacts by a 

(65) 

carbanion mechanism182. i n  view of the exceptional stability of the 
aromatic double bond formed in the product it seems possible to ask: if the 
E2 mechanism does not operate in this case when does it operate? 

In fact, because the sulphone 65 contains an acidic /3-hydrogen and a 
poor leaving group, as well as an unfavourable geometry for E2 eliinina- 
tion, ’rhe observation of an ElcB mechanism for 65 may not be of general 
significance. Normally large P-hydrogen isotope effects preclude the 
intervention of ion pairs in exchange or elimination reactions, while for 
simple alkyl and aralkyl substrates the rate of elimination greatly exceeds 
any reasonable upper limit for the rate of carbanion formation. Except for 
substrates with j3-substituents comparable with those of Table 13, or where 
unusually small isotope effects occur, it seems clear that the possibility of an 
ElcB mechanism for reaction of alkyl halides, RI, RBr or RCI, in the 
usual hydroxylic media may safely be disregarded, 

A further question that arises is what is the nature of the borderline 
between the E2 and ElcB mechanism? Factors that favour an ElcB 
mechanism, such as a poor leaving group and an acidic ,&hydrogen, also 
favour carbanion character in an E2 transition state. Does this imply an 
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'imperceptible of the two mechanisms ? In an earlier section 
(111. A. 2), models for interpreting the common influence of a variety of 
factors, including the stability of the /3-carbanion and difficulty of displac- 
ing the leaving group, upon the energy and structure of the transition 
states for concerted and stepwise mechanisms were considered. Since the 
models implied no necessity of a contimity between the transition states 
the only reason for doubting that at the borderline E2 and El cB mechanisms 
occur side by side along quite independent paths would appear to be 
removed. Further arguments and experimental evidence against a merging 
of mechanisms have been presented'O. 

V. T H E  E l  MECHANISM 

El elimination proceeds by way of a carboilium ion intermediate, as shown 
in equation (6). It shares a common step with SNl substitution and in its 
microscopic reverse corresponds to electrophilic addition to an olefin. Both 
of these reactions throw considerable light on the El mechanism. They are, 
however, beyond the scope of the present chapter and here attention is 
confined mainly to the product-forming step and aspects of the mechanism 
important in the wider context of p-eliminations. 

kp+t ,s  [ olefin 
' substitution product 

R +  + X- 
ki ~ 

k-1 
RX . 

A. Diagnosis and Scope of the %! Mechanism 

The traditional distinction between El  and E2 mechanisms pointed out 
by Hughes and Ingold is that of kinetic order3I8. When the first step of the 
reaction is rate-determining El elimination may in principle be separated 
from E3 by extrapolating their combined rate coefficients, k = kEl+kE2[B], 
to zero base concentration0. 50* 51n 218. In practice the familiar difficulty 
arises of distinguishing a bonajde E l  mechanism from an E2 mechanism 
in which a solvent molecule acts as base. The following criteria for forma- 
tion of a carbonium ion have been applied: mass law rate depression by 
the counter ion, trapping with a strong nucleophile219, carbonium ion 
rearrangement, the formation of products in the same proportions with 
different leaving groups, and a break in structure reactivity correlations220 
spanning base-induced and solvolytic eliminations'. 221. 

These criteria are subject to well-known limitations1, such as ion-pairing 
and complications from salt effects, some of which are dealt with below. 
Nevertheless the broad picture that emerges is of a mechanism favoured by 
polar solvents, a good leaving group and carbonium ion stabilizing 

23 
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a-substituentsl-I. The reaction is especially characteristic of the tertiary 
and secondary alkyl or aralkyl halides, iodide, bromide and chloride, 
although the poorer leaving group fluoride requires acid catalysis for 
reactionaz2. As befits a transition state with pronounced carbonium ion 
character the orientation of elimination is strongly Saytzeff, with violations 
normally occurring only when steric effects223 reverse the usual relative 
thzrmodynamic stabilities of the olefins formed. 

B. EfPects of fon-pairing on the Products 
In strongly polar hydroxylic media the ratio of substitution to elimina- 

tion products is independent of the leaving group involved in carboDium 
ion formation1s224. As the polarity of the solvent is reduced, this inde- 
pendence is lost and elimination appears to occur from a carbonium ion 
pair with the counter-ion acting as This is illustrated by the 
increase in the proportion of olefiilic product with increasing basicity of the 
leaving group in the solvolysis of the cumyl derivatives, 66, in ethanol. 
The involvement of the counter-ion is also indicated by the variation in 
isotope effects on the product-forming step. In  line with the reactant-like 
transition state expected of proton loss from a reactive carbonium ion 
the isotope effects are and decrease with increasing strength of 
the base. 

X- 10% (s-1, SO") % olefin k n l b  

c1- 83 12 2.9 

o c o s -  0.03 1 

50 2.4 

91 1-7 
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\ + R 

Saytzeff ax - 
4 (68) 

R I  

66 1 

-!- ex ' 

(69) 

C. Stereochemistry of E I Elimination 

1. Open-chain substrates 

Results obtained by Skell and for reaction of stereospecifically 
/3-deuterated (cf. section 111. C .  2) 2-butyl tosylate point to a commanding 
role for the counter-ion in determining the stereochemistry of elimination. 
In aqueous ethanol and in dimethylformamide dominant anti eliniuation 
together with some racemization is observed, but in non-polar poorly basic 
solvents elimination is very predominantly syrz. The syn elimination is 
reasonably interpreted as a consequence of reaction with the counter-ion, 
as in 67. The more surprising anti elimination may involve a preference for 

-0Ts 
CH, H-2+CDCH3 

H 
(67) 

reaction on the 'unencumbered' face of the carbonium ion in cases where 
the solvent is a more effective base than the tosylate ion; it may also be due 
to the presence of solvent-mediated E 2  elimination. The only other result 
available appears to be Cram's finding of dominant anti elimination for 
3-phenyl-2-butyl tosylate in acetic acidZ3O. 
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product and very preponderantly the I-alkene or Saytzeff olefin; the trans 
isomer gives less olefin and affords 1- and 2-alkenes in comparable 
proportions. This is in conflict with the simple expectation that the two 
substrates should yield the same carbonium ion and hence the same 
products. 

That the problem has a further ramification is shown by the dependence 
of the pattern of products not upori the conformation of the reactant but 
upon its configuration. This is nicely illustrated by the measurements of 
P6nkovA, Sicher, Tichy and Whiting232 for acetolyses of the four isomeric 
2-methyl-4-t-butyl tosylates (70-73) in which the conformation of the 
methyl and tosyl groups are msintained by the preference of the t-butyl 
group for an equatorial site of substitution. As showu in Table 14, the 

TABLE 14. Rate constants and olefinic products from acetolyses of 
isomeric 2-methyl-4-t-bulylcyclohexyi tosylates 

70 71 72 73 
(trans) (trans) (cis) (cis) 

loe k (s-l, 70") : 7.9 63 617 619 

74-SaytzeR 35.0 41.4 54.7 58.9 
75-Hofmann 16.1b 26.0' 0*sc l * l b  

76-rearranged 11.2 5- 1 25.3 9.8 

Olefin %a 

a Percentage of total products; olefins + methylcycIohexy1 acetates. 
cis-Olefin. 
' trans-Olefin. 

formation of the Saytzeff olefin is just as strongly favoured for the con- 
formation of the cis isomer in which the /?-hydrogen and leaving group are 
diequatorial (72) as that in which they are diaxial (73). 

Such results imply that the conforn-ation of a carbonium ion inter- 
mediate cannot in all cases match the conformation of the reactants. If it 
did, the Saytzeff olefin (and also the products of hydride rearrangement) 
from tosylates 71 and 72 would be formed from an ion, 77, in which the 
reacting ,3-C-H bond is held at  an angle of nearly 90" to the p-orbital crf 
the carbonium ion. The same coriclusion may be drawn from the fi11ding~~4 
that, as judged by infrared analysis, the products of solvolysis of trans-4-t- 
butylcyclohexyl tosylate stereospecifically deuterated in the cis-2-position 
(78) show no sign of syn elimination. 

The explanation that has been offeredz3?* 2 M p  z35 is that elimination occurs 
from a carbonium ion in a skew-boat conformation in which the t-butyl 
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group is in an equatorial position and the /3-hydrogen is in an xxial 
position, aligned nearly parallel to the carbonium-icn p-orbital (79). The 
driving force for forming so unfavourable a conformation is suggested as 

OTs 

CH3 
(72) 

(73) 

H 
(79) 

coming from the facilitation of ionization by '8-hydrogen participation'. 
Participation by  a neighbouring group in solvolysis reactions has been 
considered to occur when the leaving group and 8-hydrogen bear an anti 
diaxial relalionship to each other. When the leaving group occupies an 
equatorial position in a cyclohexyl ring, as in 70,72 and 78, such a reiation- 
ship cannot be achieved in the stable chair conformation and participation 
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is possible only in a skew-boat conformation. If, therefore, the stabilizing 
effect of participation more than offsets the unfavourable eclipsing 
interactions incurred, a skew-boat will be the preferred conformation of 
the transition state, and of the carbonium ion formed from it (at least until 
conformational equilibrium can be established). That participation in 
cyclohexyl substrates does occur is supported by measurements of non- 
cumulative secondary kinetic isotope effects, which show an anomalously 
large effect from a single /3-deuterium trans to the leaving group2*236. 

The dependence of the abeve argument on /3-hydrogen participation 
may, however, be a weakness. Although participation has long been 
favoured as an explanation of differences in cycloalkyl solvolysis rates237, 
large differences between cis and trans cyclohexyl isomers have been found 
in reactions not involving carbonium ions25*174, and it is possible thzt an 
interpretation in terms of steric interactions in reactants and transition 
state may be more 174n 238. In view of indications that ion-pair 
return may occur in solvolyses of secondary alkyl t ~ s y l a t e s ~ ~ ~  the possibility 
that the olefin-foiming step, which involves a primary hydrogen isotope 
effect, may be partially rate-determining c.an be considered as an alternative 
explanation of the non-cumulative isotope effectsZ4O. Also, a very marked 
control of stereochemistry of elimination and even of hydride rearrange- 
ment by the counter-ion would not be out of step with the limited experience 
availab!e from open-chain  substrate^^^^^ 230* 241. 

3. The cyclodecyl ring 
Stereospccific deuteration shows that solvolysis of 7-tosyl-I, I ,4,4-tetra- 

methylcyclodecane, (SO) ,  yields isomeric tetramethyl decenes for which both 
tram and cis isomers are formed by syn elimination. Svoboda, ZAvada and 
S i ~ h e r ~ ~ ~  have suggested that both the syn stereochemistry and the relative 

cis trans cis trans 
1.0 75.0 15.4 8.6% 

(80) 
Solvent: CH,COOH 

proportions of isomeric olefins may reflect the degree of coplanarity 
between the ,f3-C-H bonds and the carbonium ion p-orbital. For the 
expected conformation 81 the predicted order is H, > Hc,- H ,  > H,, 
which is broadly consistent with the olefin proportions found. 

This result is in line with the general proneness of medium rings to syn 
elimination, but the syrt mode to cis-olefin contrasts with the usual 
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stereochemistry of E2 eliminations. Probably the reduced severity of 
eclipsing effects in El as compared with E2 transition states is responsible. 
The syiz elimination also contrasts with the elimination of cyclohexyl 

(81) 

tosylates. This is again expected but it may be significant that there is no 
indication that the counter-ion dictates an anti stereochemical course for 
reaction. 

D. Rate-determining Attack UPOR an /on Pair 
For an E l  reaction occurring via an ion-pair intermediate (equation 7) 

the rate-determining step may involve either formation or reaction of the 
ion pair. When both processes occur at comparable rates a change in 
rate-determining step may follow from a change in base concentration. 
This may be detected by a change from first- to zero-order dependence on 
base concentration and the observation of a kinetic ‘saturation’ effect 
similar to that found for E l c B  elimination (section PV. A. 3) as the 
concentration of the base is increased. Such behaviour has been reported by 
Sneen and Robbins2G for elimination of a-phenethyl bromide (82) in 
ethanolic sodium ethoxide. 

k k  -- - [ B ]  [RX] at low base concentration 
k-I 

= k,[RX] at high base concentration 

a-Phenethyl bromide is subject to substitution as well as elimination and 
a change in the kinetic form from first- to zero-order can also be effected by 
addition of a strong nucleophile such as azide ion. This is nicely consistent 
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with the idea that the ion-pair intermediate should be common to both 
substitution and elimination paths. The change in rate-determining step in 
the case of ethoxide therefore may be attributed to the attack upon the ion 

C6H5-c H I C  H, 

CH3 I 
CcH5- C H- NJ 

CH3 I CH3 I ExF 
C6H,--CH-Br C,H,-CH+Br- 

(82) E m -  \ CH, 
I 

CBH,--CH-OEt 

pair to yield both substitution and elimination products. Sneen and 
RobbinsZ6 showed that by combining analyses of the effect on the rate of 
added azide ion with the effect on the product proportions of added 
ethoxide ion it is possible to calculate the kinetic effect of added ethoxide. 
A comparison of the calculated and observed rates which includes 
additional data reported by McLennan243 is shown in Figure 5. In view 

I I 1 t 1 
0.5 1.0 15 

(NaOEt) 
FIGURE 5. Calculated and observed dependences of the rate of reaction of 
a-phenethyl bromide upon the concentration of sodium ethoxide in ethanol. 

of the neglect of salt effects and the large number of experimental variables 
involved the agreement is probably not unreasonable. 

To be of diagnostic value the effects of added ethoxide upon the rate and 
products from an ion-pair mechanism have to be distinguished from the 
expected effect of contributions from E2 and SN2 reactions. Provided that 
no unusual salt effects occur the distinction is a relatively clear one. 
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Unfortunately, salt effects of alkoxide ions appear to be quite 244 

and McLennan has been able to argue that they offer sufficient latitude to 
make possible an interpretation of the rate and product data in terms of 
competing El42 and SN1-SN2 reactions not involving ion pairs244. 

Nonetheless Sneen’s and Robbins’ very neat analysis seems to be a 
perfectly reasonable one and, as they point out, has the interesting corollary 
that some of the simple criteria upon which distinctions between E2 and 
El mechanisms have been based may have to be discarded. Thus for rate- 
determining attack upon an ion pair, El  elimination will have second-order 
kinetics, will be subject to a primary hydrogen isotcpe eEect and will show 
no mass law rate depression by added halide ions, in each respect behaving 
as an E2 elimination. However, it does not follow that established examples 
of the E2 mechanism need to be widely reconsidered. The strong and 
well-documented (section 111. A) dependence upor, the nature of the 
leaving group of 8-hydrogen isotope effects, the accelerating effect of 
6-substituents and the sensitivity of elimination rates to base catalysis 
points clearly to the operation of zn authentic concerted mechanism in the 
majority of cases. We may conclude that although Consideration of ion 
pair modifications of E l ,  and also of ElcB (section IV. D) mechanisms, 
may lead to some encroachment on reactions hitherto regarded as E2 
there is no question of so fundamental a modification of the mechanistic 
categories formulated by Hughes and Ingo14 as a discarding of concerted 
elimination. 
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1. INTRODUCTION 
As early as 1821 Faradayl reported the formation of perchloroethylene and 
chlorine on streaming perchloroethane down a heated tube, filled with 
porcelain chips. Later it was discovered that CCl, is also formed in this 
process2, and today, over 150 years zfter the first report on the reversible 
reaction C,Cl, Z C,Cl,+ Cl,, the detailed kinetics and mechanism of this 
seemingly simple reaction are not known from a direct study of the system. 
This reaction nlready exemplified the mechanistic complexities generally 
inherent in pyrolysis reactions of haloalkanes. The initial thermolysis of 
organic halides can involve (i) a molecular homogeneous elimination 
process, (ii) a concerted elimination catalysed by the walls of the reactor, 
(iii) a halogen atom chain reaction, initiated by the homogeneous C-X 
bond breakage, (iv) a halogen atom chain, initiated and/or terminated on 
the walls of the reactors, or (v) a radical process initiated by a C--C bond 
cleavage. 

In  principle these are the important rate-controlling reactions en- 
countered in the thermally initiated pyrolysis of organic molecules 
containing C-X bonds, but only the first four are within the scope of this 
review. In addition the overall pyrolysis might be self-catalysed (e.g. HX 
catalysed decomposition of RX) or self-inhibited (radical chain de- 
compositions). 
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Kinetic data on the thermolysis of halogenated organic molecules 

accumulated since the early work of Faraday nevertheless do permit 
prediction of the activation parameters and relative rates for the homo- 
geneous reaction paths outlined above. In contrast, today's knowledge of 
the mechanism and kinetics Gf heterogeneous reactions is very modest 
indeed, reflecting the comp!exities and diversities encountered in hetero- 
geneous reactions. 

The problems involved in reducing the multitude of competing reactions 
often encountered in pyrolysis studies of RX-molecules have limited the 
number of reactions accessible for detaiIed quantitative kinetic and 
mechanistic studies. 

A. Background 

1. Scope of review 

The field of review is limited to unimolecular reactions involving C-X 
bond breakage in organic molecules. Essentially only studies reporting 
quantitative data are considered and the results are discussed applying the 
concepts of thermocheniical kinetics. Some important classes of reactions, 
for which only qualitative mechanistic information is available, have also 
been considered in an attempt to give as complete a mechanistic coverage 
as possible. The available kinetic data have been critically reviewed in 
terms of the internal consistency with data for similar reaction systems and 
compared with estimates based on the principles of transition state theory, 
bond dissociation energies iuld the appropriate detailed mechanism 
(outlined in section I. B) proposed for these reactions. 

The pyrolyses of organic halogenated molecules involving the breaking 
of C-X bonds generally require temperatures > 200°C. Obviously most 
studies are therefore limited to thc gas pliase and we have restricted our 
attention to gas-phase studies. Pdy- or perhalogenated higher molecular 
weight materials, which would be suitable for liquid-phase studies, have 
attracted much less interest2 as they are not expected to contribute novel 
mechanistic information and furthermore have not met any wide industrial 
or preparative applications. Moreover, where solvent participation can 
essentially be excluded, unimolecular reactions have been shown to proceed 
at closely the same rates in liquid and gas phase, the activation parameters 
being very sirnilafl. The only liquid-phase study relevant to the topic of 
this review briefly reported the dehalogenations of some alkyl halides in 
acetonitrile solution5. A discussion of the products obtained from the 
thermal decompositions of polymers containing C-X- bonds is presented 
in reference 6. 
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The surface sensitivity of reactions involving the pyrolyses of C-X- 
bonds has long been recognized and has received considerable attention in 
recent Practically all studies investigated the means to obviate 
heterogeneous components in homogeneous reactions rather than studying 
the scope and mechanism of heterogeneous reactions themselves. Quantita- 
tive data on wall-initiated reactions are thus lacking and this review will 
deal with essentially homogeneous data only. 

The reliability and the reproducibility of kinetic data to be discussed are 
then primarily determined by the success of the authors in eliminating or 
correcting for competing reactions in their studies. 

In cases where severs1 experimental determinations of the same reaction 
system are available we have tried to assess their relative reliability and 
have indicated the set of ‘preferred’ data. 

In this review we attempt to give a reasonably concise and critical 
evaluation of the relevant data and dominant reaction mechanisms in the 
field of thermal unimolecular reactions involving halohydrocarbons and 
related compounds from the viewpoint of the thermochemical kineticist. 
No claim can be made for the completeness of literature coverage, but all 
important kinetic data up to December 1971 should have been considered. 
Results from chemical activation studies have not been included as they fall 
outside the scope of this review. 

2. Experimental methods 
Most of the kinetic data available to date have been obtained using one 

of the conventional methods applicable to the study of relatively slow 
reactions in the gas phase. Some principal aspects and inherent errors of 
these methods are briefly indicated below. The major sources of errors 
introduced into rate constants originate from uncertainties in the measure- 
ments of temperature, concentration and time. Depending on the method 
and reaction conditions used, the relative importance of these errors is very 
different. For more details we refer to the comprehensive review by 
Battle and to the original literature. 

a. The static method. Static reaction systems are still most widely used in 
kinetic studies of the therniolysis of organic molecules. The most important 
inherent shortcoming of homogeneous static pyrolyses studies, particularly 
in the case of alkyl  halide^^.^^ is the problem of avoiding contributions 
from reactions taking Flace on the walls of the reaction vessel. Various 
methods for ‘seasoning’ the reactor walls have been used. Most common 
among them is the formation of carbonaceous coatings by pyrolysing 
allyl- (2 hr, 360°C) or alkyl- (24 hr, 480°C) bromides (-500 torr) in 
Pyrex glass reactors. The same effect is often achieved by repeated slow 
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decomposition of the reaction products in the reactor prior to its use in 
kinetic studies. Coating of the walls with KCI hzs also been used12. For 
temperatures up to - 310°C ‘PTFE‘-coated reactors probably provide the 
most inert surfacesl3. 

Other sources of errors are the inadequate corrections of the contributions 
of the dead space reaction to the overall conversion and the problems 
relating to the establishment of the temperature equilibrium in the systcm. 
The chemical reaction should proceed much slower than temperature 
equilibration, which on average requires about 10 seconds after admission 
of the reactants, previously stored at room temperature. 

Most of the kinetic studies concerned with the molecuiar mechanism in 
alkylchlorides, -bromides and -iodides have been carried out using static 
reaction systems. 

b. TfieJlow method. Flow systems have the advantage of minimizing 
surface effects through the use of higher reaction temperatures and shorter 
contact times. They allow studies at  much lower overall conversions and 
they expand the practical pressure and temperature ranges for kinetic 
investigations. The main disadvantages are the ill-defined thermal and 
concentration gradients built up in flow systems, which increase with 
increasing pressures. The use of low pressures to minimize these pobierns 
may add further complications, especially in the case of simple molecules, 
due to the onset of unimolecular ‘falI-off ’. The use of stirred flow reactorsz4 
largely obviates concentration gradients and significantly reduces the 
uncertainties in determining the effective temperature of the reaction 
system, but the determination of the effective actual ‘mean’ temperature of 
the reactant gases still constitutes a major problenz in obtaining reliable 
kinetic parameters. Accurate temperature calibration using test reactions 
with known activation parameters under comparable reaction conditions 
should minimize this error. 

Tubular flow reactors have been widely used iii connexion with the 
so-called toluene- or aniline-carrier techniquelj, a method which was used 
to determine bond dissociation energies in many organic halides, by 
measuring the kinetics of bond fission reactions in the presence of free- 
radical scavengers. Unfortunately, in addition to the shortcomings inherent 
in ‘non-stirred’ laminar flow methods, this carrier technique is further 
complicated by side-reactions occurring contrary to the assumption that 
the primary radicals exclusively react with the carrieP. 

c. The shock-tube method. The advantages of the shock tube in the study 
of reaction rates lie in the fast and homogeneous heating of the reaction 
components, thus largely suppressi~g heterogeneous effects. In addition 
a much larger temperature range can usually be covered in shock-tube 
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experiments. The main disadvanttiges are the cncertainties associated with 
the temperature and time measurements, which are even larger than those 
in  conventional flow systems, and reliable kinetic data from shock-tube 
studies have only recently been obtained. 

T~angl’-~O has developed a comparative single-pulse shock-tube 
technique in which a compound with known decomposition parameters is 
copyrolysed with the reactant, and he applied it successfully to studies of 
alkylchloride and alkylbromide pyrolyses. Alkylfluorides appear to be 
particularly semitive towards surface catalysis and therefore studies in 
conventional static or flow systems are rendered very difficult. More 
recently, Tschuikow-Roux and coworkers2f and Cadman and coworkers2’ 
investigated a series of pyrolysis reactions involving fluorinated hydro- 
carbons by a non-comparative shock technique. The poor agreement of the 
reported activation parameters (compare Table 5 )  reflects the experi- 
mental uncertainties of this method. 

3. Literature 
There have been several reviews published on the pyrolytic reactions of 

certain classes of organic halides. The reviews of Steacie= and Stroh2 
contain details of the early literature for decompositions of compounds 
containing C-X bonds. The elimination of hydrogen halides from alkyl 
halides has been exhaustively reviewed by Macco1lZm1 and more recently 
by Sinith and Kelly32 who also present data for the thermal decomposition 
of chloroformates. These reviews give a comprehensive but essentiaily 
non-critical evaluation of the data available a t  the time, which did not 
include fluorinated halohydrocarbons. 

Benson and O’NeallG, in an extensive review of the Arrhenius parameters 
of unimolecular gas-phase reactions, have also critically examined the 
available data for many organic halides with special reference to transition 
state calculations. 

B. Thermochernical Kinetics 

I. General considerations 
The o priori prediction of reactior? prcducts 2nd the rates of their 

formation is one of the foremost objectives of chemistry in genera!. The 
state of knowledge achieved to date allows predictions of reaction 
products to be made with much more confidence and ease than predictions 
of reaction rates. However, over the last three decades a significant 
number of relatively reliable quantitative data on rates of individual 
gas-phase reactions and elementary reaction steps has become available, 
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particularly fcr unimolecular reactions3* 16* =. On the basis of these data, 
methods for a priori prediction of rates have been derived for a limited 
number of reactions. The foremost work in this field has been presented by 
Benson and coworkers3- 1 6 n 3 *  who derived and ‘demonstrated’ the very 
useful concept of ‘thermochemical kinetics’ by applying the principles of 
thermodynamics and transition state theory to the available quantitative 
rate data. The principles of this method have been widely covered in the 
literature3. 16* 34 and we can limit ourselves to the presentation and 
discussion of those aspects of ‘thermochemical kinetics’ that were used in 
critEcally evaluating the data covered in this review. 

The Arrhenius activation parameters of a. unimolecular decomposition 
reaction of the general typz 

A+B+C 
-a 

which can also be forniulated in terms of transition state theory as 

A rTS]* B + C 
--e 

can be related to the thermochemical parameters of reactants, products 
and transition state complex* by the relationships : 

where 
k,  = A exp - (EJRT) = (kT/lz) KZ-x 

x,-x = k X / L  

-RTlnK, = AG; = AHg-TAS; 

(3) 

p= 

Using the thermodynamic relationship 

(4) 

yields the rate const.ants k,  in thermodynamic terms 

k,  = A exp - (EJRT) = (kT/lz) exp (ASZ-,/R) exp (- AHZ-JRT) 

The pre-exponential A-factor can then be identified with 

log A = - log (kT,/h) + loge (= 0.434) + AS2-,/2*303 R ( 5 )  

and the activation energy E, with E, = AH+ + KT, where T, represents 
the mean reaction temperature. kT/h = 1010.310T(~-1) or 1013.0 at 500, 
1013.2 at 700, 1013.3 at 900, and 1013.4 at 1100K. 

* The transition state complex [TS]* is in effect regarded as an intermediate 
with definite thermodynamic properties (SO, AH;, Cg), dependent on a defined 
structure. 
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high-pressure limit*. 
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The above relationships only apply to unimolecular reactions at the 

2. Estimation of thermodynamis data 
As was pointed out in the previous section, the equilibrium constant 

= Ic,[A]/k-,[B] [C] and the Van't Hoff equation (4) relate kinetic 
activation parameters with thermodynamic parameters for reactants and 
products. 

The knowledge of accurate heats of formation, entropies and heat 
capacities of molecules is often a prerequisite for a complete interpretation 
of observed rate parameters with respect to forward and back reactions. 
Recent compilations of the available experimental data are to be found in 
the books of Cox and PilcheP5 or Stull, Westrum and Sinke30, as well as in 
the JANAF tables3' or other s o ~ r c e s ~ ~ ~ ~ .  Benson 2nd coworkers40 have 
derived a very useful concept involving the direct additivity of group- 
increments which allows estimation of AH:- and So-va!ues within 0.5 to  
1.0 kcalmole-l and 0.5 to 1.0 cal(K)-lrnole-l respectively for a large 
number of organic molecules for which direct data are still lacking. Using 
the same concept, additivity values have been generated for a variety of 
radical groups41. 

A detailed treatment of the thermodynamic aspects of halogenated 
organic molecules is given by Shaw in Chapter 16 of this book. 

3. Activation parameters for gas-phase radical reactions 
As mentioned earlier in section I. A. 1, this review deals primarily with 

the quantitative aspects of reactions involving R,C-X bond breakage. In 
terms of radical reactions our interest then concentrates on the Arrhenius 
parameters for the unimolecular bond fission as shown in reaction (6). 

Accepting the assumption that the activation energy for recombination, 
E-l, equals 0 (generally considered to be valid for most radicals) a simple 

* At low pressures the collisional activation step in unimolecular reactions 
becomes increasingly important in determining the kinetics and the overall 
order of reaction changes from first to second. The pressure at which this so- 
called 'fall-off' occurs depends on the molecular complexity, being highest for 
the most simple molecules. For an account of' the theories applicable to the 
'fall-off' region see reference 34. 
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relationship between the observed activation energy for the bond-fission 
process and the corresponding bond dissociation energies can be derived. 

For the unimolecular dissociation rate constant the Arrhenius relation- 
ship is given by log k, = log A , -  E1/2.303 RT, and the heat of the reaction 
at  the average temperature of the rate data in pressure standard states42 
(AH,O& is directly equated to El through : 

(AH:,-,), = 4 - & ( p )  x El 
The applicability of the observed overall rate constants in a radical 

reaction to a quantitative interpretation in terms of the elementary initial 
bond-breaking step as outlined above depends on the complexity and 
knowledge of the detailed reaction mechanism involved. 

Radical-induced reactions tend to be very complex due to the variety of 
fast secondary reactions involving decomposition, isomerization, addition 
and abstraction reactions of radicals. One of the methods widely used to 
suppress radical-chain reactions in order to obtain quantitative information 
about elementary steps is the addition of an excess of various free-radical 
scavengers such as toluene, aniline, propylene, cyclohexene, cyclohexane 
and nitric oxide. In static reaction systems additives were mostly used with 
halohydrocarbons to obtain ‘maximum inhibited’ rates assumed to 
represent predominantly molecular reaction paths only24* 32. In flow 
systems toluene has been widely used as a radical trap, forming the very 
inert PhCHH radical which was assumed to terminate exclu~ively~~. In  this 
case the ‘maximum inhibited’ rate would correspond to the bond-fission 
process. However, as discussed previously, the fact that the assumptions of 
total chain inhibition are not always strictly valid, and other shortcomings, 
limit the reliability of such datalG. 

Where complex radical-chain reactions prevail, the analytical and 
kinetic evaluation of the system is often extremely difficult. Proper 
measurements of mass balances and overall product analysis with time, as 
well as the reliable analysis and identification of small amounts of materials 
are not easy to achieve, especially as the conversions should be kept low to 
avoid side-reactions. I t  is then not surprising that the detailed reaction 
schemes for only a few thermally initiated radical-chain decompositions 
involving molecules with C-X bonds have been reported. Further 
complication occurs if a reaction product can act as a radical initiator 
leading to a self-initiated radical-chain reaction, as is the case with HI or 
HBr produced by molecular elimination from alkyliodides or bromides. 

Linear transition state complexes involved in bond-fission reactions 
would be expected to be ‘loose’ and in recent years it has become apparent 
that ‘abnormally’ high pre-exponential factors ( 1015-1018) observed in 
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simple bond-fission reactions are rather the rule than the exception3. 
A-factors of the order of 1013 s-l that were considered 'normal' some years 
ago, due to their consistency with the Rice-Ramsperger-Kassel theory of 
unimolecular  reaction^"^ must now be viewed with suspicion. Recently, 
careful shock-tube data17-20 gave A-factors for simple bond-fission 
reactions of 1014-1016*5, or about a factor of 10 lower than the values 
previously obtained. From such evidence for loose transition states, 
A-factors of 1015*1 would appear likely for the homolytic fission of 
C-X bonds. 

a. Bond dissociation energies in molecules. Standard bond dissociation 
energies (BDE) are defined as the enthalpy change in a reaction of the type 
(9 where reactants and products are in their standa.rd pressure states 
(1 atm at 25°C). 

Correcting the value for the activation energy observed at  temperature T 
down to 298K via 

= (A%,-i)r = (AK,-1)29~4 + ((ACj>,,+ms,,& (T-298) (8) 

will directly yield BDE values with calculational uncertainties of - & 1 kcalmole-l. The (T)AC: term usually amounts to less than 
1 kcal mole-l and can be neglected. The total uncertainties of BDE values 
are normally between 2 and 5 kcalmole-I. 

From equation (7) heats of formation of radicals such as R3C' can be 
obtained, if AH,O(X') and AH:(R3CX) are known or can be estimated. 
While data for molecules are usually known or can be generated, entropies 
and heat capacities of radicals are much more difficult to obtain. A method 
for estimating So and Ci data of radicals has been outlined by O'Nea! and 
EensonQ1. 

Based on the definition given in equation (7) and using the available 
thermochemical and kinetic data, critically selected 'best' bond dissociation 
energies have been derived and have been checked for overall consistency. 
These data are listed in Table 1. 

Where no independent experimentally based data were available or 
where no reliable estimates could be derived, values for BDE's have not 
been incorporated in the table. Furuyama and coworkers53 have summarized 
BDE values for unmixed halomethanes and heats of formation of halo- 
methyl radicals and Keir and Trotman-Di~kenson~~ list selected BDE data 
for organic molecules and radicals. 
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TABLE 1. Carbon-X bond dissociation energies" (in kcal mole-l) 

68 7 

X F C1 Br I H Me --- 
Bond 
CHS- 
RCH 2- 
R2CH- 
R3C- 
Ph- 
PhCH2- 
CH2=CHCH2- 
CFS- 
CCL- 
CBr3-- 
C12H- 
CIH2- 
CH3C- 

I I  
0 

PhC- 
It 
0 

CH3CCH2- 
I/ 
0 

84 
81 
81 
79 
95b 
68 
71 

(8 6 )  
73 

1741 

82 

81d 

1811 

70 
69 
68 
63 
81" 

(54) 
57 
7 18 
54 
56" 

70 
67 

64d 

64' 

56 
53 
53 
50 
64b 
40 
44 
54 

55 
52 
51 

(49Id 

51e 

104 
98 
95 
92 

1 lo* 
85 
88 

106 
96 
96c 

103 
103 
88 

87" 

98 

88 
85 
85 
82 

1 O O b  

70 
76 

(100) 

91 
82 

81d 

85 

Unmarked values for bond-dissociation energies taken or calculated from 
thermochemical data in the I^ollowing references: Golden and 3ensonQ5, 
U.S. Nationd Bureau of  standard^^^, Cox and P i l ~ h e r ~ ~ ,  Stull, Westrum and S i ~ ~ k e ~ ~ .  

The values have been critically selected with special reference to consistency with the 
latest values for the heats of formation of the radicals and parent inolecules and are 
probably accurate to t 2 kcal mole-1 in general. Those values in parentheses are 
subject to larger uncertainty. Square brackets indicate interpolated values. 

AH, Ph' from Chamberlain and WhittleJ7. 
King, Golden and Benson48. 
AHf PhC'O from Solly and Bensona8. 
King, Golden and Benson5OB 51. 
King, Golden and BensonS2. 

Y Reference 215. 

b. Stabilization energies in delocalized radicals. As would be expected 
and can be seen from the data listed in Table 1 substituents on the carbon 
atom can drastically affect the strength of a C-X bond. If we exchange 
the C-H bonds in H3CC1 as an  example, variations in the C-Cl bond 
dissociation energy between + 11 and - 16 kcal mole-l are obtained, and 
even larger effects would be expected with other substituents, e.g. cyclo- 
pentadienyl. Unsaturation in general has a large effect. The strength of a 
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C-X bond in an olefinic position is significantly increased while benzyl- 
and allyl-type substituents lower the BDE of C--X bonds. 

These effects usually exhibit a systematic trend with tbe nature of the 
halogen atom but do not appear to bs constant. On the other hand, a 
reliable quantitative prediction of the effect of benzyl- or aliyl-type 
substituents can be made, as the ‘ally1ic’- or ‘benzy1ic’-carbon radicals 
formed in the fission reaction always contain the same amount of ‘extra’ 
stabilization energy, attributed mainly to the delocalization of electrons, 
when compared with the parent hydrocarbon radicals. 

TABLE 2. Stabilization energies (En) in kcal mole-’ 
in delocalized radicals 

Radical E,“ Reference 

Ally1 9.6 55,56 
Met hallyl 12.6 57 
Dimethallyl 13.1 58 
Cyclopentenyl 12.6 59 
Cyclopentad ienyl 15-20b 60 
Cyclohexadienyl 23.6 61 
3 -Met hylenecycl ohexeny 1 23.4 62 
Pentadienyl 18.5 63 
Propargyl 4.1 64 
Benzyl 12-5 65 
O= C H ~ R , ~  0 50, 66 
CH ,=NdR 12-6 67 

a The random uncertainties in these values are of the order of 2 1.5 kcal mole-’. 
These values are probably too low by about 2 & 1 kcal mole-’. The activation 

energy for the back reaction in the iodine atom abstraction method used in these 
studies is probably in excess of the ‘usual’ 1.5 kcal mole-’ if the reaction is close to 
thermoneutrality . 

Small ring pyrolysis data give E, z 7 kcal mole-’ (compare A. T. Cocks and 
K. W. Egger, J.  Clzem. SOC., Perkitz, 11, I99 (1973). 

If we define the ‘extra’ stabilization energies (Ed generated in hydro- 
carbon or related radicals as the difference in dissociation energies between 
the parent ‘saturated’ bond and the ‘allylic- or benzyl1jc’-type bond, then 

Values for E,, derived mainly from kinetic measurements, are listed in 
Table 2. 
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For a number of C-X bonds not listed in Table 1, values for the 
corresponding BDE’s can then be estimated using the data given in Table 2. 

It is of particular interest to note the absence of E, both in the acetonyl- 
and in the methylacetonyl radicalsm* 66. This has been explained by the 
large differences in n-bond strength in the canonical forms of the radicals 
‘C-C=O and C=C-0’ which makes the first of the two forms thermo- 
dynamically much more stable“’. 

4. Activation parameters for gas-phase molecular reactions 
As outlined in section I. A. 1 we restrict our attention to unimolecular 

processes initiated thermally and homogeneously in the gas phase. This 
type of reaction m;iy involve both isomerizations (observed, for example, 
with cyclopropylhalides) and decompositions (e.g. Hx elimination from 
alkylhalides). Most of these reactions, which are discussed in sections I1 
and 111, appear to involve cyclic transition states. In an intramolecular 
C-X bond-breaking process, involving cyclic transition states, at least 
two ‘old’ bonds are broken and two ‘new’ ones made in a concerted 
manner. The estimation of activation parameters of such coccerted 
reactions still depends largely on comparative predictions based on 
related reactions for which the detailed kinetics and activation parameters 
have been established. 

In recent years molecular orbital theory has contributed considerable 
qualitatiue insight into the mechanisms of certain concerted reactions, 
particularly through the concept of conservation of orbital symmetry 
applied to electrocyclic reactions as presented by Woodward and 
Hoffmannm f . Methods to predict the activation parameters of conceited 
unimolecular reactions, however, are largely lacking. Methods for quantita- 
tive predictions of activation energies and entropies have been derived for 
a few classes of compounds by Benson and  coworker^^*^^ based on 
transition state theory combined with relatively simple valence bond and 
electrostatic semi-empirical concepts. 

For multicentre unimolecular concerted reactions, O’Neal and BensonG9 
derived a method for calculating and thus predicting log A ,  by 
assigning bending, stretching and torsion frequencies to one- and three- 
electron bonds in the transition state. 

For a four-centre process relatively small intrinsic entropies of activation 
have been calculated resulting in predicted A-factors between lOI3 and 

* See footnote in Table 2. 
t All future reference to Woodward and Hoffmann in the text refers to 

reference 68. 
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1014 depending primarily on the path degeneracy involved. For uni- 
molecular reactions involving six-centre transition states the predicted 
A-factors range from about 10l2 to IOl3 depending on the valence bond 
structure of the transition complex. Benson and H a ~ g e n ~ @ - ~ ~  derived a 
simple electrostatic model for calculating activation energies of four- 
centre reactions such as the elimination of HX from alkylhalides. The 
method involves the assumption of a quadrupolar semi-ion-pair type 
transition state complex, formed by the interaction of two longitudinal 
bond dipoles in the HX and the olefin moiety. Maccoll and Thomas25, 
assuming the formation of quasi-ion pairs for the same type of reaction, 
proposed as a first approximation in estimating .E, the simple form 
E, = 0.29D(R+X-), where D(R+X-) is the heterolytic bond dissociation 
energy or the energy of the process RX-+R++X-. Further attention will 
be given to these models in sections I1 and 111. 

91. SURVEY OF WNllMObECULAR THERMAL REACTIONS 

The contents of this section have essentially been grouped according to 
compound classes in an attempt to preserve the general concept of the 
carbon-halogen bond as an entity in different environments. 

As was pointed out in section I, organic halides can decompose via 
molecular or radical reaction paths and the mode adopted largely depends 
on the nature of the halogen atom as well as the substitucnts in various 
positions of the molecule. I t  therefore appeared logical to subdivide the 
discussion within a given class of compounds according to the reaction 
pathway involved. 

While the chosen method of division of the topic is intrinsically con- 
sistent, it is liable to underemphasize some unifying aspects within the bulk 
of these data, particularly the mechanistic features and kinetic parameters 
common to different classes of compounds. These similarities are dis- 
cussed more fully in section 111. 

INVOLVING CLEAVAGE OF CARBON-HALOGEN BONDS 

A. Saturated Halogenated Hydrocarbons 

Thermal reactions of halomethanes are limited because of the strxtural 
simplicity of these compounds and it is therefore logical to discuss them 
separately from those of higher linear alky'l halides for which a wider 
range of routes is available. With the exception of cyclopropyl halides, 
which undergo unique thermal reactions and are therefore discussed 
separately, cycloalkyl halides appear to react in a manner anaIogous to 
linear alkyl halides. 
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i. Methane derivatives 

a. Molecular hydrogen halide elintination. The only likely thermal 
molecular decomposition route open to halogenated methanes is elimina- 
tion of hydrogen halide to give the carbene. 

This has been shown to be the sole mode of decomposition of trifluoro- 
methane73# 74, and difluo~ochloromethane~~~ 7G, and a competitive pathway 
with carbon-bromine fission initiated radical reactions in the case of 
difluorobrorn~methane~~. All these decompositions yield difluorocarbene 
which rapidly dimerizes. The a-elimination of HC1 to give dichloro- 
carbene has been proposed in the pyrolysis of trichloromethane7*, but it is 
likely that this pathway is at best competitive with a radical route. 

The Arrhenius parameters for or-eliminations from the difluorohalo- 
methanes are given in Table 3. For the three-centre transition state 

TABLE 3. a-Hydrogen halide eliminations from halomethanes 

Reaction Log A” En Reference 
(kcal mole-’) 

CF,HF +:CF2 + HF 1 2 - 2 b  59.6 73 
11.8 5 8.4 74 

CFZHCI -+ :CF, + HCI 13-8 55-8 75 
12.6 52-8 76 

CF,HBr -+ :CF, + HBr 14-3 55.6 77 

a A in units of s-l. 
Calculated frcm the Arrhenius plot of high pressure results in reference 73. 

envisaged, A-factors between about lOI3 and 1014 would be expected. Both 
studies of trifluoromethane were made using shock tubes and the results 
are undoubtedly low. For such simple molecules as the halomethanes, 
‘fall-off’ would be expected to occur at relatively high pressures and this 
creates added difficulties in the interpretation of the data. The authors in 
reference 76 suggest that ‘fall-off’ accounts for their low parameters. 

From the data in Table 3 it would appear that for three-centre elinina- 
tions there is little difference in the rates of elimination of hydrogen 
chloride and hydrogen bromide and that even allowing for ‘fall-off’ 
uncertainties, hydrogen fluoride elimination is a much slower process. The 
thermodynzmic stability of diflu~rocarbene~~ would appear to account for 

24 
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the occurrence of a-elimination in difluoromethyl halides. This niechanism 
has not been established for other types of halomethanes. 

6.  Radical reactions. Most haiomethanes decompose by a radical 
pathway initiated by carbon-halogen bond fission. A comparison of the 
BDE values in Table 1 with the activation energies for the concerted 
process in Table 3 reveals the reason for the unimportance of radical 
processes in the pyrclysis of difluorochloromethane and trifluoromethane, 
in contrast to other halomethanes. 

The range of reactions open to the simple radicals produced in the 
thermal reactions of halomethanes is limited, but very few reaction 
mechanisms have been thoroughly investigated. A careful study of the 
pyro!ysis reactions of (i) carb~ntetrachloride~~ and (ii) methyl chloride79 
indicated that the following simple reaction schemes were operative : 

(ii) CH,CI > dH, + CI 

eH3 f CH,CI - CH, + dH,CI 

CI + CP?,CI - HCI + 6HzC1 

6H,CI + CH,Cl- CH,Ci, + e H 3  

2 dH,CI > C,H,CI, 

C,H,CI, HCI + CH,=CHCI 

CH,=CHCI - HCI + C2HZ 

A relatively simple scheme has also been proposed for the homogeneous 
pyrolysis of methyl icdidesO. 

CH,I , 6 H , + I  

> kH,  + I, I + CHJ 

dH, + CHJ- CH, + kHJ 
CH,I + I, ~ CHz12 + I 

2 dH,I > (C&&)* - CZH, + 12 
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Experimental studiesa1, however, report the formation of large amounts of 
‘condensed’ products and carbon. It is likely that heterogeneous reactions 
are responsible for the observed behaviour. 

Attempts have been made to isolate the initial bond-breaking step for a 
number of halomethanes by the toluene carrier technique and reference 16 
contains a compilation of the activation parameters obtained. The results 
do not appear to be reliable due to a combination of ‘fall-off’ difficulties 
and experimental artifacts. For initial bond breaking in halomethanes, 
A-factors of about and activation energies close to the bond dissocia- 
tion energies (Table I)  would be expected. 

2. Ethane and higher alkane derivatives 
The homogeneous gas-phase pyrolyses of ethyl- and higher alkyl halides 

usually yield HX and the corresponding olefins as main products in a 
first-order p r o c e s ~ ~ ? ~ ~ .  While alkyl fluorides decompose exclusively via a 
concerted molecular elimination path, the decomposition of alkyl chlorides, 
bromides and iodides often involves a combination of molecular and 
radical reaction routes. This latter class can be divided further into (i) 
reactions with concurrent but essentially non-mixed individual radical and 
concerted paths and (ii) reactions with mixed concurrent radical and 
molecular paths. The preference for concurrent radical-molecular de- 
compositions over a purely molecular reaction increases in parallel with 
the increased weakening of the C-X and H-X bonds. 

The radical component of systems with mixed reaction kinetics has not 
been investigated independently in most cases and quantitative data for 
the radical paths are therefore scarce. On the other hand the addition of 
radical scavengers to systems of the type (ii) with individual concurrent 
radical and molecular decomposition routes yields ‘maximum inhibited’ 
rate constants which are usually equated with the molecular reactior, path. 
A large number of activation parameters reported for HX eliminations 
from alkyl halides have been derived from kinetic studies in ‘maximum 
inhibited systems’. 

Some reactions of the type (ii) with mixed radical and molecular 
mechanisms, for example the iodine-atom-catalysed elimination of HX 
from alkyl halides45, are not amenable to simple inhibition by  radical 
scavengers. 
a. The four-centre H X  elimination froin rnonohalo hydrocarbons. The 

cis-four-centre nature of the unimolecular elimination of HX from alkyl 
halides was recognized from the earliest studies of these processes, but the 
significant ‘ionic character’ of the reaction and its mechanistic importance 
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was not realized until Maccoll and Thomasa2 first proposcd a quasi- 
heterolytic reaction path. The general concept of a highly polar or quasi- 
ionic four-centre transition complex involved in this (Woodward-Hoffmann 
non-allowed) cis-elimination process has generally been accepted and is 
substantiated by an ever-increasing amount of experimental data. The 
existence of a partial charge separation rather than the initially favoured 
but unreasonable concept of complete separation into gaseous ions has 
been established by a study of the pyrolysis of D-( +)-chlor@sctaneE3 in 
which no significant difference between rate constants based on optical 
rotation and pressure changes was observed. 

Few classes of unimolecular decomposition reactions have been studied 
as extensively as the olefin ‘eliminations’ from alkyl halides. A dominant 
proportior of the available first-order activation parameters reported for 
the unimolecular decomposition of organic halogen compounds falls into 
this category and in Table 4 activation parameters observed for the 
concerted four-centre HX elimination for selected alkyl inonohalides are 
listed. 

Due to the stability of the product olefins and HX, secondary reactions 
can usually be disregarded. As has been discussed in section I. B. 4, the 
major problems involved in obtaining reliable activation parameters for 
the homogeneous molecular HX elimination originate from competing 
heterogeneous and radical reactions. 

In view of the polar nature of the reaction the pronounced surface 
catalysis, generally observed in HX elimination from alkyl halides, is not 
surprising and has been quantitatively studied in a number of  case^^*^^. 
The reported activation parameters for most of the alkyl monohalides can 
be considered to be essentially unperturbed by heterogeneous reactions. 
Contributions from heterogeneous components amounting to a few per 
cent of the total conversions observed must, however, be taken into 
consideration. 

While surface sensitivity is common to all these reactions, complica- 
tions from radical decompositions are particularly noticeable where weak 
C-X and H-X bonds are involved, and are therefore more pronounced 
with tertiary alkyl halides than with secondary or primary derivatives. 
The available literature data for molecular reactions indicate a large 
stabilizing effect of alkyl groups in the a-position and a smaller effect in 
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P-position and also show that methyl and higher n-alkyl substitwnts 
bonded t c  the reactive carbon atoms have essentially the same effect. 
The large or-substituent effect can only be natisfa.ctori!y explained by a 
polar transition state in which the or-carbon is positive. Any difference in 
effective stabilization energies of alkyl groups would on this basis be 
predicted to be small (less than 1 kcalmole-l) and, therefore, completely 
hidden by the uncertainties inherent in the data. 

All the available literature data have been considered, but we have 
incorporated only data for ‘prototype’ reactants such as EtX, n-PrX, 
i-PrX, . . ., etc. in Table 4. Higher alkyl halides do not contribute basically 
novel information and additional data for such compounds can be found in 
the review articles of M a c c 0 1 1 ~ ~ ~ ~  and of Smith and 

Based on the criteria outlined in the introduction section the available 
data have been critically selected and the activation parameters considered 
to  be most reliable have been entered as ‘preferred’ values in Table 4. 
These ‘preferred‘ literature data do not always coincide exactly with our 
estimates of the best values derived from considerations of the overall 
consistency of the data for olefin formation from RX. In most instances, 
however, experimental and estimated data agree within about 0.2 in log A 
and 1 kcalmole-1 in E,. Where larger discrepancies have been observed, 
corrected data based on our estimates for the pre-exponential factor have 
also been incorporated, in parentheses, in Table 4. 

Apart from studies of chemical activation24* llG relatively reliable data on 
the elimination reactions of alkyfjhorides were not available until recently, 
when the comparative single-pulse shock-tube method was applied to 
these systems22*98. The experimental difficulties, particularly the hetero- 
geneous effects, made reliable studies in conventional flow or static 
systems very difficultll. Due to the higher reaction temperature and the 
absence of surface effects the comparative shock-tube techniq~el~-~’J  
appears to be particularly suited for studies of alkyl fluoride pyrolyses and 
more data are to be expected from such studies. 

Like the fluorides, most of the alkyl chlorides pyrolyse via a concerted 
mechanism which is essentially free of radical components. The rates 
appear to be unaffected by the addition of ‘classical’ radical scavengers and 
there is no indication of induction periods. The activation parameters for 
alkyl chlorides are probably the most reliable data reported in this review 
and these compounds have been used as standards in the comparative 
shock-tube technique22* 98. 

With alkyl bromides, first-order rcactior, kinetics, equated with the 
molecular reaction path, are only observed in ‘maximum inhibited’ 
systems. 
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In contrast to the other alkyl halides, alkyl iodides yield alkanes, alkenes 
and iodine as stable pyrolysis products. The details of the overall mechanism 
of the decomposition, involving mixed radical and molecular kinetics, 
have been treated comprehensively by Benson and c o ~ o r k e r s ~ ~ ~ * ~ .  
Essentiaily two pathways are operative, with one of two rate-determining 
steps: (i) the 'normal' four-centre molecular elimination of HI and 
(ii) the concerted iodine atom catalysed elimination of HI, which might 
also be regarded as a concerted iodine atom abstraction reaction. The HI 
eliminations are followed by fast secondary atom and radical reactions in 
the overall system RI+ HI Z RH+ I,, yielding alkane and iodine as 
observable major products. 

The thermally initiated molecular four-centre eliminztion of HX appears 
to be rate-controlhg in the pyrolysis of EtI, i-PrI and 1-Bur, while the 
I-atom catalysed elimination of HI is the major pathway for n-PrI, 
12-BuI, i-BuI and possibly s - B u I ~ ~ .  The data listed in Table 4 refer to the 
con-catalysed elimination step. The value listed for n-PrI has only recently 
become availableg7 from very low pressure ( N 1O4torr) pyrolysis studies, 
using an effusion flow system technique and mass spectroscopic identifica- 
tionll'. This vlpp-technique minimizes bimolecular reactions, as the gas is 
essentially heated through wall collisions only. The experimental activation 
parameters for s-BuI l6 appear to be too high and they have been scaled 
down, using a reasonable A-factor and mid-temperature rate constants, 
resulting in an activation energy Consistent with the data for s-BuC1 and 
s-BuBr. 

The assumption of a comnion mechanism for all the reactions listed in 
Table 4 is substantiated by the rather impressive consistency of the 
experimental data. The systematic incremental differences in the activation 
parameters and the observed pre-exponential factors are in agreement with 
predictions for a mechanism involving a polar four-centre transition 
complex, based on considerations of thermochemical kinetics. The 
pronounced alkyl-substituent effects corroborate the polar nature of the 
transition state. The quantitative aspects of these stabilization energies 
and activation parameters will be discussed in section I11 together with the 
observations on HX eliminations from unsaturated and oxygenated 
haloalkanes with particular reference to the structure of the transition 
state. 

6. The four-centre H X  eliminations f iwn a,a- and a$-polyhaloiiydro- 
carbons. Substitution of halogen atoms for hydrogens in a- and /3-positions 
of alkyl halides may affect not only the activation parameters for the 
concerted nioleculai four-centre HX elimination, but also the overall 
rnechanistics of the reaction. AE might be expected, the surface sensitivity 
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generally observed for FIX eliminations from alkyl halides appears to be 
increased by additicnal polar substituents in the molecule and contributions 
from radical reactions also tend to become more 2ronounced. For 
example, both ethyl chloride and 1,24ichloroethane can eliminate HCI in a 
homogeneous first-order process yielding ethylene and vinyl chloride 
respectively, but only EtX decomposes via a ‘clean’ four-centre mechanism 
(Table 4). Thc pyrolysis of 1,2-dichIoroethane is complicated by contribu- 
tions from heterogeneous and particularly radical reactionslls* l19. The 
system exhibits induction periods and the rate is decreased by addition of 
propene. Reliable ‘maximum inhibited’ rate data are still lacking. 

The available kinetic data for the molecular elimination of HX from 
polyhaloalkanes are summarized in Table 5. 

When compared with the data for alkyl halides listed in Table 4, it is 
readily apparent that the data for a- and fLpolyhalogenated alkanes are 
subject to much larger uncertainties. The reliability of these data can best 
be judged from the rate constants, calculated for a temperature of lOOOK 
and listed in Table 5. These data have been incorporated primarily to allow 

TABLE 5. Arrhenius parameters for the four-centre unimolecular elimination of 
HX and XX from alkyl polyhalides 

~ ~~ 

Reaction Mean Methoda kloOob log AC Ell“ Ref. 
temp. (s -9 (kcal mole-’) 

(K) -- 
HF elimination 

FCH,CH, 
FBCHCH3 

Preferred 
F3CCH3 

Preferred 
FCH,CH,Cl 

FBCHCFBH 

F3CCFzH. 
FCH ,CH zF 

HCl elimination 
CICHpCH3 
CIZCHCH, 

Preferred 

1300 
1000 
1620 
1000 
1200 
1700 
730 

1600 
1300 
1300 
1300 

720 
700 
700 
700 

ST 
SPST 
F 
ST 
F 
SPST 
ST 
S 
ST 
SPST 
SPST 
SPST 

S 
S 
S 
S 

2- 1 13-4 
2.4 13-9 
0.61 13-3 
0.20 13.5 
0.20 12.1 
0.10 14.0 
0.0053 13-8 
0.79 13.0 
0.42 12.9 
0.014 13.4 
0.014 13.3 
0.0082 13.7 

13.9 13.5 
20 12.1 
14 11-7 
69 13-5 

59.9 
61.9 
61.9 
65.0 
61.4 
68.7 
73.6 
60.0 
60.8 
70.1 
63-4 
72.3 

(62Y 

56.6 
49.5 
48-3 
53.4 

22 
120 
121 
122 
121 
21 

122 
122 
122 
123 
1.24 
123 
125 

122 
12s 
100 
127 
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Reaction Mean Method" klooob log AC ELIC Ref. 
temp. (S -l) (kcal mole -l) 
(K) 

Cl,CCH3 700 S 
1000 F 

CICF,CH, 1000 F 
C1,CFCH , 1000 F 
ClCH,CH,CI 650 S 

700 S 
ClCH,CH,F 730 S 

1600 ST 
ClCH,CH %CH , 700 S 

1 700 F 
c1 700 S 

--z 2-Chloroprop-l-ene 700 F 

CICHZCHCH, (total)' 700 S 

--f 3-Chloroprop-l-ene 

--f 1 -Chloro-prop-1 -ene 
trails 

cis 
CIzCH(CH,)z 
ClzCHCH,CH9 

CI,CHCH,CH,CH, 

HBr eliminations 
BrCH,CH, 
Br CH ,CH ,Br 
Br,CHCH, 

I ,  elimination 
ICH,CHzI 

700 F 
700 S 
700 F 
700 S 
700 S 
650 S 
700 S 
700 S 
700 S 

700 S 
700 S 
700 S 

500 S 

147 
162 
37 
21 

r411 

[ 1-29] 
1.0 
0.37 

20 
66 
26 
68 
0.80 
0.65 

13 
41 

11 
15 

207 
42 
83 
85 

8.1 

53 
14 

179 

14-0 
14.0 
14-8 

(1 1.6) 
r12.81 

[I 1-91 
13.6 
13.5 
13-5 
13-8 
13.0 
13.8 

(1 1.5) 
( 1 3 -4) 
(1 2.7) 
13.4 

(1 2.5) 
13.3 
13.1 

12-8 
14-3 
13-7 

(1 1 -9) 

13-5 
1 3-6d 
13-3 

[13-01 

54.2 
54.0 
60.6 

(47) 
[5 1 -21 

W I  
62.3 
63.8 
55.1 
54.9 
53-1 
54.8 

(53.1) 
(62-2)d 
(53-1) 
54 

(53-1) 
56.1 
54.5 

(43.9) 
51-2 
56.7 
53-9 

' 53.9 
56-3 
50.6 

[36.6] 

128 
16 

121 
121 
118, 
119 
115 
122 
121 
86 

101 
129 
130 
129 

129 
130 
129 
130 
130 
131 
131 
132 
132 

89 
133 
133 

134 

ST = shock tube, SPST = single-pulse shock tube, F = flow system, S = static system. 
* Rate constants calculated for a temperature of 1000K. Where the mean experimental 

temperature differs by more than N loo", the extrapolation introduces an additional 
uncertainty due to the temperature dependence of the Arrhenius parameters, which, 
however, is usually masked by the experimental error itself. 

Data in square brackets are considered unreliable. Values in parentheses are considered 
to be too low, and the Arrhecius parameters should be scaled up, based on the rate constants 
at the mean reaction temperature. A in units of s-l. 

Estimated preferred value. 
Values estimated from chemical activation studies, expected to be reliable to 3 

kcal mole-'. 
I Multiple paths. 'total' refers to the overall rate constants. 
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for htrinsic comparison of the results and do not represent average rate 
constants for the mean experimental temperatures ( T ) .  Where ( T )  differs 
by more than about 1OOK from the chosen standard of 1000K, the extra- 
polation introduces additional uncertainty due to the temperature 
dependence of the Arrhenius parameters. 

The experimental problems are reflected in the fact that rate constants 
obtained in different laboratories using similar techniques are found to 
differ in some cases by more than a factor of 20. The largest differences are 
observed for fluoroalkanes which have mostly been studied using the 
shock-tube method. The rate constants for 1 , I-dichloroethane however, 
studied in static reaction systems only, also differ by a factor of 3-5. Good 
agreement between two independent results obtained by using different 
techniques has been observed for 1,l ,l-trichloroethane. 

The only case of a four-centre X, eiiminsition from an a,/?-dihaloalkane 
was reported for the elimination of iodine from 1,2-dii0doethane~~. As can 
be seen from Table 5 ,  the activation energy observed for this process is 
particularly low. 

Polyhaloalkanes have not attracted nearly as much attention as mono- 
halides and it is not possible to present reliable critically selected activation 
parameters or even preferred rate data in most cases. Where several 
experimental data have been reported, we have nevertheless indicated 
preferred values in an attempt t o  provide internally compatible and 
comparable data, which, however, do not necessarily agree with our 
estimates of the most probable values. 

The unexpectedly large discrepancies in the rate constants reported for 
the HF eliminations from 1,l-difluoroethane and l,l,l-trifluoroethane 
using either a comparative shock-tube techniquelZ2 or a direct single- 
pulse shock-tube methodc1 cannot be satisfactorily rationalized. Such a 
large difference would correspond to  an apparent error in the temperature 
measurement, the major problem in these methods, of 250K, which is 
clearly outside the error limits usually inherent in shock-tube data. 
Pxeference has been given to the data based on the comparative shock-tube 
method, primarily because of the expected reduction of systematic errors in 
comparative rate studies compared to absolute rate measurements. It 
should be pointed out, however, that the non-comparative shock-tube 
method applied to the essentially non-problematic EtCl decompositionz1 
yielded data in close agreement with the preferred values for this system, 
listed in Table 4. While the absolute rate constants and activation para- 
meters are open to question, the relative differences in rates and activation 
parameters for C,F,H, and C,F,H, obtained from the two methods are in 
good agreement. 
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For most reactants only one set of experimental data is available and 
quantitative comparative deductions must therefore be viewed with 
caution. 

I t  is interesting to note that there is no experimental evidence for 
a,a-EX-eliminations even in the most favourable situations such as the 
pyrolysis of HCF,CH,. This pathway has been estimated to involve about 
10 kcal mole-l Inare activation energy than the corresponding four-centre 
elimination process135 *, 

The concept of a polar four-centre transition state as outlined in the 
previous section and shown in equation (10) also applies to the related HX 
eliminations from substituted alkyl halides. In principle ap-, or  a,/3-poly- 
haloalkanes have additional potential secondary reactions involving the 
C-X bond of the substituted vinyl halide products. If radical reactions 
initiated by C-X bond fissions can be ruled out in the starting poly- 
haloalkanes, they are also unimportant in secondary reactions involving 
the vinyl halides, as the C=C--X bonds are stronger than C-C-X 
bonds. 

Depending on the reactant and the reaction conditions used, however, 
secondary concerted HX eliminations forming acetylene derivatives may 
take place. This class of reactions is discussed in section 11. B. 1. 

Despite the relatively large uncertainties in the data, the entries in Table 5 
allow several interesting conclusions to be drawn with regard to the a- and 
)3-halogen substituent effect. For better comparison the pertinent data for 
the corresponding alkyl halides have also been incorporated in Table 5. 

(1) Chlorine, bromine and probably also iodine (for which few data are 
available) show similar substituent effects, whiIe fluorine substituents 
affect the rate of HX elimination in a different manner. 

(2) It appears that fluorine atoms bonded to  the a-carbon atom 
significantly lower the rate of elimination, while fluorine in the /3-position 
exercises a similar, but smaller effect. 

(3) Chlorine and bromine bonded to the a-carbon increase the rate of 
elimination with respect to the alkyl halides while /3-substitution (as in 
1 ,2-di~hloropropane~~~ or 1,2-dibromoetha~e'~) apparently lowers the 
reaction rate by about the same amount. 

Considering the established heteropolar nature of the reaction it appears 
reasonable to evaluate the consistency of these conclusions within the 
well-known concepts of substituent effects derived from liquid-phase 
studies for ionic reactions. Halogen substituent effects may therefore 

* Note added in proof: or,or-HCl elimination has recently been observed21G 
from CF,CH,CI (Eg = 65-5, log A = 13.3) competitively with the slower 
or,j?-HF elirnination (Ea = 67-6, logA = 12-7). 
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essentially be divided into: effects on the bond dissociation energy, 
electromeric or conjugation effects, and electronic or inductive effects. The 
relative importance of these effects on substituting hydrogens on the a- or 
/%carbon atom (CE, Cp) of alkyl halides by halogen atoms (Y) would then 
be responsible for the observed changes in the rates of HX elimination. 

e\ y--8 
b p--c\p /cn-yfi 

X H X H 
-1-i nd u c t ive .x-electrorneric 

$inductive /3-electrorneric 

For a highly polar reaction mechanism, electromeric and inductive 
substituent effects are much more important than effects on the homopolar 
bond dissociation energy, which tc a first approximation can be neglected. 

The partial conjugation of the substituents with the positively induced 
carbon centre (CJ in the transition state, i.e. the or-electromeric effect, is 
expected to be different for the different halogens. Chlorine, bromine and 
iodine should support the accommodation of a positive charge on the 
or-carbon atom through the electromeric release of electrons while no 
effect is expected for a negative charge. Vicinal a-electromeric effects, i.e. 
the conjugative effect of a vicinal halogen substituent on a positive charge 
adjacent to the bonded carbon, are negligible. Fluorine substituenfs, on the 
other hand, would be expected to be essentially non-effective in conjugative 
stabilization of negative or positive charges on adjacent carbon atoms. 

As the electron-affinity of the substituent increases the a-inductive 
effects will become increasingly more positive, i.e. the trend to induce a 
positive charge on the bonded carbon atom and thereby increase the energy 
required to break (fully or partially) a C-X bond heterolytically will be 
promoted. On the basis of the inductive effect only, halogen atoms and in 
particular fluorine should in general riiise the energy required to eiiininate 
HX from a,a-polyhalides. 

The effects of halogen substituents (Y) bonded to the negatively induced 
8-carbon atom are more difficult to visualize. Two a priori possibilities are 
that they might exercise a relatively small stabilizing 8-inductive effect on 
the bonded negative centre, thereby enhancing the rate of elimination, or 
they might act in the opposite manner via a destabilizing ‘secondary’ 
inductive effect on the positive a-carbon centre. For this Iatter effect to 
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prevail, the negatively induced charge on the F-carbon atom bonded to the 
halogen substituent must be inductively non-effective, i.e. essentially small. 

Based on the outlined concept of inductive and electromeric effects, the 
general conclusions drawn from the data listed in Table 5 can be rationalized 
as follows. Fluorine substituents bonded to the a- or /%carbon atom can 
essentially only exercise an inductive effect, resulting in a much more 
pronounced lowering of the rate of elimination in a,a-fluoroalkanes 
compared to ar,p-fluoroalkanes. When chlorine, bromine or iodine is 
bonded to the a-carbon atom, the enhancement of the rate of HX elimina- 
tion due to the electromeric effect overrules the inhibitive inductive effect. 
With halogen substituents bonded to the b-carbon atom (rendering an 
electromeric effect onto the positively induced charge on the a-carbon atom 
unlikely), a secondary inductive effect would explain the observed decrease 
in rates. Fluorine substituents bonded to the P-carbon (in 1-fluoro-2- 
chloroethane) appear to reduce the rate of HX elimination more significantly 
than do either chlorine or bromine (1,2-dichloropropane and 1,Zdibromo- 
ethane). This again is consisten; with fluorine being a more effective 
positive inductive substituent. 

The most reliable information concerning the relative size of these 
substitl!ent effects is to be expected from intrinsically competitive rates as 
is the case with 1,2-dichloropropane : 

3-chloroprop-1 - e m  
w[I!! &I-chloroprop-1-ene, cis 

H,C-C-CH (11) 1-1 1~ I -chloroprop-l-ene, frans 
H CI 

2-chloroprop-1 -ene 

The relative amounts of 3-chloroprop-1-ene and 1-chloroprop-1-ene at  
the average reaction temperature of the have been reported to be 
63.6 and 35.6% respectively, or fairly close to the statistical ratio of 3 : 2. 
Very little 2-chloro-prop-1-ene is formed. 

This can be interpreted in terms of the substituent effects as follows, 
where C+ indicates the positively induced and C- the negatively induced 
carbon atom in the transition state. In route a of equation (1 1) a stabilizing 
ClCH,-C+ and a destabilizing inductive /3-CI-Cf efi’ect are operative, 
compared to routes b and c in which a CH,-C+ stabilization and a 
stabilizing but small inductive a-Ci-C- effect are expected. The fact that 
the reaction rates for routes a and b + c are approximately equal indicates 
that the stabilization of the positively induced carbon centre by alkyl 
substituents dominates the overall substituent effect. In path d forming 
2-chioros>rop-l-ene the mmbined stabilizing a-:-C!--Z+ and CE3-C- 
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effccts are obviously not as large as the stabilizing effect of a methyl group 
on a positive charge, CH,-C+. The quantitative aspects of these stabiliza- 
tion energies will be pursued further in the last section of this review. 

c. Radical reactions. The reaction products and mechanistic information 
obtained from mn-inhibited, thermal decompositions of alkyl halides 
initiated hGmogeneously by C-X or H-X bond fission show all the 
characteristics of radical-chain reactions in general=. Some reaction 
systems show self-inhibitive or autocatalytic behaviour and induction 
periods have been observed. 

The overall reaction mechanism and the individual steps of the radical- 
chain decomposition arL different for different reactants. The reaction 
conditions used and, in certain cases, the presence of products from the 
concurrent molecular reaction path play an important role. 

Despite the fact that practically every reaction system may be expected 
to follow different detailed and overall reaction kinetics, some general 
features, outliried below, are common to all of these reactions. 

(1) For most reactants the radical path is in direct competition with the 
fox-centre molecular elimination step, leading often to the same major 
products, HX + olefin. In obtaining quantitative information about the 
radical path, the contribution from the molecular route must be known. 

(2) Halogen atoms are practically always the chain-carrying species. 
(3) The main product-forming propagation steps involve radical 

decompositions which are in general governed by the preference for fission 
of C-Y bonds, where Y = C ,  H or halogen in /?-position to the radical site, 
to the practical exclusion of all other processes%. The relative (3-bond 
dissociation energies in the radicals parallel those observed for the parent 
molecules listed in Table 1, i.e. the preference for bond breakage decreases 
in the series C-I > C-Br > C-Cl> C-C > C-H > C-F. 

The rate of homogeneous initiation yielding the chain-carrying halogen 
atoms is determined by the C-X or H--X bond dissociation energies. In 
the presence of HX, the system may become autocatalytic. 

In general C-X bond energies are significantly affected only by sub- 
stituents in the a-position to the halogen atom. /3-Substitution is only 
effective in cases where extra ‘resonance’ stabilization is produced in the 
emergent carbon radical as is the case for allyl- or benzyl-halides (Table 2). 
In a-alkylpolychlorides, bromides or iodides the C-X bond dissociation 
energies are about 10 k 5 kcal mole-l lower than those in the parent alkyl 
halides, while in the case of polyfluorides, fluorine substitution raises the 
BDE by about the same amount. The stepwise replacement of a-hydrogens 
by halogen atoms does not appear to affect the BDE in a similarly consistent 
manner, as do alkyl- or al!yl-substituents (Table 1). 
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The C-F bond in ethyl- and higher a1kylJItioride.s is the strongest bond 
in these molecules and homogeneous bond fission of C-C and C-H 
bonds is more favoured. Hexafluorcethane, for example, breaks thermally 
into two CF, radicals136. For alkyl fluorides however, in which four-centre 
HF elimination is possible, the rn-olecular route is followed21> 22* l 2 O ,  to the 
exclusion of homolytic bond breaking, despite the relatively high activa- 
tion energies of - 73 kcal mole-'. The weakest bond in these compounds is 
the C--C bond, which is strengthened with respect to the corresponding 
paraffins by the presence of fluorine. 

Contrary to the fluorides, alkyl chlorides, bromides and iodides are, in 
principle, capable of initiating radical chain decompositions by primary 
C-X bond fission. In alkyl cltlorides, both the molecular and radical 
decompositions usually lead to  the dehydrochlorination of the reactant in 
an overall first-order process yielding the corresponding olefinic products. 
The molecular reaction path is generally preferred over the radical route in 
the concurrent non-mixed competitive reaction scheme. 

A general scheme for the non-inhibited radical-chain deccmposition of 
alkyl chlorides has been proposed by Barton and coworkers137. This is 
shown below and is discussed in reference 3. 

CR'RzHCR3R4CI 4 CR'R2HkR3R4 + CI 
b CI + CR1R2HCR3R4CI - 'CR'R2CR3R'CI + HCI 

'CR'R2CR3R4CI A R1RzC=CR3R4 + CI 

d CI + 'CR'RZCR3R4CI - CR'R2CICR3R4CI 

The precise course of this mechanism is dependent on the nature of R. 
If either Rs or R4 is hydrogen and R1 and R2 do not weaken the Cp-H 
bond, then radical attack will occur mainly at the a-carbon site and step c 
will not occu?. 

In primary and secondary monochloroalkanes the radical pathway is 
disfavoured with respect to the molecular elimination of HCI. In tertiary 
monochloroalkanes, radical routes are competitive. 

The product olefins are inhibitors while the addition of chlorine, oxygen 
or HCI 115 enhances the rate. In  genera:, however, HC1 does not appear to  
undergo further reaction, in contrast to HBr, which leads to autocatalytic 
behaviour in the case of alkyl bromides. Due to the fact that j3-chlorinc: 
substituents lower the rate of the concerted HCl elimination, and favour 
p-abstraction, the radical decomposition path becomes more important in 
1,2-di~hloroalkanes~~~ compared to  monochloroalkanes (Table 4) or 
I, 1 -d ich l~roa lkanes~~~.  
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Holbrook and coworkersl'j i n  a careful study of the surface cffects in the 
radical decomposition of 1 ,Zdichloroethane observed for low surface to 
volume ratios (- 1.3) a much higher overall initial reaction order (24-2.8) 
than earlier studies, which reported overall first-order behaviour126 for 
maxiniunz rates of pyrolysis. The activation energy observed using static 
reactors (coated with pyrolytic carbon films) with high surface to volume 
ratios (- 37) was only 33 kcal mole-l compared to 73 kcal mole-l in a low 
surface to volume vessel. The above chain mechanism was extended to 
include lieterogeneous reaction paths. 

The radical pathways in alkyI btoinide pyrolyses well illustrate the 
complexities of radical reactions. In general it would appear that C-Br 
fission is not an important initiation step in these systems, but that HBr 
formed in the molecular four-centre elimination reaction is the source of 
the chain-carrying bromine atoms. 

The variety of behaviour in alkyl bromide pyrolyses is best illustrated 
with a few selected specific examples of reaction schemes. 

Ethyl bromide, in contrast to ethyl chloride, decomposes by a concurrent 
mixed radical-chain and mokcular reaction path. Earlier reports of the 
uninhibited pyrolysis claimed first-order behaviour with log A = 11-8 and 
E, = 46-4 kcal mole-l 88 while later studiesa5 revealed an order of 3/2. 
Ethylene and HBr are the major reaction products and the following 
overall reaction scheme has been proposedE8 : 

C,H,Br 0 C,H4 + HBr 

b 
C,H,Br + HBr (wall) - C,H, + Br, 

Br + C,H,Br f 'CH,CH,Br 

ll 
'CH,CH,Br - C,H, + Br 

Br + C,H, C,H; + HBr 

C,H; + wall 

CH; + C,H; - C,H, 

C -t CH; 

h 

i 
2C,H;- C,H,, 
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It should be pointed out that reaction step c involves the farmation of the 
/3-carbon radical. Considering that the or-C-H bond is weaker than the 
/3-C-H bond this step can only prevail because of the high endothermicity 
(- 35 kcal mole-l) for the step j ,  involving the preferred a-carbon radical. 

CH,kHBr CH,=CHBr + H' 

Reaction steps e and g are likely to occur on the walls. The actual 
mechanism is expected to be even more complicated if reactions such as: 

C,H; + 5r- HBr + C,H, 

2 C,H; > CzH, + C2H6 

etc. are incorporated. 
For n-propyl bromide the initial reaction was reported to follow 

second-order overall kineticsg6 with A = 1015*1 (1 mole-l s-l) and 
E,  = 49.3 kcal mole-'. The following reaction scheme was proposed: 

CH,CH,CH,Br a > CH,CH=CH, + HBr 

b CH,CH,CH,Br f HBr - C,H, + 2 Br 

Br + CH,CH,CH,Br CH,CH,cHBr + HBr 

ll 
CH,CHkHBr + CH,CH,CH,Br - CH,CH,CH,Br f CH,dHCH,Br 

CH,kHCH,Br 2 --+ CH,CH=CH, + Br 

Br + CH,CH=CH, 1 HBr + 'CH,CH=CH, 

Br + 'CH,CH=CH, ___j BrCH,CH=CH, 

The reaction mechanism b has not been specified, and the relative 
significance of various steps depends on the conditions and stage of 
reaction3. With large amounts of HBr, the reaction was first-order in 
CH3CH2CH23r and about half-order in HBr. 
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1-Bromo-2-chloroethane decomposes via a radical-chain mechanism138 
outlined below, with littlc or no contribution from a molecular reaction 
path, which is disfavoured by the p-Cl substituent. 

CH,BrCH,CI 4 'CH,CH,CI -t Br 

1, 
Br + CH,BrCH,CI - CH,BkHCI + HBr 

Br + CH,BrCH,CI 'CHBrCH,CI + HBr 

d 
CH,BreHCI -----+ CH,=CHCI +- Br 

CH,CldHBr e CH,=CHBr + CI 

i Br + 'CHBrCH,CI ___j termination products 

Br + Br + M Br, + M 

2 CH,Br&iCI __I, terniination products 
h 

Reaction step b is slightly faster than c and d % e. In the early stages of 
the reaction 'CHBrCH,Cl is accumulated favouring termination via f and 
the initial overall rate law is predicted to show first-order kinetics in reactant 
and half-order in HBr. At high concentrations of HBr, which ;s apparently 
stable under the conditions of the study, the reaction has been observed to 
follow half-order kinetics in reactant and zero-order in HBr. The concentra- 
tion of the 'CHBrCH,CI rndicaI is depressed by the reverse reaction - c  
and termination via lz obviously becomes important, as this is the only 
termination step leading to the observed half-order in reactant and zero- 
order in HBr. For the half-order reaction the observed overall rate 
constants yielded A = 9.3 x loo mole-* l* s-l and E,  = 40.8 kcal mole-l. 
The insertion of the appropriate kinetic parameters for the basic reaction 
steps a-h gives poor agreement between observed (kobs) and predicted 
(kpred) rate constants, with kDrcd = 103k0,,. The precise mechanism still 
remains unclear and surface efrects may play an important role. 

Radical reactions initiated by fission of the relatively weak C--I bond 
are unimportant in the non-inhibited pyrolysis of alkyl iodides, which have 
been comprehensively treated by Benson and coworkersa0. The addition of 
iodine atoms to olefins is endothermic by about 6 kcal mole-l and therefore 
a radical mechanism has been considered unlikely. As mentioned in 
Chapter 2, section A. 2. '0, dealing with the molecular reaction paths, the 
pyrolysis of alkyl iodides is effectively rate-controlled by the elimination of 
HI either via a direct four-centre route (1) or  via an iodine-atom-catalysed 
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path (2). The I-catalysed path has been suggested to prevail for n-PrI, 
n-BuI and i-BuI, while S-BUT, 1 ,a-diiodoethylene and 1 ,Zdiiodoethane 
appear to involve reaction paths (1) and (2) concurrentiy. For the iodine- 
atom-catalysed route a concerted mechanism 2s shown in equation (12) has 
been proposed rather than a two-step abstraction reaction. 

> -c=c- - > olefin + HI -+ I I + R I -  . .  
iA* i 

I 

Whether an  alkyl iodide decomposes acccrding to the molecular route or 
the iodine-atom-catalysed path can essentially be rationalized on the basis 
of the strength of the attacked C-H bond. The dehydroiodination of alkyl 
halides is followed by the rapid overall reaction 

R I +  HI- RH +I, 

resulting from the simple mechanism 

R I + I F  R ' + I ,  

R' + HI? RH + I 

with the equilibrium 

superimposed, whereby 

1, + M 7 21 + M 

it is assumed that the reaction steps 

R I - R ' + I  

H' + RI - RH + R'I 

can be neglected. The contribution froin a competing initiation via C-I 
bond breakage is expected to be significant only with substituents introduc- 
ing extra 'resonance' stabilization in the hydrocarbon radical (Table 1) but 
small contributions from C-I fission cannot be ruled out. Evidence has 
been presented for C-I bond cleavage, concurrent with the molecular 
elimination, in the pyrolysis of ethyl iodide using a toluene carrier 
technique". 

d. Neopentylchloride. The unique structural feature of neopentyl 
halides from a mechanistic point of view is the absence of C-H bonds in 
6-position to the halogen atom, making a four-centre HX elimination 
impossible. Neopentyl chloride decomposes by an apparently homogeneous 
process, yieIding methylbutenes and HCI as major products, for which both 
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8 mo!e~ular l~~ and a radical140 pathway have been suggested. A Wagner- 
Meerwein shift involving the prior formation of an intermediate ion pair as 
shown in equation (13) was proposed139 to account for the molecular 
elimination of HCI, yielding methylbutenes. 

/)" + HCI  

(CHZ),CH2CI ---+ (1 3) 

The most complete study of this system was reported by Shapiro and 
Swinb~urnel~~s 142 who suggested a complex overall mechanism involving 
concurrent concerted unimolecular and radical chain paths, tne former 
amounting to between 30 and 40% of the overell conversion observed. The 
authors claim that the molecular reaction pethl4' produces only 2- 
methylbut-1-ene and 2-methylbut-2-ene7 while 3-methylbut-1-ene is 
assumed to be a secondary product from the HC1-catalysed isomerization 
of the other isoniers. 1 , 1-Dimnethylcyclopropane, another important 
product of the reaction, was not considered to be formed by a direct 
molecular elimination of HCl despite the fact that inhibitors did not 
suppress its formation completely. HCI was observed to accelerate the 
formation of all products. 

For the presumably molecular first-order process, reasonable Arrhenius 
parameters (log A = 13.26, E,  = 60.0 kcaimole-l) were reported. The 
major products observed from the radicaf-chain reaction were HCI, 
methane, isobutene, methylchloride, 1-chloro-2-methylpropene and 
apparently 1 ,l-dimethylcyclopropane. 3-Chloro-2-methylpropene, another 
likely product, was not detected as it polymerizes under the reaction condi- 
tions used. The overall order of the proposed complex 10-step radical- 
chain reaction is 3/2 with log A = 13-6 and E,  = 56.3 kcal mole-l. Surface 
problems were appareiit, but pyrolytic coatings were claimed to have little 
effect on the primary step. 

The question of the origin of 1,l-dimethylcyclopropane is of crucial 
mechanistic importance. Accepting the authors' claim, that a molecular 
homogeneous route is operative and that nearly all of the 1,l-dimethyl- 
cyclopropane is formed in a radical-chain process, then it would appear 
necessary to invoke a methyl shift to explain the products from the 
concerted reaction. While the formation of truly ionic species in the gas 
phase is considered highly unlikely a Wagner-Meerwein shift might be 
possible in an incipient ion pair. 
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3. Cycloalicane derivatives 
a. Cyclopropyl halides. The pyrolysis of cyclopropyl halides has been the 

subject of several recent kinetic and mechanistic studies and the kinetic 
data are surn.?narized in Table 6.  

Per4~orocyclopropane~~~ has been shown to undergo exclusive expulsion 
of difluorocarbene on pyrolysis. An attempt has been made to rationalize 

TABLE 6. Arrhenius parameters for the unimolecular isornerization of 
cjrlopropyl halides to alkene halides 

Reaction 
~ ~ ~ ~~ 

log A" -E, Reference 
(kcal mole-') 

FCH=CHCH, (79%) 

CH,=CHCH,F (11%) 
P F  - -+CH,=CFCH,  (9%)) 

FB~ CH,=CHCH,Br 

4, 
BrCH=CHCH, 

BL + Ditluorupropenes 

pi; ---+ CH,=CCICH,CI 

Me 

cis bsi -t CH,CHCICCI=CHCH, 
( t rans only) 

b.: - > Trifluoropropenes 

"6<: -> Tetrafluoropropenes 

14.6 61 

14.8 56.2 

13.5 47.3 

14.1 56-4 

15.1 57.8 

13.7 44-6 

14.4 50.5 

15-3 48.5 

143 

144 

144 

145 

146 

147 

145 

145 

A in units of s-l. 
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the results for the other fluorinated cyclopropanea on the basis of a biradical 
mechanism149 identical to that involved in the isomerizations of alkylcyclo- 
propanes. The differences in activation energy were attributed to the 
increase in ring strain by fluorine substitution. 

The validity of the results for polyfluorinated cyclopropanes has been 
questioned146 on the basis of results froin chemical activation studies160 
which indicate that the expulsion of difluorocarbene with consequent 
formation of ethylene compounds should be at least competitive with the 
proposed biradical reactions. Calculations based on the carbene pathway 
agree equally well with the experimental parameters. In conclusion it 
appears unlikely that the thermal reactions of fluorinated cyclopropanes 
involve a carbon-halogen bond cleavage. 

The decompositions of chloro- and bromocyclopropanes, which yield 
exclusively 3-halopropene as primary product, have been rationalized in 
terms of a process involving a 1-Zhalogen transfer with simultaneous 
cleavage of the C-C bond opposite to the halogen-substituted carbon 
atom. 

This concept is further substantiated by the fact that 2,3-dichloropropene is 
the sole product from the pyrolysis of 1,l-dichlorocyclopropane, and by 
the product specificity in the thermal reactions of several substituted 
1, I-dichlorocjr~lopropanes~~~. The large increase in the rate of thermal 
isomerization of cis-2,3-dimethyl-l,1-dichlorocyclopropane147 compared 
to 1,l-dichlorocyclopropane itself and the stereospecificity of the former 
reaction have been rationaLized on the basis of an ion-pair transition state 
in which the cyclopropyl cation isomerizes to the ally1 cation by a 
Woodward-Hoffmann allowed disrotatory process. A similar mechanism 
for 1,l-dichlorocyclopropanes was postulated on the basis of pyrolysis 
studies over calcium oxide152 but complete separation into an ion pair was 
not proposed. While a complete heterolytic bond cleavage in the gas phase 
at  these temperatures can be ruled out, the assumption of the formation and 
isomerization of an emergent cyclopropyl cation may be a valid concept. 

It is almost certain that the chlorine- and bromine-substituted cyclo- 
propanes react by the same mechanism but the A-factors in Table 6 vary 
from 1013-5-1015.3. Such a wide variation is difficult to rationalize on the 
basis of the proposed four-centre polar pathway. A-factors of about 
1014.5 would appear to be reasonable for the proposed transition state and 
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experimental artifacts may account for some of the observed differences. 
However, the precise pathway of the transformation cannot be regarded as 
established. 

b. Higher cycloalkyl halides. While there is no evidence for hydrogen 
halide elimination as a primary reaction in the pyrolysis of cyclopropyl 
halides, this reaction is the sole molecular process involving carbon- 
halogen bond breakage in the higher cycloalkyl halides, and a list of gas- 
phase Arrhenius parameters is presented in Table 7. 

Cyclobutyl chloride reacts by two pathwayslS5, one a normal cyclobutane 
fission process into ethylene and vinyl chloride 2nd the other an elimjna- 
tion of hydrogen chloride to yield butadiene as the observed product. 
There are two possible mechanisms for the hydrogen chloride elimination, 
a direct, Woodward-Hoffmann allowed process and a polar four-centre 
elimination to form cyclobutene, which at the temperatures of the study 
isomerizes immediately to butadiene. The Arrhenius parameters appear to 
be more in accord with the latter mechanism in which increased bond 
distortion alid ring strain in the transition state can account for the high 
activation energy. (Such a preference for a polar route over a non-polar 
Wocdward-Hoffmann allowed process is also evident in the reactions of 
ketene with dieneses* lG4.) 

The thermal decomposition products of the other monocycloalkyl 
halides are cycloalkenes: The rates of elimination for the ~ y c l o p e n t y l ~ ~ - ~ ~ '  
and cyclohexyP~~ 155* 158 halides are very close to those expected for 
3-halopentanes whereas the rates for ~ycloheptyl- l~~* 155 and c y c l o ~ c t y l - ~ ~ ~ *  155 

halides are significantly faster. The preferred parameters for all these 
reactions are compatible with a polar four-centre transition state and the 
rates for the chloro-compounds correlate with the differences in ring strain 
between the cycloalkenes and cycloalkanesl". The magnitudes of these 
differences are just sufficient to account for the observed rate variation, but 
it is unlikely that the full strain energy effects are realized in the transition 
state. It is, therefore, likely that other factors affecting the motions necessary 
to  bring the hydrogen and chlorine atoms to the transition stzte configura- 
tion also contribute to the differences in energetics observed in the cyclo- 
alkyl halide series. 

The Arrhenius parameters for the hydrogen chloride eliminations from 
menthyl chloride1'jO*le1 and neomenthyl chlorideleOare too low. The observed 
mid-temperature rate constants could, however, be rationalized with a 
polar four-centre transition state. The formation of p-menth-3-ene in 
addition to p-menth-2-ene from neomenthyl chloride requires a trans- 
elimination and the presence of a greatly extended carbon4hlorine bond 
has been suggested to  account for thisIG0. However, a heterogeneous 
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TABLE 7. The four-centre unimolecular elimination of HX from cycloalkyl 

monohalides" 

Chlorides Bromides 

log A E, Ref. logA E, Kef. 

Preferred 

a 
Preferred 

xa Preferred 

Preferred 

Menthyl-Xb 

Neomenthyl-Xc 
Bornyl-Xd 
Isobornyl-Xe 

13.6 

13.5 

13.4 

13.9 

13-5 

12.0 

13.9 

11.9 

12.0 

11.8 
12.6 
10.7 
14.0 
14.8 

55.2 

48-3 

48.6 

50.3 

49-2 

43.6 

47.3 

42.4 

42.6 

42.1 
45.0 
40- 1 
50.6 
49.7 

153 

154 

155 

155 

154 

159 

155 

159 

155 

160 
161 
160 
162 
163 

11.9 41.4 156 

I2.8 43.7 157 

13.5 46-1 158 

E8 in kcal mole-', A in s-l. 
Products are p-menth-2-ene and p-menth-3-ene in the ratio 1 : 3. 
Products are as in b with the ratio 5.7 : 1. 
Products are tricyclene, camphene and bornene. 

* Products are camphene and bornene. 

component of the primary reaction or heterogeneous product rearrange- 
ment appears to be a more likely explanation. The 2- and 3-menthenes 
formed in the pyrolysis of ( -)menthy1 chloride were essentially unrace- 
mized, indicating that a complete ionic separation did not occur. 
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The presence of tricyclene and camphene as products in the pyrolysis of 
bornyP62 and isobornyllG3 chlorides, in addition to the expected 2-borneneY 
has been rationalized on the basis of rearrangements in a carbonium ion 
intermediate. While the presence of carbonium ions in the gas phase is 
unlikely at  the temperatures of these studies, emergent carbonium ions GS 

an extreme form of highly polar transition state complexes may be a 
possibility. It is again possible that heterogeneous processes are responsible 
for the additional products. 

Doubt has also been cast on the validity of this work by the reported 
rapid retrodiece decomposition of bornene at the temperature of the HCl 
elimination studies1G5. 

B. Vinyl, Allyl, Benzyl and Aryl Halides 
Grouping according to the character of C-X bonds logically leads to a 

division of unsaturated halohydrocarbons into vinyl halides, ally1 and 
benzyl halides and aromatic halides. As observed for saturzted haloalkanes, 
the pyrolysis of unsaturated halogenated hydrocarbons may involve both 
radical or molecular reaction paths, depending on the C-X bond strength 
and the availability of feasible concerted reaction routes for these systems. 
The particular structure of olefinic compounds, however, opens new 
routes involving the r-electrons in multicentre delocalized transition state 
complexes. 

1. VinyI halides 
Only a few studies on the thermal decomposition of vinyl halides have 

been reported and these indicate a preference for molecular reaction paths 
to the exclusion of radical reactions. This is a logical consequence of the 
large increase in the C=C-X bond strength in vinyl compounds com- 
pared to C-C-X in the parent alkyl, while a t  the same time the activation 
energies for the four-centre elimination, shown in equation (1 5), are much 
less affected when compared with those observed for the alkyl halides. 

R’,-g -G,R 
> R’-CEC-R t HX (15) 

i3 ’ -  > c=c R’, 
H’c=c,x 

- F S H  _ _ _  x - s  

The rates of eliminating HX from vinyl halides are usually much slower 
than those observed for the corresponding saturated alkyl halides. Vinyl 
halides formed in the four-centre elimination process from a,a- or a$- 
polyhaloalkanes are therefore, in general, thermally stable under the 
reaction conditions used. In  the pyrolysis of I ,  1, I-trifluoroethaneZ1, the 
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second step, the elimination of HF from 1,l-difluoroethylene, is indeed not 
competitive, while in the case of !, I-difluoroethane120 the secondary 
elimination products, acetylene and HF, were observed. These differences 
can readily be rationalized on the basis of the large inductive effects 
exercised by fluorine substituents and outlined in section 11. A. 2. b. 

Reliable experimentally based C=C-X bond dissociation energies 
cannot be derived from available literature data, and therefore no data have 
been entered in Table 1. The (C-C-X) BDE can be estimated froin the 
corresponding bond dissociation energies in the phenyl compounds listed 
in Table 1, reducing the values by about 3 kcalmole-I. For vinyl iodide 
this would result in BDE(C=C--I) x 64-3 = 61. The quantitative data 
observed for the decomposition of vinyl halides are summarized in 
Table 8. 

TABLE 8. Thermal decomposition of vinyl halides 

Reaction log A Ea Reference 
(kcal mole-') --- 

, CHZCHF +CzH, + HF 14.0" 70.8 166 
CHZCF, + CZHF + HF 14.4" 86.0 167 
CHICHI -3- CzHZ + I2 (molecular) 12.6" 46.0 168 
CHICHI --t CZHz + Iz (I-atom-catalysed 1 1.8b 23.0 168 

second-order) 

A in units of s-l. 
* A in units of 1 mole-' s-l. 

The data for vinyl fluoride have been obtained using the single-pulse 
shock-tube method, while the pyrolysis of 1,Zdiiodoethylene was studied 
spectrophotometrically using a static reaction system. The thermal 
decomposition or C,H,I, yielding I, + acetylene has been rationalized with 
a concurrent 'normal' four-centre uiiimolecular I, elimination and an 
iodine-atom-catalysed I, elimination, similar to that postulated for 
1 ,2-diiodoethane4j. The kinetics are further complicated by the fact that 
the 'normal' homogeneous concerted route, shown in Table 8, must be 
separated from a heterogeneous component. It has been suggested that the 
iodine-atom-catalysed path iiivolves a r complex. 

2. Alfyl and benzyl halides and related compounds 
a. Four-centre H X  eliminations. Substituted ally1 or benzyl halides 

undergo 'normal' four-centre HX elimination reactions if a (3-hydrogen 
atom attached to a saturated carbon centre is availabic. In Table 9 
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TABLE 9. Arrhenius parameters for the unmolecular four-centre elimination of 

HX from unsaturated, ally1 acd substituted benzyl halidcs” 

c1 Br 
-- 

RX log A E, Ref. log A E, Ref. 

X-CH,CH,CH=CH, 13.7 55.0 169 

X-CHCH,CH=CH, 
I 

CH, 

12.9 44.7 89 
13.7’’ 4 7 ~ 0 ~  16 

X-CCH=CH, 
/ \  

H,C CH, 
13.3 42.6 171 

12.6 44.9 172 12-2 38.8 173 X-CHC6I-s 
I 

CH, 

a E, in kcal 
* Estimated values. 

A in s-l. 

Arrhenius parameters are listed for the unimolecular concerted HX 
elimination observed for chlorides and bromides. Data for substituted 
allyl or benzyl iodides or fluorides have not been reported. 

Compared with the data listed in TabIe 4 it becomes apparent that allyl 
substituents attached to the carbon centre carrying a positively induced 
charge in the transition state (compare equation 10) lower the activation 
energy for the elimination step more than alkyl substituents. When bonded 
to the carbon atom carrying the negatively induced charge in the transition 
state, about the same stabilizing effect is observed as with alkyl substituents. 

The reported A-factor for 4-bromo-but-1-ene appears to be too low 
compared with the values for the other allyl halides and the estimated values 
based on a transition-state calculation of the pre-exponential factor are to 
be preferred. The low A-factor observed for 1-chloro-1 -phenylethane is 
reasonable if ‘stiffening’ of the benzyl rotor is assumed. The A-factor for 
the bromo-compound should be identical and, making this correction, a 
value of 39-8 kcal mole-l is obtained for the activation energy. From these 
results, it would appear that the effect of a phenyl group is more marked in 
the case of the bromo-compound. For both chloro- and bromo-com- 
pounds, the stabilizing effect of phenyl on a positive centre is greater than 
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that of allyl. This is in agreement with observations of substituent effects in 
liquid-phase carbonium ion chemistry. 

The quantitative aspects of these stabilization energies will be pursued 
further in section 111. 

b. Six-centre eliminations of HX. Cisoid allyl halide structures of the 
type shown in equation (16) eliminate HX via a six-centre transition state 

complex. This type of reaction has been reported171 for the systems discussed 
below. 

1 -chloro-3-n~etliyIbut-2-ene yields isoprene in a first-order process, for 
which a pre-exponential factor of 10l2 and an activation energy of 
38-3 kcalmole-l have been reported. The low value for the A-f?.ctor is in 
line with  prediction^^^ based on the loss of rotational entropy in forming the 
cyclic transition state complex. The interconversion of 1-chloro-3-methyl- 
but-2-ene and 3-chloro-3-methyl-but-l-ene, presumably proceeding via a 
1,3-chlorine shift, has also been observed in this system. The isomerization 
proceeds, however, at a slower rate than the six-centre HX elimination 
process. 

Ci~-l-chZorobut-2-erre undergoes a six-centre HX elimination at  a rate 
about 10 times faster than that observed for the corresponding four-centre 
HX eIimination from 3-chloro-but-I-ene. 

For cis-2-chloropent-3-ene, another example in this series, the same 
authors reported the six-centre HX elimination, forming penta-1,3-diene, 
to be about 100 times faster than was observed for 2-chloro-pent-3-ene, 
which involves a four-centre mechanism. 

The elimination of HI from cis- 1-iodobut-2-ene has also been 0bserved1~~ 
to follow a six-centre reaction path. 

From a mechanistic point of view, another particularly interesting 
reaction following the general scheme outlined in equation (16) is the 
formation of benzocyclobutene from or-~hloro-o-xylenel~~ (= o-xylyl- 
chloride) shown in equation (1 7). 
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The reported first-order activation parameters175 (log A = 11.5 and 
E, = 47 kcal mole-I) are consistent with a six-centre mechanism. The 
activation energy is about 1C kcal mole-' higher than for the substituted 
allyl chlorides171. It is most interesting to note that the corresponding 
cu-br~rno-o-xylene~~~ undergoes C-Br bond fission into radicals with an 
activation energy of 54 kcal mole-l rather than the intramolecular 
elimination via (17). Assuming the same molecular activation parameters 
for the bromo- and chloro-compounds, the differences in pre-exponential 
factors between the concerted and the radical routes would be expected to 
compensate for the activation energies, A lower activation energy would be 
expected, however, for the six-centre elimination of HBr. This casts some 
doubts on the proposed176 exclusive radical path for o-xylyl-bromide. 

c. Radical reactions. As discussed in the introductory section and 
apparent from the entries in Tables 1 and 2, the homopolar dissociation 
energies of allyl-X and benzyl-X bonds are about 13 kcal mole-I lower 
than those for the corresponding alkyl-X and cycloalkyl-X bonds. In 
principle this would facilitate radical-chain decompositions initiated 
homogeneously by the fission of C-X bonds, were it not for the fact that 
alkyl arid benzyl substituents also enhance the competitive four-centre HX 
elinination rate. Substituted allyl aild benzyl halides generally prefer 
molecular decomposition routes over radical pathways. In the case of the 
parent allyl and benzyl halides however, neither the four- nor the six-centre 
HX-elimination paths are structurally possible. These reactants then de- 
compose via complex radical-chain mechanisms, involving the lethargic 
dlyl or benzyl radicals. A variety of products are formed, including 
carbonaceous or tar deposits. 

biallyl is the major product observed 
at temperatures from 540-580°C. Within a middle temperature range of 
600-630°C cyclohexa-l,3-diene is dominant and at temperatures > 630°C 
benzene is the main The following mechanism has been 
proposed177* 178. 

In the pyrolysis of aZZyZ 

C,H,CI a C,H; + CI 

CI + C,H,CI ___ b > C,H,CI' + HCI 

2 C,H; (CSHA, 
d 

2 C,H,CI' .____f C,H, + HCI 

C,H; + C,H,CI' ---f-+ C,H, + HCI 

C,H8 A C ~ H C  4- H, 

> C3H6 4- R' C,H; + RH 
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The actval mechanism is probably more complicated. Reaction stepfis a 
radical-chain rather than a molecular ~ O C ~ S S ~ ~ ~ ,  which is substantiated by 
the observation of cyclohexene as product. Earlier suggestionslaO that the 
primary reaction invohes the elimination of HC! yielding allene are only 
valid for heterogeneous reactions. 

A similar mechanism applies to the pyrolysis of aZlyI bromidela1, for 
which an overall first-order activation energy of 45.5 kcal mole-1 and an 
A-factor of 1012.3 were reported. Both these values are too low to be equated 
with the initial bond-breaking step. 

For ally1 iodide, which yields I,, biallyl and cyclohexene, an iodine-atom- 
catalysed decomposition has been suggesteda0. 

I + C,H,I - C,H; + I, (equilibrium) 

C,H; + C,H,I- (C,H5)2 + I (slow) 

2 C,H; - (CSH,), (slow) 

I, + (C,H,), - cyclohexene + I2 

Due to the particularly stable benzyl radical, benzyliodide gives bibenzyl 
and I, in a simple iodine-atom-catalysed processs0. 

I + C,H5CH,I - I, + C,H,CH; (equilibrium) 

2 C,H,CH; - (C,H,CH,), (slow) 

Under kinetically controlled conditions, benzotrzjhoride breaks exclu- 
sively the C-C bondlS2, with a dissociationenergy of about 104 kcaI mole-l, 
even though the C,H,CF,-F bond is about 13 kcalmole-1 weaker than 
the parent CH3CF2-F bond. The C-F bond dissociation energy in 
benzotrifluoride is not known, but for benzylfluoride C,H,CH,-F has 
been estimated at 94 kcal mole-l (Table 1). This then implies a destabilizing 
effect of the two additional a-fluorine substituents onto the C,H,CF,-F 
bond of > 10 kcal mole-I. 

The toluene-carrier technique has been used to obtain activation para- 
meters for the initial C-X bond fission process for a number of benzyl 
chlorides and benzyl bromides. These data are summarized in Table 10. 

The reported Arrhenius parameters are certainly too low, due to the 
experimental shortcomings inherent in the toluene-carrier technique 
discussed in the introductory section. The rates observed for the middle 
temperature of the study are, however, considered reliable. The activation 
energies listed in Table 10 have been calculated from these rnid-tempera- 
ture rates, asburning ‘reasonabie’ A-factors. These ‘corrected’ activation 
energies are in reasonable agreement with the bond-dissociation energies 
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TABLE 10. Homolytic C-X bond fission in benzylhalides 

72 1 

Compound log A" &I" Relative Rcference 
rate at 
800K 

Benzylchloride 
Benzyl bromide 
o-Chlorobenzyl bromide 
In-Chlorobenzylbromide 
p-Chlorobenzyl bromide 
1n-3romobenzyIbromide 
p-Bromobenzylbromide 
o-Xylylbromide 
mXylylbromide 
p-Xylylbromiile 
w ,w '-Di bromo-p-xylene 
rn-Nitrosobenzylbromide 
p-Nitrosobenzylbromide 
m-Cyanobenzylbromide 
p-Cyanobenzylbroniide 

14.8 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.8 
145 
14-5 
14.5 
14.5 

68.0 1.1 x 183 
56.1 1.0 I84 
54.5 2.3 176 
55.9 1- 1  176 
55.7 1.3 176 
54-5 2-3 176 
54-5 2.3 176 
53-9 4.9 175 
56.0 1- 1  176 
55.9 1.1 185 
55.9 2.2 185 
53.8 4.2 176 
54.9 2.1 176 
54.5 2.3 176 
55.2 1-8 176 

"Arrhenius parameters reported in references 176, 183-185 are low due to 
experimental artifacts. Rates in the middle of the temperature ranges studied are 
probably reliable. As reaction enthalpies are subject to large uncertainties, 'reasonable' 
A-factors have been assumed and activation energies calculated from mid-temperature 
rates. 

listed in Table 1. The observed increase in rates for the ortlzo-compounds is 
probably due to steric factors. With electron-donating substituents one 
would also expect a slight increase in rates with urtlzu- and para-substitu- 
tion due to the electromeric effect. The increase in rate with nzcta-substitu- 
tion however, appears to be more difficult to rationalize. A small steric 
effect may be involved. 

3. Aromatic halides 

The predominant mode of thermal decomposition of aromatic halides 
appears to involve a chain mechanism initiated by carbon-halogen bond 
cleavage. For chlorobenzene, a minor pathway involving the four-centre 
elimination of hydrogen chloride with the formation of benzyne has been 
proposedlsG. The heat of formation of benzyne as determined from ioniza- 
tion potential studiesls7 is 118 kcal mole-l. From this value, the heat of 
reaction for the formation of benzyne from chloro- and bromobenzene is 
calculated to be about 84 kcal mole-' in both cases. This also corresponds 
to  the minimum value for the activation energy and comparison of this 
figure with the BDE values in Table 1 indicates tkat while this pathway 
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may occur to some extent in chlorobenzene pyrolysis, it is most unlikely to 
occur in the pyrolysis reactions of aromatic bromides. 

The overall radical reaction mechanisms in the pyrolyses of aromatic 
halides have not been extensively investigated. The radical decomposition 
of chlorobenzenefS8 yields hydrogen chloride, hydrogen, p,p‘-dichloro- 
diphenyl and polymer. The rate constants observed showed a discontinuity 
in the Arrheliius plot and the authors postulated that two mechanisms 
were operative but could not establish the chemical process involved. The 
reaction is obviously very complex and probably has a large heterogeneous 
component. 

The initial bond-fission step in the pyrolysis of a number of aromatic 
bromides has been studied by Szwarc and coworkers using the toluene- 
carrier technique189- lB0. The reported Arrhenius parameters are certainly 
too low, due to experimental artifacts, but the rates in the middle of the 
temperature range are probably reliable. Based on these mid-temperature 
rates and the known bond dissociation energy of bromobenzer,e (Table I), 
corrected Arr3enius parameters have been calculated, and are presented in 
Tab!e 11.  

It can be seen from the data listed in Table 1 1  that the C-Br bond 
energy is not very sensitive to substitution. Only elestron-donating 
substituents such as hydroxyl and aromatic rings have a marked effect. 
Ortho substitution appears to have the greatest effect and this is most 
noticeable for 9-bromoanthracene in which two benzene rings are fused at 
the o-positions. 

C. Oxygenated Cornpour ds Containing Carbon-Halogen Bonds 
The pyrolysis reactions of organic compounds containing both oxygen 

and halogen depend not only on the relative positions of these groups 
(i.e. the class of compound) but also on the position and nature of alkyl 
substituents. An oxygen-containing group may act merely as a substituent 
in a ‘normal’ organic halide reaction (compare section 11. A) or may 
involve the caibon-halogen bond in new types of reaction. There are also 
examples of reactions in which halogens (particularly fluorine) act only as 
substituents in typical reactions of oxygenated hydrocarbons, but these are 
outside the scope of this review. The various classes of oxyhalo compounds 
form convenient groupings for discussion of the reactions involving 
carbon-halogen bonds. 

9. Acyl halides 
There has been little reliable work reported on the pyrolysis of acyl 

halides. It has been claimed that forrnylffuoride undergoes homogeneous 
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TABLE 11. Honiolytic C-Br bond fission in aromatic bromides 

723 

Compound log A" E&a Rate relative to Refer- 
(kcal mole-') bromobenzene ence 

at 1050K 

Bromobenzene 
p-Fluorobromobenzene 
p-Chlorobromobenzene 
m-Chloro bromobenzene 
o-Chlorobromobenzene 
p-Dibromobenzene 
o-Dibromobenzene 
p-Bromo toluene 
m-Bromo toluene 
o-Bromotoluene 
p-Bromobiphenyl 
m-Bromobiphenyl 
o-bromobiphenyl 
p-Cyanobromobenzene 
m-Cyanobromo benzene 
o-Cyanobromobenzene 
p-Bromophenol 
o-Brornophenol 
1 -Bromonaphthalene 
2-Bromonaph t halene 
9-Bromoanthracene 
9-Bromophenanthrene 
2-Bromopyridine 
3-Bromopyridine 
2-Bromothiophene 

15-3 
15.3 
15-3 
15.3 
15.3 
15.6 
15.6 
15.3 
15.3 
15.3 
15.3 
15.3 
15.3 
15.3 
15-3 
15.3 
15.3 
15-3 
1 5 5  
15.2 
15.2 
15.0 
15.3 
15.3 
15.3 

80.8 
80.2 
80-2 
79-7 
79-6 
80.5 
78.9 
80-5 
80.5 
79.9 
80.5 
80.0 
77.9 
80.4 
79.8 
80.1 
76.7 
76.5 
80.7 
79.8 
74.9 
77.4 
81-4 
86.9 
78.2 

s 1 . 0  
1-3 
1-3 
1.7 
1-8 
2.3 
5.0 
1.2 
1.2 
1-5 
1-2 
1-5 
4.0 
1-2 
1.6 
1.4 
7-1 
7.9 
1-2 
1.3 

13.4 
2.6 
0.8 
0-05 
3.5 

189 
190 
190 
190 
130 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
190 
189 
189 
1 s9 
189 
190 
190 
190 

aThe Arrhenius parameters reported in references 189 and 190 are certainly too 
low due to experimental artifacts but rates at the middle of the temperature range are 
probably reliable16. The A-factor for bromobenzene has been corrected using the 
known enthalpy of reaction and the other A-factors have been scaled up  accordingly. 
Activation energies have been calculated using corrected A-factors and mid-tempera- 
ture rates. A-factors are givcn in units of s-l. 

elimination of HE= to yield carbon monoxide1g1. The abnormally low 
Arrhenius parameters (log A = 2.3, E, = 10 kcal mole-l) obtained in a 
Teflon reactor were rationalized on the basis of an electronic-state cross- 
over path. In view of the susceptibility of formyl fluoride to hetero- 
geneous d e c o m p o ~ i t i o n ~ ~ ~ ,  however, this explanation remains open to 
question. 

The decomposition of carborzyl fluoride has been studied in shock 
waves1s2 and involves an initial carbon-fluorine bond fission followed by 

25 
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rapid elimination of the second fluorine atom to yield carbon monoxide. 
The reaction was studied in the pressure-dependent region and the high- 
pressure Arrhenius parameters for the initial fission were obtained by 
application of the Rice-Ramsperger-KasseP 43 theory of unimolecular 
reactions to the data. The values were calculated to be logA = 11.8, 
E,  = 91.9. The A-factor is certainly too low for a bond-fission process, due 
probably to a combination of experimental error and uncertainties in the 
extrapolation to the high-pressure limit. 

Trimethyl rrcetyl halides furnish an example of novel reactions resulting 
from the presence of both oxygen and halogen in a molecule. Lemon and 
Stirnson have studied the kinetics of the thermal decompositions of the 
chloro-193 and br0m0- l~~ compounds and in both cases the reaction 
products are 2-methylpropene, carbon monoxide and hydrogen halide. 
These reactions appear to be genuine unimolecular processes and the 
Arrhenius parameters are: logA = 14.4, E,  = 55.2 kcalmole-l for the 
chloride and logA = 14.1, E, = 48.9 kcalmole-l for the bromide. The 
most reasonable transition state would appear to be a five-membered 
cyclic complex. As fission of three bonds is involved, this complex is ‘loose’ 
and could account for the observed A-factors. The five-centre molecular 
reaction is a Woodward-Hoffmann allowed process and is more likely than 
an alternative mechanism invoiving a linear polar transition state. 

2. Benzoyi halides 
There are no feasible thermal molecular routes open to benzoyl halides. 

Both benzoyl chloridels3 and benzoyl bromide195 undergo radical reactions 
initiated by carbon-halogen bond fission followed by rapid elimination of 
carbon monoxide from the benzoyl radical. The kinetics of the primary 
reactions have been studied by the toluene-carrier t e ~ h n i q u e l ~ ~ ~ 1 ~ ~ ,  but both 
the bond dissociation energies andreaction rates are in poor agreement with 
the latest estimates of the thermochemistry of the bond-fission reactions. 
It would appear, therefore, that these studies of the pyrolysis of benzoyl 
halides wers affected by experimental uncertainties adciitional to the normal 
shortcomings of the toluene-carrier technique discussed in the introductory 
section. 



10. Pyrolysis reactions involving carbon-halogen bonds 725 

3. Halogenated ketones 

In the thermal reactions of halogenated ketones studied to datelDG*lg7 the 
ketone group has acted only as a substituent in a typical four-centre alkyl 
halide reaction. The Arrhenius parameters obtained from these studies are 
shown in Table 12. The rates of elimination from 3-chlorobutan-2-one and 

TABLE 12. Hydrogen halide eliminations from halogenated 
ketones 

Compound log AC Ea Reference 
(kcal mole-’) 

~~ ~~ 

CH,CCHClCH, 11.74 (13*0)b 49.1 (52.9)b 196 
I I  
0 

II 
0 

II 
0 

II 
0 

CH,CCHClCH,CH, 12.8 50.8 196 

CH3CCI-InCHC1CH3a 12.2 ( 12.8)b 44.5 (46-3)b 196 

CH3CCHICHB 13.4 41.9 197 

a Sole product pent-2-ene-4-one. 
Figures in parentheses ere preferred parameters obtained from ‘reasonable’ 

A in units of s-l. 
A-factor and scaling of E, to fit mid-temperature rates. 

4-chloropentan-2-one are probably reliable around the mid-temperatures 
of the studies, but the Arrhenius parameters appear to be low. We have, 
therefore, corrected these values by using a ‘reasonable’ A-factor and 
scaling the activation energy to fit the mid-temperature reaction rates. 
The corrected results are shown in parentheses. 

From the data for chloro-compounds it would appear that the MeCO 
group stabilizes an adjacent positive charge in the transition state slightly 
less than ar? adjacent negative charge. The stabilizing effect of MeCO is less 
than alkyl with respect to positive charges but greater with respect to 
negative charges. These effects agree qualitatively with predictions. In the 
case of the iodoketone, however, the apparent stabilizing effect of MeCO 
on a positive centre is about 8 kcal niole-1 which is greater than the effect of 
alkyl substitution. This observation is difficult to rationalize on the basis of 
a simple electronic effect. It has been argued197 that in haloketones the 
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destabilization of the ground-state molecule by the halogen atom may play 
an important role in the energetics of the reaction. If this effect is more 
inportant with iodine thhn with chlorine substitution, the enhanced rate of 
decomposition of 3-iodobutan-2-one can be rationalized. 

4. Fluoroacetic acids 
di-Ig9 and trifluoroacetic200 

acids have been studied in silica reaction vessels. These reactions are 
complex and probably involve wall reactions but it is claimed that the 
initial step for all three compounds is the elimination of. HF, via a five- 
centre transition state to yield the biradical or ring-closed lactone inter- 
mediate. The overall decomposition rates for all three acids are very 
similar. 

The thermal decompositions of 

0 
- k  

-+ H,F2-,,C-C<; + HF-+ Products 
0 
0 or 

In the case of the mono- and difluoroacids it is postulated that the 
biradical or lactone reacts further to yield carbon monoxide and the 
aldehyde, whereas in the case of trifluoroacetic acid the formation of 
difluorocarbene and carbon dioxide is suggested to explain the observed 
reaction pattern. Unfortunately, there is insufficient thermochemical data 
available to check the feasibility of the proposed mechanism. 

5. C h lo rofo rmates 
Most of the quantitative studies of the molecular decompositions of 

chloroformates have been complicated by surface and/or radical com- 
ponents and many of the reported Arrhenius parameters are obviously in 
error. 

The mode of decomposition of chloroformates depends on the nature of 

yields ethyl chloride and carbon dioxide. This may be envisaged as occur- 
ring through a four-centre transition state involving an energetically 
unfavourable pentacoordinated carbon atom. 

the substituents. The thermal decomposition of ethyl chioroformate- "01,002 
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A similar path has been proposed for the decomposition of methyl 
clzlorofornzate202. This process is Woodward-Hoffmann forbidden and 
would have to involve polar character in the transition state. However, the 
large discrepancy in rates ( N lo3) reported for ethyl chloroformate from 
independent studies in staticzo1 and stirred-flowzo2 systems indicates that the 
reaction may involvc a radical-chain or heterogeneous mechanism and the 
low Arrlienius parameters obtained tend to support this interpretation. 

The products from the thermal decomposition of isobtctyl c1z1oroformatezo3 
are 2-methylpropene, carbon dioxide and hydrogen chloride and the 
reported Arrhenius parameterszo4 are log A = 13-0, E, = 40.0 kcal mole-I. 
This reaction probably proceeds directly via a Woodward-Hoffmann 

allowed six-centre transition state. The A-factor is higher than that of 
typical six-centre reactions but is not unreasonable as the reaction involves 
eventual decomposition into three fragments and should consequently 
involve a particularly ‘loose’ transition state. I s o p ~ o p y l - ~ O ~ ~  204 2 - b ~ t y I - ~ ~ ~  
and r~eopentyZ-~~~ chlorofornzates appear to decompose thermally by two 
pathways: one to give alkene, carbon dioxide and hydrogen chloride, 
analogous to the isobutylchloroformate reaction, and the other to give 
alkyl chloride and carbon dioxide, similar to the ethylchloroformate 
reaction. Again, the quantitative results from static and stirred-flow 
studies are radicaily different and the true nature of the reaction, particularly 
the alkyl chloridz pathway, is in doubt. However, if it is assumed that the 
data obtained in the stirred-flow system, which yielded the lower rate 
constants, are approximately correct, the relative rates of the four-centre 
routes for methyl-, ethyl-, isopropyl-, 2-butyl- and neopentyl chloroformates 
at 240°C are 1, 2.2, 220, 640 and 3.4 respectively202. The Arrhenius para- 
meters for the six-centre elimination of isopropyl and 2-butyI chloro- 
formatesZo6 obtained from these studies have reasonable values. For the 
isopropyl compound, logA = 13-2, E, = 38.2 kcalmole-l and for the 
2-butyl compound, log A = 12-8, E, = 36.9 kcal mole-l. Studies of 
deuterium-substituted 2-butylchloroformates indicate that the olefin 
formation involves a cis elimination which substantiates the postulated 
six-centre transition state. 

The pyrolysis of tricMoroiiiethy1 chlor~forntate~~~ yields phosgene 
as the sole product. The reported Arrhenius parameters, IogA = 13.2, 
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E,  = 41.5 kcal mole-l, indicate that a four-centre polar transition state is 
involved. I t  :s interesting to note that, in this case, chlorine is transferred 
to the carbonyl group, thereby avoiding the intermediacy of pentavalent 

carbon whereas in the postulated transition state for ethyl chloroformate, 
a transfer can only occur in the opposite sense. 

6. Chloroetkars 

The introduction of the ether linkage into a chlorohydrocarbon does not 
appear to cause any change in the mechanism of decomposition. Only 
1-chloro-1-methoxyethane20s and l-chloro-1-ethoxyethane2Og have been 
studied quantitatively and both eliminate hydrogen chloride to give the 
unsaturated ether. The reported Arrhenius parameters for the methoxyl 
compound are log A = 11.5, E,  = 33.3 kcal mole-l, and for the ethoxyl 
compound logA = 10-5, E, = 30.3 kcalmole-I. Both sets of parameters 
appear to be too low for the four-centre process proposed. The following 
corrected parameters, obtained from mid-temperature rates and A-factors 
based on transition state estimateP, are preferred : chloromethoxyethane, 
log A = 13.1, E, = 36.9 kcal mole-l, chloroethoxyethane, logA = 13.2, 
E, = 36-0 kcal mole-l. The effect of the ether group on the rate of elimina- 
tion is dramatic. The chloroethers eliminate hydrogen chloride at  about 
lo9 times the rate observed for ethyl chloride and lo3 times that for tertiary 
butyl chloride. Both studies report a heterogeneous component of about 
20% and it appears that the fast rates observed are indeed those of the 
homogeneous unimolecular process. This would imply that the ether 
group can stabilize an adjacent positive centre in the transition state by 
about 20 kcalmole-l. Although this value is remarkably high it is not 
unreasonable in view of the fact that the ether compounds undergo S,l 
solvolysis at  about lo7 times the rate of t-butyl chloride210. 

111. SUMMARY AND CQNCLU§IONS 

A. General 

The homolytic carbon-halogen bond-breaking process in which the 
transition state is energetically, but not entropically, qiiivalent to the 
association of one electron in the rupturing bond with each centre is easily 
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visualized, and the effects of substituents on the activation energy are 
readily rationalized. The aspects of radical decompositions pertaining to 
the C-X bonds have been comprehensively covered in the survey section 
and further details can be found in reference 3. The summary and con- 
clusions are therefore restricted to the molecular reaction routes. 

In  the case of molecular reactions in which more than two centres are 
involved, the electronic structure of the transition state is not so readily 
pictured. 

The principle of the conservation of orbital symmetry can indicate the 
preferred geometry for a reaction process involving essentialiy synchronous 
and balanced electron rearrangement but is not capable of yielding 
quantitative results with respect to the energy or entropy involved or the 
effect of substituents. I t  is also difficult to estimate the degree of non- 
synchroneity or  electron inbalance (i.e. polar nature) which can be 
accommodated before predictions based on an essentially synchronous 
and neutral reaction path become invalid. 

The four-centre cis-elimination reaction is certainly forbidden on an 
orbital symmetry basis. The experimental evidence suggests that both 
non-synchronous bond breaking and polar nature are operative and this 
combination perturbs the system sufficiently to invalidate any conclusions 
based (iil simple orbital symmetry considerations. However, the extent to 
which each contribctes to this process is not known. 

8. The Molecular Reaction Path 

I .  Three-centre mechanisms 

Three-centre mechanisms involving carbon-halogen bond cleavage have 
been confirmed only in cases where difluorocarbene is the product”’ 
(section 11. A. 1). If the activation energies in Table 3 are scaled to 
fit a common R-factor, 13-8, using mid-temperature rates, the follow- 
ing activation energies in kcal mole-l are obtained: CHF, = 75.8, 
CHF,Cl = 55.8 and CHF,Br = 53.9. The simple ‘least-motion’ three- 
centre process is Woodward-Hoffmann forbidden and there is insufficient 
data to establish the structure and charge distribution in the transition 
state. The large difference in effective activation energy (20 kcal) between 
the fluoro- and chloro-derivatives and the small difference between 
chloro- and bromo-compounds (- 2 kcal) can be rationalized by con- 
sideration of the partial cleavage of the carbon-halogen bond in either a 
polar or non-polar transition state. 

* Compare footnote on page 701 and reference 216. 
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2. Four-centre mechanisms 

The four-centre mechanism is by far the most dominant molecular 
reaction route in the thermally initiated decompositions of organic 
halocompounds. Irrespective of the variety of substituents, all compounds 
reviewed which incorporate the structural element 

Kurt W. Egger and A h  T. Cocks 

ca--c, 
I I  
x I-I 

undergo a four-centre concerted HX elimination to the exclusion of other 
multicentre molecular reaction paths. The preference for the four-centre 
route may only be sacrificed in molecules with particular structures, such 
as the chloroformates, enabling the competitive formation of a six-centre 
transition complex, or in molecules with very weak C-X bonds, preferring 
a radical decomposition path, e.g. 3-iodo-but-1-ene. 

While substituents on both the a- and @carbon atoms do not alter the 
basic simplicity of the reaction yielding HX and olefinic products, they have 
a very pronounced effcct on the rate of the HX elimination. For a simple 
homopolar four-centre process a much smaller effect would be expected, 
and the observed unusually large a- and ,8-substituent effects lead to the 
recognition of the pronounced polar character of these reactions. Similar 
substituent effects are observed for the reverse reactioc, the addition of H X  
to a substituted olefinic moiety. From the available data, summarizea in 
section 11, it is apparent that substituents bonded to the a-carbon atom 
carrying a partial positive charge in the transition state in general affect the 
rate of elimination more than substituents on the ‘negative’ /?-carbon. This 
is in agreement with the observations from solution chemistry, where the 
effects of substituents on carbonium ions are usually more pronounced 
than on carbanions. 

The four-centre nature of the process and the polar character of the 
transition state involved in HX eliminations have been adequately 
established in section 11. As can be seen from the data listed in Tables 4,5,7 
and 9, the preferred pre-exponential factors for the same type of halides 
usually agree within a factor of lo0.*, and these values are essentially in 
agreement with predicted data, based on the concept of O’Neal and 
Benson41, and shown below in parentheses : EtX 13.4 (1 3.2), i-PrX 

For the alkyl halide series, for which the most reliable and complete 
data are available, the incremental differences in activation energies are 
summarized in Table 13, where EtCl has arbitrarily been used as a compara- 
tive standard. 

13.7 (13.5), t-BuX 14.0 (13.8). 
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The data listed. in Table 13 show directly additive constant incremental 
differences between the various halides for the six different alkyl groups 
listed. Furtherinore, within a given alkyl halide, for example EtX, the 
activation energies increase by an apparently almost constant value of 

TABLE 13. Differences i l l  activation energies" (AEa)b for the 
four-centre elimination of HX from alkyl halidesb 

Alkyl-X F Br I CI 
~~ 

Et- + 3.3 - 2.7 - 6.6 56.6 
tz-Pr- + 3.2 - 3.2 - 6.1 55.1 
i-Pr - + 3.1 - 3.2 - 5.5 50.8 

- 3.0 - 5.9 504 S-BUM - 

53.2 i-Bu- + 5.4 - 2.8 
t-Bu- + 6.5- - 3.3 - 6.9 45-0 

- 

a In kcal mole-'. 

chloridesC as standards. 
Based on the data listed in Table 5 ,  using the activation energies for alkyl 

Activation energies for HX elimination from alkyl chlorides. 

3.1 & 0-5 kcal mole-l in the series I < Br < C1< F. The only exceptions are 
t-BuF and i-BuF, for which increments of about 6 kcalmole-1 are 
calculated. 

The same incremental difference is expected for a given set of halides, as 
for example AE,(EtCI-EtBr) z AE,(t-BuCI--t-BuBr), but there is no 
apparent reason to expect CI priori the same increments within the series of 
halogens, i.e. AEJEtC1-EtBr) = AE,(EtBr-EtI). Considerations of the 
differences in homopolar or heteropolar bond dissociation energies, 
longitudinal polarizabilities or polarities do not lead to the expectation of 
constant increments between the hajogens in thc: series I, Br, C1, F. The 
observed surprising consistency is then considered to  result from a 
fortuitous combination of effects of the halogen atoms on the rate- 
controlling factors involved in generating the polar transition state complex. 

The observed a- and jl-substituent effects on the activation energies for 
the four-centre HX elimination from the various classes of organic 
halocompounds are summarized in Table 14. 

The stabilizing and destabilizing effects derived in Table 14 evidently 
result from the interactions of the substituents with the partially developed 
charges in the transition state complex. To  a first approximation, electron- 
donating groups such as alkoxy, phenyl, ally1 and alkyl groups might be 
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TABLE 14. Substituent" effects a n  the activation energy for the four-centre 

elimination of hydrogen halides 

X H  
I I  

RIRzC- CR3R4 

Positive (a)- Negative @)- 

R1 R' R3 R4 X =  F c1 Br I 

--- 

centre centre A Eab 

H H 
H H 
H Me 
H Me 
H H 
Me Me 
H H 
H Vinyi 
rdc Vinyl 
H Ph  
F H 
c1 H 
Br H 
F F 
C1 c1 
K H 
H H 
H H 
F , H  
F F 

0 
I I  

CH3C- H 

Me H 
Me0 H 
EtO H 

H 
H 
I3 
H 
Me 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
F 
c 1  
Br 
F 
F 

H 

H 
H 
H 

H 
Me 
H 
Me 
Me 
M 
Vinyl 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
F 
F 

H 
0 
II 

CH3C- 
H 
H 

0 
- 1.6 
- 6.0 

- 1.3 
- 8.4 

+ 5-1 

+ 13.7 

+ 10.2 
+ 12.4 

0 
- 1-5 
- 5.8 
- 6.6 
- 3.4 
- 11.6 
- 1.6 
- 7.9 
- 14.0 
- 11.7 

- 1.0 

+ 4.0 

+ 7.2 
+ 2-9 

- 2.6 

- 4.0 

- 10.3 
- 19.7 
- 20.6 

0 0 
-22-0 -1.0 
-6.3 -4.7 
-8.1 -5.3 
- 3.5 

-12.2 -11.9 
- 1.4 

- 14.1 

- 3.3 

+ 2.4 

- 8.1 

a- and p-positions with respect to the eliminating halogen atom. 
Activation energy differences in kcal mole-1 based on the ethyl halides as reference 

compounds. 

expected to stabilize preferentially a positively charged centre, having 
relatively little effect on negative charges. On the other hand, carbonyl, 
cyano or nitro groups as electron-withdrawing entities might be expected 
to  stabilize negative charges preferentially. The available data listed in 
Table 14 are in general agreement with these expectations. 
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It is seen that irrespective of the halogen atom, alkyl substituents 
stabilize the positively induced centre by about 5.5 and the negative centre 
by about 1-5 kcal mole-l. Quantitative information about the effects of the 
other substituents can only be derived from a much xnore reduced set of 
data, and in most cases values can be obtained only from the elimination 
of HCl from chlorine compounds. Nevertheless, the concept of direct 
additivity axid the incremental nature of the effects evident for alkyl groups 
is apparently also valid for the other substituents. 

In Table 15 more reliable mean substituent effects, extracted from the 
data given in Table 14, are presented. The values for the alkyl and vinyI 

TABLE 15. Stabilizing effects on polar centres in the four-centre elimination of 
hydrogen halides (in kcal mole-') 

Substituent Alkyl Vinyl Phenyl Alkoxy MeCO Cl 
--- 

+Centre 5-5  f 0.9 8.2 f 0.3 12.9 ? 1.2 20.2 f 0.4 6-0 ? 2.0 1.2 4 0.1 
-Centre 1.5 4 0.4 1.5 f 0.1 4.8 ( - 2.9) 

substituents appear to be well established, but the error limits quoted for 
the other substituents do not necessarily reflect the reliability of these data 
as they mostly represent the consistency between two available sets of 
experimental data only. While there may be some question as to  the 
accurate value of the stabilizing and destabilizing effects of these sub- 
stituents, the order of magnitude and the general trend reflected in these 
data are clear. 

The value of N 20 kcal mole-l observed for alkoxy groups appears to be 
surprisingly large in relation to the other substituent effects, even consider- 
ing the pronounced electron-donating capacity. For the keto group a larger 
stabilizing effect on a negative charge than that observed might be expected. 

The fact that the stabilizing effect of a benzyl-type conjugation with the 
positively induced centre, C,H,-CG+, is about 5 kcal mole-l larger than 
that for an allyl-type C=C-C8+ structure, which again is 2-7 kcal mole-l 
more effective than C-C-Cc6+, is perfectly in line with expectation 
based on inductive effects and the mesonieric release of electrons by the 
substituents. The small effect of these substituents when bonded to the 
negative centre is also expected from these considerations. 

The assumption that the homopolar bond dissociation energies essen- 
tially do not affect the activation energy for the polar HX elimination 
process is also substantiated by the observed differences in the stabilizing 
effects of vinyl and phenyl substituents. Based on homopolar considera- 
tions, both substituents would be expected to have the same effect, as the 
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‘resonance’ stabilization energies generated in delocalized allyl-type and 
benzyl-type radicals are the same (13 kcal mole-l). 

The effects of halogen substituents on the rate of HX elimination, 
discussed in section 11. A. 2. b, are far from established. Undoubtedly, 
fluorine bonded to the emerging positive carbon ceatre inhibits the 
generation of a positive charge at this site, and the destabilizing effect, 
when compared with the parent alkyl fluoride, appears to be of the order of 
6 kcalmole-l per fluorine atom. In the /3-position7 i.e. bonded to the 
negatively induced carbon centre, no consistency in the effect of fluorine 
substituents can be derived from the data listed in Table 14. In part the 
data appear to indicate the absence of any effect, which is considered to be 
the more likely alternative. Some of the data suggest, however, a destabiliz- 
ing effect amounting to 7.2 kcal mole-I for fluorine in a /3-position, which 
is not readily explicable. 

Chlorine and bromine substituents stabilize the positive carbon centre 
and a value of 24  1 kcalmole-l appears to best represent the data. The 
effect is expectedly significantly less than that observed with alkyl sub- 
stituents. When bonded to the /3-carbon atom, chlorine and bromine 
exercise the opposite effect. The data would indicate that the destabilizing 
p-chlorine and /%bromine effects are about 2-5 kcal mole-l, approximately 
the same magnitude as the stabilizing effects in the a-position. This is in 
agreement with liquid-phase data for ionic reactions30. 

The extensive applicability and quantitative as well as qualitative 
consistency of the outlined four-centre HX elimination from organic 
halocompounds are exempiified by the data for the thermal decomposition 
of chloroformates shown in equation (23). Accepting the observed relative 

R’ 1 R ‘ ~ + s - ~ - ]  R‘ :k R’ 

R2--\C+-c=~ + R3’j + RZLCCI-I-CO, (23) 
I &--C+S R3’ CI 6 

R3’ 

rates as reliable, the following decreases in E, (in kcal mole-l) for the CO, 
elimination compared with the parent compound (R1 = R2 = R3 = H) as 
standard, have been calculated : 

R’ = R2 = H, R3 = Me 0.8 

R’ = R2 = H, R3 = f-Bu 1.2 

R’ = H, RZ = R3 = Me 5.5 

R’ = H, R2 = Me, R3 = Et 6.6 
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The results for methyl chloroformate appear to disagree with the 
quantitative prediction, but the difference between mono- and dialkyl- 
substitution on the positive centre is - 5  kcalmole-l, about the same as 
that observed for the alkyl halides. Furthermore from the rates at  240°C 
for the closely related decomposition of trichloromethylchloroformate 
shown in equation (22) (which involves the stabilization effect of three 
halogen atoms on positive charges), an activation energy 1.9 kcal mole-I 
lower than that for methyl chloroformate is calculated. This implies that 
the positive stabilization by three chlorines is equal to that of an alkyl 
group and is in approximate agreement with the findings from the alkyl 
halide series. 

While the concept of a four-centre partially ionic transition-state complex 
involved in all these elimination reactions has met with general agreement, 
there appears to be still some disagreement, apart from purely verbal 
differences, as to the true nature and the amount of the charge separation 
in the transition state. Essentially two types of transition-state complexes 
have been suggested and were used as a basis for semi-empirical quantitative 
predictions of activation energies. 

Maccoll and coworkers2431, since their early suggestion of a ‘quasi- 
heterolytic’ mechanism involving a very polar, intimate, ion-pair transition- 
state complex as symbolized in equation (24), favoured a picture in which 

R’ R3 R’ R3 R’ R3 
RZ-,C--C-R4 \ /  I [ Rz-\i-:Lr- 1 - \ /  C=C + HX (24) 

\ / \  
H x R2 R4 

the polar character of the reaction is essentially restricted to the C---X 
bond. Consequently the observed activation energies for elimination were 
expected to be linearly related to the heterolytic bond dissociation energies 
and the relationship proposed was E,  = 0*29D(C+X-). From this model 
substituent effects are then essentially only operative on the positive 
charge. As more experimental data became available, it was apparent that 
the nature of the reaction was only moderately polar and certainly did not 
necessitate the assumption of the presence of carbonium ions. 

The ready reversibility of the elimination reaction and considerations of 
the back reactions, the addition of HX to the olefinic moieties, led Benson 
and coworkers70* 72 to the assumption of a quadrupolar transition state, 
depicted in equation (25). In this model the transition state is represented 
by 211 intimate association of two semi-ion pairs into a four-centre quadru- 
pole with the formal charge separation of Q electron on each centre. The 
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quantitative electrostatic analysis based on this model assumes point 
dipoles and point aggregates of polarizable matter. The intermediate state 
essentially only reflects the asymmetry of the transition state. 

[ RyH /+-G‘ . x/R3] R4 Intermediate state (25) 

Jf 

The four-centre elimination reactions of alkyl halides are all from 10- 
20 kcal mole-1 endothermic and the overall rate-determining transition 
state would then be expected to be product-like, as symbolized in TS 2. For 
cther classes of non-halogenated compounds for which this mechanism also 
appears to hold (for example, X niay stand for H, OH, SH, etc.) the 
potential energy surface may be skewed towards the side of the reactants, 
and TS I may become overall rate-controlling. Based on this se&-ion-pair 
model, the activation energy for the addition of HX to olefins can be 
calculated from the energies required to polarize the olefinic bond (AE,,,& 
and the HX bond (AEHx) and from the interactions of these dipoles in the 
quadrupolar transition state (Eint), corrected by the dipole present in the 
ground-state molecules (E,& E, = AE,,,, + AE,,- Eint- EgB. Distances, 
dipoles and longitudinal polarizabilities of the bonds in the ground-state 
and transition-state complex must be known or estimated to calculate these 
activation energies. 

This semi-ion-pair model takes its justification primarily from the fact 
that it is capzble of accurately and consistently predicting the activation 
energies for a large number of reactions. For the addition of HX, H I ,  X,, 
H,O, H I S ,  H3N and H3P to olefins and acetylenes, Benson and H a ~ g e n ~ ~ ~ I  
calculated activation energies that generally agreed with the available 
experimental data within i- 2 kcal mole-l. This model also yields i 1  

consistent quantitative description of the Markovnikov rule2”. More 
recently, however, larger discrepancies between predicted and observed 
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data were reported for the elimination of HF from 1,1-difluoroethane120, 
1,1-difluoroethylene120, 1 ,1,1-trifluosoethane2’ and for the addition of HI 
to 1,  l-difluoroethyleneZ1”. 

In  conclusion, it appears that the quadrupolar semi-ion concept in 
general adequately represents the nature of the transition complex, but that 
complications may arise in the quantitative analysis of systems with a 
pronounced tendency for asymmetric charge distribution in the transition 
state. Even the presence of emergent carbonium ions as an extreme form of 
highly polar transition-state complexes cannot be ruled out. The neopentyl 
chloride rcarrangement via a true Wagner-Meerwein shift would constitute 
such an example involving an  almost complete charge separation into an 
ion pair. Practically all the other multicentre rearrangements involving 
haloalkanes and related compounds reported to date can mechanistically 
be explained on the basis of a polar concept involving charge separation in 
the transition state, without an apparent necessity for the assumption of an 
ion-pair intermediate. It is, however, to be expected that the amount and 
the symmetry of the charge separation in the transition state varies 
considerably between the various classes of compounds, which may 
be reflected in the apparent failure of the semi-ion-pair model to 
predict accurately the activation energies for HX elimination from 
polyfluoroal kanes. 

As has been shown in section 11. B. 1, the four-centre elimination of HX 
across a double bond is a feasible but slower process when compared to the 
elimination from a saturated C-C bond. It  has been argued72 that the 
ground states of olefins and acetylenes contain about equal amounts of 
‘ionic’ character am! that the addition of HX to acetylenes, i.e. the reverse 
reaction in equation (15), involves about 1.5 kcal mole-I less activation 
energy than the corresponding addition to  the olefin. This would imply that 
the activation energy for eliminating HX from vinyl halides (EvinyJ would 
be given by  

E(viny1) = ‘(nlk)- 1.5+AAHr (26) 

where is the activation energy for eliminating HX from the corre- 
sponding alkyl halides and AAH, is the difference in the heats of the two 
reaction systems calculated as the heat of reaction for the acetylene 
formation reduced by the heat of reaction for the olefin formation. 
For EtCl and EtRr AAH, equals about 7 kcalmole-13537 yielding 
Elvinyl) z E,,,,)+5.5. This prediction is qualitatively borne out by the 
experimental observations and it is in fortuitously good quantitative 
agreement with the observed difference of 5-8 kcalmole-l between the 
activation energies for ethylfluoride and vinylfluoride. 
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3. Five-centre mechanisms 

Although five-centre transition states have been proposed for the 
pyrolysis of cyclopropylmethyliodide2~3 and the HBr-catalysed decomposi- 
tion of methyl formate2I4, trimettzylacetyl halides (section 11. C .  1) provide 
the only quantitative data for a probable five-centre process. The difference 
in activation energy between the chloro- and bromo-compounds is 
6.3 kcal mole-l which is higher than that observed for the corresponding 
four-centre HX eliminations in t?le alkyl halide series (- 3 kcal mole-1) in 
contrast to the results for the three-centre mechanism ( - 2 kcal mole-‘). As 
the five-centre mechanism is an ‘allowed‘ process, it may be reasonable to 
assume that it has a less polar transition state than the ‘non-allowed’ 
four-centre reactions. This would imply that halogen differences are more 
marked in non-polar reactions and that the three-centre elimination of 
hydrogen halide in difluorohalomethanes probably involves a polar 
transition state. However, the probable non-synchronous nature of the 
three-component fragmentation from the five-centre transition state may 
affect the charge distribution and work on other substituted acetyl halides 
is required to clarify the exact nature of the transition state. 

The relative rates of five-centre elimination in the guoroacetic acids 
(section 111. C.  4) should be governed by the carbon-fluorine homolytic 
bond strengths. These are unknown, but the carbon-hydrogen bond 
strengths in mono- and difluoromethaneM are equal and slightly less than 
the bond strength in methane. The report of similar reaction rates for the 
fluoroacetic acids, therefore, appears reasonable. 

4. Six-centre mechanisms 

Six-centre transition-state complexes appear to have been established for 
reactions involving both unsaturated halohydrocarbons (section 11. B. 2) 
and oxygenated compounds (section 11. C .  5).  

The six-centre HCL elimination from a-chloro-o-xylene is much faster 
than the rate of decomposition of ethyl chloride. This is surprising in view 
of the fact that the six-centre transition state involves at least partial 
destruction of the benzene resonance energy. The unique nature of this 
reaction, however, precludes its inclusion in the general analysis of six- 
centre reactions. 

From the data for four- and six-centre eliminations in ally1 halides 
presented in section 11. B. 2, and the substituent effects discl-lssed in 
section 111. B. 2, it is possible to estimate the difference in activation energy 
between the four- and six-centre reaction for the hypothetical case in which 
substituent effects are the same for both processes. Using ‘reasonable’ 
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A-factors, this difference is calculated to be between 5 and 7-5 kca: mole-l, 
favouring the six-centre path. The stabilizing effect of a nethyl group in the 
a-position in the six-centre transition state can also be calculated and is 
found to be 2-5 kcalmole-l, indicating a reduced polar character in the 
transition state when compared to the four-centre elimination. Again this 
would be expectzd as the six-centre process is Woodward-Hoffmann 
allowed. 

From the data for the six-centre chloroformate decompositions, however 
(section 11. C, 5), the stabilizing effect of monoalkyl substitution on 
the a-carbon atom adjacent to the oxygen can be estirnatzd to be 
-4.4 kcalmole-l and that of an a.lky1 substituent on the /3-position to be 
about 1.3 kcal mole-l. These values indicate that the polar nzture of the 
transition state (with the a-carbon atom positive and the /3-carbon negative) 
is greater than that in the ally1 halide series and approaches that of the 
four-centre eliminations. This is not unreasonable, as, in the case of the 
chloroformates, the degree of polarity is governed by the cleavage of a 
carbon-oxygen bond. 

The apparently small differences in transition state polarity between 
Woodward-Hoffmann allowed and non-allowed processes is worthy of 
note. This may be a result of the non-synchronous nature of the three- 
component fragmentation in the case of the chloroformate decompositions, 
or it may indicate a very narrow boundary between the charge require- 
ments of allowed and non-allowed processes. 
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1. INPRODWCTIIQN 

The photochemistry of simple alkyl halides has been extensively studied by 
spectroscopists, physical chemists and organic chemists and several reviews 
on these works have been p u b l i ~ h e d ~ * ~ ~ ~ .  By contrast the photochemistry of 
aromatic halides and more complex, substituted systems has only recently 
attracted attention*. The application of the photochemical reactions of 
organic halides to synthetic problems is in an  even more nascent state and 
it is therefore on this aspect that the current chapter will concentrate. 

Since the numerous textbooks recently published adequately describe 
fundamental principles of photochemi~try~-~l,  these will be assumed. 
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Photohalogenations are also excluded. Furthermore, because of the sheer 
bulk of literature on the photochemical reactions of organic halides, this 
chapter is not intended as an exhaustive survey of that area of cheinistry. 
Throughout, the main emphasis is on the chemical transformations which 
can be brought about as a consequence of photochemical reactions and the 
discussion concentrates on reactions carried out in solution. Such reactions 
do not necessarily involve direct excitation of the carbon-halogen bond. In 
fact, the carboc-fluorine and many carbon-chlorine bonds absorb 
ultraviolet light in a region often inaccessible to direct photolysis and these 
bonds are often cleaved only as a secondary process in the reaction. The 
U.V. properties of some representative examples of carbon-halogen-con- 
taining compcunds are surveyed below. 

II. ULTRAVIOLET PROPERTIES OF ORGANIC HALIDES 

Light absorption by simple alkyl halides principally occurs by means of an 
n + u* transition. For fluorinated and chlorinated hydrocarbons such 
absorptions occur at less than 200 nm and are hence outside the U.V. region 
generally accessible in photochemical work. Because of the high bond 
strength of the carbon-fluorine bond fluorinated soIvents are particularly 
useful as reaction media in photochemical work. End absorptions for 
chlorinated hydrocarbons do, however, extend into regions of wavelength 
greater than 200 nm and hence photochemical reactions involving 
chlorinated compounds are observed. Since the i z - f  u* transition is formally 
forbidden, the intensities of absorption for alkyl halides are generally low, 
with extinction coefficients in the region 100-500. 

Bromides absorb at longer wavelengths than chlorides and iodides a t  
even longer wavelengths. In the case of iodoform the absorption tails into 
the visible region, hence its yellow colour. As a consequence of halogen- 
halogen interactions, polyhalogenated compounds generally show more 
than one absorption band and there is a bathochromic shift with increased 
halogen substitution. Some typical absorption maxima are recorded in 
Table 1. 

Substitution of halogen for hydrogen in vinylic systems generally results 
in a bathochromic shift of the - r r + ~ ' ~  absorption, assigned to interaction 
between the lone-pair electrons on the halogen atom with the olefinic T 
orbitals2. Relatively little work has been attempted on the photochemistry 
of vinylic halides. In contrast, both the U.V. absorption properties and, 
lately, the photochemistry of aromatic halides are receiving increased 
attention. Monosubstitution of benzene by the halogens has relatively little 
effect on the absorption pattern (see TabIe 2). A slight bathochromic shift 
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TABLE 1. U.V. absorption properties of alkyl halides 

Compound .4nnx (€1 Comments Reference 

CHgF, CHZFS, 
CHF,, CFa, CH,CI 

CH,Br 
CIIJ 
CH2C12 
CHCl , 
CCId 
CH zBr2 
CHBr, 

CHI, 

CF ,Br 
CF,Br, 
CF,I 

202 (260) 
257 (760) 
173 (-) 
175 (-) 
175 (-) 
220 (1 100) 
205 (2140) 
224 (2130) 
212 (1580) 
240 (600) 
290 (i300) 
274 (1300) 
307 (186G) 
349 (2170) 
208 (-) 
227 (-) 
270 (360) 

No maxima > 200 nm 

Heptane 12 
Heptane 12 
Vapour 13 
Vapour 13 
Vapour 13 
Heptane 12 
Heptane 12 

Hep t ane 12 

Heptane 12 

Vapour 
Vapour 
Vapour 

14 
14 
15 

TABLE 2. U.V. absorption properties of monosubstituted halogen- 
o benzenes 

Compound All, (6) Comments Reference 
~~~~ 

Benzene 203 (7400) 

Fluorobenzene 204 (6200) 

Chlorobenzene 210 (7500) 

Bromobenzene 210 (7900) 

Iodobenzene 226 (13000) 

254 (204) 

254 (900) 

263 (190) 

267 (1 90) 

256 (800) 

Water; fine structure 17 

Alcohol; fine structure 18 

Alcohol; fine structure 17 

Alcohol; little fine 17 

Alcohol; no fine 18 
structure 

structure 
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is experienced by the principal short wavelength band whilst the longer 
absorption band hardly alters. It has been suggested for iodobenzene that 
tbe longer wavelength absorption, which shows no vibrational fine 
structure, is due to absorption by the carbon-iodine bond or iodine 
non-bonding electrons, leading to direct loss of iodine16. Quantum yield 
studies on the photolysis of simple alkyl iodides show that the primary 
photochemical step is extremely efficient (see section 111. A) and that 
homolysis of iodine-carbon bonds may always be an important process 
following absorption of light. 

More significant absorption changes are associated with disubstitution 
of the benzene nucleus. p-Disubstituted halobenzenes are of interest since 
their inductive and mesomeric effccts are in opposition. I t  is found that the 
bathochromic shift increases in the order F < C1< Br < I, i.e. polarizability 
governs electron transfer in the conjugated system. 

Some examples of the absorption maxima of halogenated ketones are 
given in Table 3, with cyclohexanone and acetone for comparison. The 

TABLE 3. TJ.v. absorption properties of halogenated ketones 
~~ 

Compound ~ m n x  (.) Solvent Reference 

Cyclohexanone 
2-Fluorocyclohexanone 

2-CMorocyclo hexanone 
2-Bromocyclohexanone 
Acetone 
a,a-Dichloroacetone 
&,a'-Dichloroacetone 
~,a,cY-Trifluoroacetone 
a-Bromoacetone 

a-Chloroacetone 
1,3-Dichlor0-1,1,3,3- 

tetrafluoropropan-2-one 
2,2,4,4-Tetrabromo- 

cyclobutanone 

or 

283 (16) 
280 (5) 
296 (18) 
295 (24) 
312 (44) 
27s (1 6) 
294 (€3) 
299 (41) 
278 (40) 
215 (400) 
299 (80) 
292 (31) 
300 (80) 

241 (1100) 
336 (55) 
345 (54) 

Ethanol 
Methanol 
Isooctane 
Ethanol 
Methanol 
H C X a n G  

Dioxan 
Ethanol 
Heptane 
Hexane 

Ethanol 
No solvent 

given 
Cyclohexane 

19 
20 
20 
20" 
21 
22 
23 
24 
25 
26 

24 
27 

28 

For cyclohexanones the a-halogen effect varies with its conformation. For 
a-bromo derivatives an axial substituent causes a bathochromic shift of 23 nm, 
equatorial bromine causes a hypsochromic shift of 5 nmzD; for chlorine the shifts are 
in the order 11 nm (axial, bathochromic) and 4 nm (equatorial, hypsochr~rnic)~~. 
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near-u.v. absorption for fluoro-, chloro- and bromoketones is probably due 
to an n+m* transition. a-Halogen substitution leads to an increase in the 
extinction coefficient and to a bathochromic shift in the absorption 
maximum. 

111. ALIPHATIC HALIDES 

A. Alkyl Halides 

The chemical consequence of absor2tion of light by the simple alkyl 
halides is generally carbon-halogen cleavage. The ease of bond hornolysis 
is paralleled by the strength of the bond to be broken (see Table 4). Thus, 

TABLE 436. Carbon-halogen bond strengths (Kj mole-') 

C-F: CF4 485 32 CO&F 481 34 

C-CI: CH,CI 328 32, 

C-Br: CH,Br 280 35, CH2=CHCH2Br 201 35, C,H,Br 297 33 

C-I: CKBI 213 32, CH2=CHC'rI,I 142 35, CH2=CHI 276 37 

C-H: CH4 414 33 

CH2=CHCHzC1 251 35 

the fragmentation of carbon-iodine bonds is well documented, while the 
direct photochemical cleavage of the carbon-fluorine bond is extremely 
rare. Absorption of light by alkyl iodides leads to efficient carbon-iodine 
homolysis, probably with unit quantum efficicncy31. However, becausz the 
recombination process (reaction 3) is also generally efficient, the overall 
quantum yield of such photochemical conversions is often low. A common 
sequence of reactions is 

R I  + hv - R*' + I' (primary step)  (1 1 

R"' + RI > [RI-.-R]' - R I  + R' (2) 

R'+I'-RI (3) 

R' + W- R--R (4) 

I- +I-------+ r2 (5) 

For light of wavelength 253.7nm (a component of the light from 
a low-pressure mercury lamp), which is equivalent to 460 Kj per Einstein, 
an excess of energy will remain after absorption and carbon-iodine 
dissociation. For alkyl iodides the excess of er?ergy will be in the order of 
230 Kj mole-1 and a large proportion of it will reside in the alkyl radical as 
vibrational and translational energy. These 'hot' radicals will rapidly lose 
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their translational energy in solution but retain their vibrational energy for 
longer periods. Such 'hot' radicals can react with substrate alkyl iodide 
(reaction 2), via an activated complex, in which the excess of vibrational 
energy has time to be redistributed3840. Reaction (4) leads to the principal 
reaction product, that of alkyl coupling. Ethane is also produced from 
methyl iodide by a further reaction of 'hot' inethyl radicals (step 6)41. 

CH3*' + CHJ- C,H, + I' (6) 

Alternatively, th\: hot methyl radicals can also participate in a reaction with 
methyl iodide which leads to the formation of methane and iodomethyl 
radicals (reaction 7)43. It is possible ihai reacricn (7> a n  poceed by an 

CH," + CHJ- CH, f 'CHJ (7) 

alternative decomposition mode of th: activated complex produced in 
step (2)38sm. 

Further intricacies of such photochemical reactions include the expected 
reaction of hot (Le. excited) iodine radicals with the substrate (step 8)31. 

I*' f CHJ - I, f CH; (8) 

Homologues of methyl iodide appear to behave in a similar manner upon 
photolysis. Interest in the higher alkyl iodides has largely centred on 
whether the alternative primary process (reaction 9) can O C C U $ ~ ~ .  This 
reaction iwolves a concerted elimination of hydrogen iodide with forma- 
tion of an olefin. Under normal photolytic conditions, using light of wave- 
Iength >200nm, no evidence for a trtie concerted reaction has been 

H I  Y------f 
R ~ H - C H ~  --+ RCH=CH*+ HI (9) I h v t  

RCH-CH, 

forthcoming-even for t-butyl iodide, which decomposes to give large 
quantities of hydrogen iodide, a radical process is favoured4'. In the latter 
case it appears that the radical pair initially produced is held in a solvent 
cage and that subsequent reaction, to give isobutylene and hydrogen 
iodide, is rapid. 

Under flash photolytic conditions irradiation of ethyl iodide gave no 
detectable quantity of ethyl radicals and only hydrogen iodide formation 
was observed48. This implies a concerted elimination reaction although a 
different mechanism, one not involving the normal n-> u* excitation, might 
be involved. 

A related reaction, for which two primary processes have been considered, 
is the photochemical decomposition of gem-nal diiodoalkanes. The two 
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processes (reactions 10 and 11) lead to a radical or a carbenc. Step (11) 
was originally proposed for diiodomethane by Gregory and Style49 and 

RCHI, > RCHI" + I' (1 0) 

RCH1,- RCH: + I, (11) 

RCHI*' - RCH: + I' (1 2) 

carbene formation was indicated by subsequent trapping experiments with 
olefins to give cyclopropanessO. However, on the basis of product distribu- 
tions and steseochemical studies, it was concluded that the main product- 
forming intermediate was probably an excited srate iodomethylene radical 
rather than free methylene. The latter species is probably a major product 
from irradiations in the far U.V. region51. Homolegues of diiodomethane 
did not give carbene-like products52. 

Chemical evidence for alkyl radical formation after photolysis of alkyl 
halides is manifested by trapping reactions. These can be with itself 
(cf. reactions 4 and 6)  or with added trapping reagents, which are often 
free-radical species such as nitric oxide. A common free-radical trap is 
o x y g e i ~ ~ ~ ;  thus methyl iodide yiel5s a variety of oxidation products, 
including merhanol, formaldehyde and water54. The secondary reactions 
that can occur are complex55, oxidation proceeding through the participa- 
tion of methylhydroperoxy radicals. Ethyl iodide56, isopropyl iodide5' and 
t-butyl iodideg7 react similarly. 

The use of metals, such as silver or mercury, to quench the iodine 
radicals, alsg diverts the normal reactions and enhances coupling and 
reduction. For ex.ample, isopropyl iodide normally produces more propene 
than propane on irradiation, but in the presence of mercury equimolar 
amounts arc produced5* and in this case no coupling of the isopropyl 
radicals occurs. By contrast, the photolysis of polyhalogenated iodides in 
the presence of an iodine radical scavenger results in efficient coupling and 
this process is important for the preparation of polyfluorinated alkanes59. 

Reduction of alkyl radicals derived from alkyl iodides is also well 
established, for example with hydrogen iodide. Recently, an interesting 
method for reducing carbon-halogen bonds using trichlorosilane has been 
studiedG0. A radical chain reaction has been established for the gas-phase 
reaction55. Both alkyl bromides and chlorides could be reduced. 

The reduction of fluorinated alkyl halides to the corresponding 
fluorinated alkane has also been studied. The reduction is carried out in the 
presence of primary or secondary alcohols as reductant. For example, 
photolysis of 1,1,2-tr~uoro-2-chloro-l-bromo-l-iodoethane (I) in ethanol 
results in reduction of the carbon-iodine bondG1. Remarkably selective 
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reductions of carbon-chlorine bonds in 5ome fluorkated chloro-alcohols 
have also been observed, again with alcohols as reductanP2. Thus the 

(1 3) 

R' + H-SiCI,- R-H + 'SiCI, (1 4) 

R-X + 'SiCI, z R' + X-SiCI, (1 5) 

X' + H-SiCI, > H-X + 'SiC1, (1 6) 

R' + H - X v  R-H + X' (3 7) 

alcohol 2 gives the alcohol 3 upon irradiation in isopropanol. No 
reduction of the terminal chlorine atom occurred. From a detailed study of 
a range of such dcohols it was concluded that only the carbon-chlorine 
bonds of the part structure 4 are reduced by isopropanol on photolysis. 

z R' + X' 
I lV 

R-X 

CF,BrCFClf CHFCICFzCFCICF,CH,OH 

(1 1 (2) 

CHFCICF,CHFCF,CH,OH -CFzCFCICF2- 

(3) (4) 

Photolysis of polyhalogenated alkanes often leads to a polyhalogenoalkyl 
radical. An important reaction of the halogenoalkyl radical (R,) so 
produced is its addition across olefinic bondsG3. The principal reactions 
occurring are (18)-(24). Such additions are chain reactions and do not 

R,X- R; + X' (initiation) (1 8) 

X' + RzC=CRz -- > R,CX-CR; (propagation) (19) 

R; + R,C=CR, - --+ R,CR,-CR; (propagation) (20) 

R,CR,-CR; + R,X - R,CR,CR,X + R; (propagation) (21) 

RXCRZ-CR; + R; - RxCRZCRzRx (termination) (22) 

R,CR,-CR; + X' - R,CR,CR,X (termination) (23) 

2 R,CR,-CR; - R,CR,CR,CR,CR,R, (termination) (24) 

need large amounts of light. Although such reactions can often be initiated 
thermally in the presence of radical sources, such as benzoyl peroxide, the 
photo-initiated reactions often have advantages in that the reactions are 
frequently cleaner. Furthermore, since the number of initiating species is 
dependent on the amount of light used, reactions with relatively short 
propagation sequences can be effected. The kinetic requirements of the 
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addition reaction have been delineatedc3. Polar effects are of importance, 
polyhalogenoalkanes adding across electron-rich olefins such as vinyl 
ethers more efficiently thm across electron-deficient olefins. Some examples 
of the addition of polyhalogenoalkanes across double bonds are listed in 
Table 5 (for more extensive lists see reference 63). From the table it can 

TABLE 5. Some examples of the photoaddition of halogenoalkanes to olefins 

Halogeno- 
Olefin alkane Adduct Yield (”/,) Ref. 

CH2= CHCH(0Et) 
(CH3)2C=CHCH3 
CH,=CHCH, 
CH2=CHCF3 

1 -0ctene 
1-Octyne 

HCzCCF, 

0 

CCI, 
BrCCl, 
CFJ 
CCIJ 
CClJ 
CBr, 
BrCCl, 

CCl ,CH,CHClCH(OEt) 
CCI,CH(CH,)CBr(CH,), 
CF3CH2CHICH3 
CCI,CH,CHICF, 
CCl,CH= CICF, 
CBr,CH,CHBr(CH2).=,CH, 
CCISCH= CHBr(CH2)sCH3 

CClJ cc13 

(Good) 64 
77 65 
50 66 
57 67 
74 67 
96 68 
20 69 

BrCC1, 70 - 

CCl, 

Br 

71 - 

72 CH,=CHCN CF,I CF3CHzCHICN - 

C H 2 = C ( C H , ) q  BrCC1, CC13CH2C(CH,)=CHCH,CH,Br - 73 

be seen that acetylenes preferentially form 1 : 1 adducts. The direction of 
addition to terminal olefins is exclusively at the methylene group, leading 
to the more substituted radical74 and the eventual formation of unbranched 
homologues. Addition to 1,Zdisubstituted olefins is not as selective: for 
example bromotrichloromethane addition across substituted stilbenes is 
not grossly affected by varying the substituents. Thus, addition to 4-nitro- 
stilbene followed acid hydrolysis and elimination of hydrogen bromide 
gave only a 40 : 60 ratio of the cinnamic acids 5 and 6 respectively’j. 

p-O,NC,H,CH=C(Ph)CO,H p-O,NC,H,C(CO,H)=CHPh 

(5) (6) 
26 
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The stereochemistry of addition across double bonds by halogenoalkanes 
has also been investigated. Addition of bromotrichloromethane to 
cis-cyclooctene produced a 1 : 1 mixture of the cis- and. trans-adducts 7 as 
major products70. Addition of the same substrate to cyclohexene yielded a 
45 : 55 ratio of the cis- to trans-adducts, whilst cyclopentene only gave the 
t r~ns-adduct~~.  Norbornene also gave a trans-adduct 8, indicating that 
steric effects are important in rigid ring systems. 

oz13 [b b ~ ) 8 r C C l , ~  & (25) 

(7) Br 
(8) 

a-Haloesters and a-halonitriles can also be made to participate in 
free-radical additions across olefins although these substrates are more 
often used in conjunction with a chemical free-radical initiator78 rather than 
with light. Some photo-initiated processes, however, are of importance. An 
example which highlights the synthetic utility of this reaction is the 
photo-induced addition of bromomzlononitrile (9) across an olefin to yield 
a l-bromo-3,3-dinitrile (e.g. 10) in high yields. With base the adduct 10 
produces the cyclopropane P17s, whilst acid hydrolysis, followed by 
decarboxylation (reaction 28) produces a y-lactone 12, again in high yield 
(> 60%)80. 

(26) 
hv f- BrCH(CN), - Me,CBrCHMeCH(CN), 

(9) (10) Me 

M e y e  (11) ~ Mef$Me 

K O +  > > 
CO,H (28) 

(1 2) 

(W - 
0 0 

A further important use of polyhalogenoalkanes is as a source of halogen. 
1,2-Dibromotetrachloroethane (13), for example, is an excellent brominat- 
ing agent9 On irradiation homolysis occurs with formation of a bromine 
atom. The residual fragment, the 2-bromotetrachloroethyl radical (14) 
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rapidly collapses with formation of tetrachloroethylene and a second atom 
of bromine. Thus, the dibromide yields bromine atoms of synthetic use in 
radical brominations and allylic bron-iides can be rcadily prepared. It is 
cheaper than N-bromosuccinimide and the yields of products are generally 
as good. Since it is soluble in organic solvents and the side-product, 
tetrachloroethylene, is easily removed, reactions involving this reagent 
require simple work-up procedures. 

CCI,GrCCI,Br - CCI,BrCCI; -k Br' (29) 

CCI,BrCCI; - CCI,=CCI, + Br' 

(131 

(30) 

(1 4) 

As mentioned above, carbon-chlorine bonds are often more inert 
towards direct photochemical cleavage than carbon-bromine or carbon- 
iqdine bonds and this is partly because the simple alkyl chlorides absorb 
outside the normally accessible U.V. region ( < 200 nm). One possible 
method of overcoming this difficulty is to employ sensitizersa2. A complica- 
tion of such processes is the expected reaction between the sensitizer itself 
and the radicals derived from the chlorides3. The gas-phase photolysis of 
tiifluoromethyl chloride at 254 nm, using mercury as sensitizer, leads to 
mercurous chloride and hexafluoroethane; in the absence of' mercury no 
cleavage occursa4. Benzene could also be acting as a photosensitizer in a 
reaction with pentachloroethane. Whereas hexachloroethane had no effect 
on the normal photochemical reactions of benzene, pentachloroethane 
adds to its5. The photochemical cleavage of a carbon-chlorine bond was 
assumed (reaction 311, a postulate inconsistent with the failure of hexa- 
chloroethane to react. Possibly, hydrogen chloride is initially eliminated 
from the pentachloroethane (15) to give tetrachloroethylene (I@, followed 
by it5 addition to benzene in a precedented manner (reaction 32)es. The 
product from this reaction was only identified by its spectroscopic 
properties and it has not been isolated. 

8 + L I 3  

Q+CC~*=CCI.+HCI (32) 

hv cc' CHClCC13 - qcc,2 (31 1 

Ci (1 5) 

(1 6) 
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The elimination of hydrogen chloride from a chloroconipound during 
photolysis was also observed with DDT (17), which first yields the ethene, 
DDE (18) before undcrgoing photochemical oxidation to 4,4'-dichloro- 
bemophenone and other productss7. 

8. Vinylic Hafides 

The photochemical properties of commercial insecticides of tlie poly- 
chlorinated type are of interest for ecological as well as for chemical 
reasons. Such insecticides are known to be sensitive to light and a i P .  
Irradiation of aldrin 19 in ethyl acetate afforded two principal products, 
the dechlorinated species 20 together with smaller quantities of the 
bridged compound 2P. By contrast, dieldrin 22, in which there is a 
greater steric compression between the bridging carbons, does not lose 
chlorine on photolysis, bond formation being preferredsg. Bridging occurs 
by internal hydrogen abstraction via a six-membered transition state 19a 
(e.g. reaction 34). 

hl., && -F 

CI CI 

CI CI 
CI (33) 

CI CI 
CI 
CI 

(20) (21 ) 
(1 9) 

Dechlorination must occur via carbon-chlorine bond homolysis, 
followed by hydrogen abstraction from the solvent. Dechlorinations 
analogous to the conversion 19 to 28 have also been observed for endo- 
sulphan (23) (in dioxan-water, but not in he~ane)~O and the chlordanes, 
e.g. trans-chlordane (24))"'. In the above insecticides only reduction of the 
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vinylic chlorine atoms was observed. Few studies have Seen made with 
simpler vinylic chlorides2. Wijnen has investigated the gas-phase photolysis 

O-so c,&cl 

CI CI CI CI CI c' CI CI 
(221 (23) (24) 

of cis-dichloroethylene. In this case acetylene and monochloroacetylene 
were produced. With unfiltered U.V. light a ratio of 9 : 1, respectively, of the 
t;vo acetylenes was formed but the ratio changed to 3 : 1 with light of 
wavelength < 220 nm, which suggested a wavelength dependence for the 
two products, a fact explained in terms of the products originating from 
two different excite? statesg2. 

Vinylic iodides are far more sensitive to light than the corresponding 
chlorides. Vinyl iodide (25) has been pliotolysed in carbontetrachloride 
solution to give hydrogen' iodide, iodine, ethylene, acetylene and vinyl 
chloride as principal productsg3. Dissociation to a radical pair (26) 
precedes loss of hydrogen in the formation of acetylene and ethylene is 
produced by reduction of the radical pair 26 with hydrogen iodide. Viny! 
chloride is obtained by abstraction of chlorine from the solvent (reaction 36). 
In this particular reaction little diinerization of the vinyl radical was 

CH,=CH' + CCI,.- CH,=CHCI + CCl; (36) 

observed. However, for the vinylic bromide 27 the major product, after 
irradiating it in sunlight, was the dimer 28". 

Me0 

Me0 

sunlight 
acetic 

' 
acid Me0 
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Alkyl-substituted vinylic iodides have been examined in order to 
determine whether the vinylic radicals formed retain their stereochemical 
integrity. Photolysis of (Z)-  or (E)-4-iodohept-3-ene (29 and 30 respectively) 
gave the indicated products (reaction 38)". The product ratios were isomer 
dependent, indicating some degree of retention of stereochemical character 
in the isomeric radicals produced upon carbon-iodine homolysis. Un- 
fortunately, the results were coniplicated by competing cis-trans isomeriza- 
tion of both the starting materials and the product olefins. cis- and trans-l- 
iodopropenes both gave the same yields of acetylene, methylacetylene and 
propylene upon irradiationD6. 

I 

(29) 
I 

h v  

m a n e >  

Acetylenic radicals are produced by irradiation of acetylenic iodides. 
Thus, photolysis of I -iodo-2-pkenylacetylene (31) in benzene gives good 
yields of 1,2-diphenyla~etylene~'. Radical attack onto the solvent occurs to 
give the product (see section V. A). The coupling of the acetylenic radicals 
with alkyi-substituted benzenes appears to be more efficient than with 
benzene itselfs8. Self-coupling of the acetylenic radicals can be favoured 
either by irradiation of concentrated solutions of the iodo-acetylene or by 
use of thin films of the neat material. In this manner, the iodo-acetylene 
(31) afforded the diphenyldiacetylene (32) in an optimum yield of 23Xg9. In 
an attempt to induce dimeric self-coupling, o-bisiodoethynylbenzene (33) 
was irradiated as a thin film. No cyclic poly-ynes were isolated, mainly 
polymers and a small quantity of the tetra-iodonaphthalene (34) being 
obtained. 

P h C G C I  P hC=C-CsCPh 

(31 1 (32) 
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C. AIIyIic Halides 

Benzylic halides are homolyticzlly cleaved by photolysisloO. Thus the 
fluorene derivative 35 reacts with 9-phenylfluorene (36) on irradiation to 
produce the dimer 371°1. 

(37) 

Ally1 iodide readily gives iodine in light but the fate of the allyl radicals 
thus formed has not been carefully determinedlo2. Similarly, the photolysis 
of allyl chloride in the p;escnce of mercury rapidly produces mercury salts 
and a solid described as a polymerlo3. Recently a more detailed study was 
reported on the unsensitized photolysis of aiiyl chloride, both as a liquid 
and, at low temperatures, as a solidl'. The primary reaction at 254 nm is 
homolysis of the carbon-chlorine bond (reaction 40) and no evidence for 
the elimination of hydrogen chloride in a primary reaction could be found. 
Examination of the reaction products revealed at least sixteen volatile 
components, the principal constituents being dimers. No cyclopropyl 
products were found from the photolysis carried out in the liquid phase. 
Furthermore, all the products could be explained in terms of homolytic 
reactions. In contrast, the sensitized photolysis of aIlyIic chlorides gives 
completely different products, the principal compound being cyclopropyl 
chloridelo5. Thus, photolysis of crotyl chloride 38 with acetone as the 
sensitizer gave the cyclopropyl chlorides 40 and 41. The cyclization was 
preceded by a fast equilibrium of the crotyl chloride with its isomer 39. 

(40) 
hv/254 nm 

CH,= C HC H,CI >CH,=CHCH; + c i  

hvlacetone 
CH,CH=CHCHZCI sensitizer CH,=CHCHCICH, + 

(38) (39) CH, CI CH3 

(40) (41 1 
Under similar conditions allyl chloride gave cyclopropyl chloride (19% in 
24 hours); allyl bromide behaved similarly. No free chlorine radicals are 
produced in the sensitized process since no chloroacetone could be detected. 
Two possibIe mechanisms for the Iatter reactions can be considered. The 
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more interesting mechanism involves the formation of a vibrationally 
excited carbonium ion-halide ion pair (42) which then recombines to give 
either the thermodynamically stable products (e.g. 38 and 39) O K  unstable 
products (e.g. 40 and 41). Although there is precedent for such an 'ionic' 
mechanismlOG, a corresponding triplet-state diradical mechanism could 
also explain the observed result. The diradical 43 could rearrange by 
either a i,2- or a 1,3-chlorine shift (reaction 43). Excited states with ionic 
character would be favoured by dipolar or protic solvents, whilst the 
diradical pair mechanism would be preferred in non-polar solvents. 
Ion-pair formation (e.g. 42) in polar solvents could take place by rapid 
electron transfer from initially produced diradical pairs (e.g. 43). 

,C.H, 

(42) 

RCH=CHCHZCI A RCH.'+ "CHp 
c 1- 

R C H C I ~ H - - C H ,  - ' RCHCICH=CH, 
/7  

RCH=CHCH,CI 2' R C H - ~ H C H ~ C I  / (43) 

bRblCHCIkH, - 
' Rvcl (43) 

A similar, sensitized reaction was also observed for the isomerization of 
the dibenzobicylic chloride 44 to the compound 45 lo'. However, when the 
a.,&unsaturated trichloromethyl derivative 46 was irradiated in the 
presence of both a sensitizer and bromotrichloromethane1OS, the brominated 
product 48b was obtained, along with the normal photoproduct 48a. 
The bromotrichloromethane must react with the activatcd intermediate 
47, which implies that under these reaction conditions it has a great deal 
of radical character. The absence of chloroacetone when acetone is used as 
a sensitizer implies that the activated diradical (e.g. 47) does not readily 
dissociate into free chlorine atoms and alkyl radicals. Exchange of the 
chlorine with a bromine from bromotrichloromethane, however, can occur 
since the bromine-carbon bond energy in this compound is relatively weak. 
The association of the chlorine radical with the substrate species attenuates 
its normal hydrogen-abstracting properties. 

The polyacetylene derivative 49, isolated from Centaura rutlzemia 
Lam, has been synthesized by photolysis of an appropriate allylic chloride 
precursorlog. 

Very little work has been carried out on the photolysis of propargyIic 
halides. In  one study, propargyl bromide was irradiated in the liquid 
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phase to give methylacetylene and a polymer. The sensitized photolysis of 
such systems has not been reportedllO. 

(W hv/acefone 

> \ /  \ /  
CI 

(44) (45) 

CI 
I 

CH3CH=CH- (C=C),-CH 

(49) 

(45) 

IV. WALOCAWBONYL COMBOedNDS 

A. Acyl Halides 

Diverse reports on the photochemical behaviour of carboxylic acid 
halides have appearedl1O5. For example, the photoreaction of azobenzene 
with acetyl chloride gives N,N'-diacetyl-4-chlorohydrazobenzene (9). No 
reaction occurs between azobenzme and acetyl chloride in the dark, even 
a t  reflaxl1I. This reaction probably does not constitute a radical process, 
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since only the mono-g-substituted chloride is farmed, as expected for an 
ionic mechanism. The reaction is probably an example of a photo-induced 
nucleophilic substitution reaction (reaction 46). 

CHjCO 

P!II!J-NQ~~ (46) 
J -  

CH,COCI 
PhN=NPh .& P h N = N  

+ 
CI- CH,COCI 

CHjCO 

(50) 

a-Cleavage of acyl halides by photolysis has been observed, particularly 
for acyl bromides112, producing acyl radicals. Besides the possible loss of 
carbon monoxide, such radicals can abstract hydrogen from suitable 
donors such as ethers (reaction 48) to produce an aldehyde. With acyl 
bromides the ether radical so produced adds on bromine (reaction 49). 
With acyl chlorides a different sequence of events has been observed. 
Initial hydrogen abstraction from an ether is effected by the chlorine 

(47) 

(48) 

CH,COBr hy CH,CO' + Br' 

CH,CO* + CH,CH,OCH,CH, ------- CH,CHO + CH,~HOCH,CH, 

CH,kHOCH,CH, + CH,COBr - CH,CO' + CH,CHBrOCH,CH, (49) 

hv CH,COCI + CH,CH,OCHzCH, -- HCI + CH,CH(COCHJOCHZCH, (50) 

radicals, the resulting acetyl and ether radicals coupling to form a new 
carbon-carbon bond (reaction 50). 

The photolysis of perfluoroacyl halides has also been studied. For such 
acyl fluorides bond cleavage occurs towards the alkyl chain and not across 
the carbonyl-fluorine link, the resulting perfluoroalkyl radicals (R,) 
coupling (reaction 51). The perfluoroalkyl chloride and bromide behave as 
expected, with a-cleavage occurring across the relatively weaker carbonyl- 
halogen bond, followed by loss of carbon monoxide and recoupling to 
form the lower polyfluoroalkyl chloride or bromide as the major reaction 
product113. 

R,COF hv R; + COF-; 2 R; - R ~ - R ~  (51 1 

In contrast to carboxylic acid chlorides, oxalyl chloride is extremely 
photolabile (reactions 52-57) and readily yields chlorocarbonyl radicals1'*. 
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Two primary cleavage reactions have been detected, which appear to be 
wavelength dependent. The first (reaction 52) is initiated by  light of 
wavelength 254 nm and the second by light at 366 nm (reaction 53). Both 
p;.ocesses lead to the formation of chlorine and ch1o:ocarbonyl radicals. 
Hydrogen abstraction from a substrate solvent followed by coupling with 

84254 nm 

hvl305 nm 
c l c o c o c l ~  2 COCI' 

clcococl > CI' + 'COCOCI 

'COCOCI - co + 'COCI 

COCI' ~ f co + CI' 

CI' + R-H > R' + HCI (56) 

R' + COCI' ------+ RCOCI (57) 

the chlorocarbonyl radicals yields acid chlorides. Cyclohexane is readily 
attacked and the reaction appears to be general for aliphatic hydro- 
c a r b o n ~ ~ ~ ~ .  In contrast alkylated aromatic substrates such as toluene tend 
to self-couple and chlorinate rather than add the chloroformyl group116. 
Ethyl chloroformate has also been used to substitute aliphatic compounds 
with ethoxycarbonyl groups117. 

B. a-Haloketones 

The first definitive work on the photochemistry of a-halokctones was 
carried out by Strachan and Blacetlls who found that two competing 
primary processes occur. These were the a-cleavage reaction (58) and 
carbon-chlorine fission (reaction 59). The acetonyl radical 51 can either 

(58) CICH,COCH, - 'CH,CI + CH,CO' 

(59) CICH,COCH, - CI' + 'CH,COCH, 

abstract hydrogen, to form acetone, or dimerize. Details of the excited 
states involved were not established. Extension of such photochemical 
studies to substituted phenacyl chlorides also revealed the occurrence of a 
novel rearrangement reaction. Thus, whereas phenacy! chloride could be 
photolysed in alcoholic solution to give, mainly, acetophenone, derivatives 
substituted with electron rich 0- or p-groups (e.g. 52) mainly produced the 
rearrar,ged ester 53 along with smaller amounts of the aryl chloride 
5rbU9. A radical process was favoured which involved the intermediaie 

hv 

hv 

(51 1 

(53) 
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55. Loss of chloride from 55 leads to the intermediate 56, which can be 
attacked by solvent to produce the ester 53. Alternatively, ketene loss can 
occur to give the chloride 54. 

X -@f --___ EtOH (53) 

-Y 
hv ~ x G , ; 6 H 2  -CH,CO (61 1 

\ (56) 

'--. (52) 

(55) 

(54) 

A more deep-seated rearrangement occurs in the photolysis of the 
chloroketone (57), obtained by the addition of chloroacetone to isatin. The 
principal product was 3-acetyl-4-hydroxycarbostyril (59). A mechanism 
involving initial honiolysis of the carbon-chlorine bond, to produce the 
radical 58, was proposed, followed by a hydrogen atom transfer from the 

61 
HO CH,COCH2CI 

o +  
H H H 

(57) (58) (62) 

COCH,COCH, 

H H 
__t a N H f o  - 

(59) 

hydroxyl group-an energetically unfavourable process-and ring 
expansion (reaction 63)lZ0. A preferable mechanism would involve collapse 
of the diradical 58 or its equivalent, to a cyclopropanone 60, followed 
by ring expansion to the product 59:  
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Initial carbon-chlorine homolysis probably follows excitation of the 
carbonyl group, representing one route for the collapse of the excited state. 
The addition of radical-quenching agents tends to alter the course of the 
reactions, thus supporting the evidence for an initial homolytic step. For 
example, in the presence of triethyl phosphite, photolysis of chloroacetone 
affords vinyl phosphate 61 and the ketophosphonzte Q2, together with 
ethyl chloride, triethyl phosphate, diethyl ethylphosphonate and biacetonyl. 
A dual mechanism leading to  the principal products 61 and 62 must 

CH,COPO(OC,H,), CH,COCH,PO!OC,H,), 
II 
CH, 

(51 1 

operate since formation of the vinyl phosphate 61 was not inhibited by 
radical scavengers, whilst formation of the phosphonate 62 was inhibited. 
The former product arises by  an  ionic reaction and the latter by a free- 
radical reactionlZ1. 

A detailed study .on the photolysis of the exo-chlorobicyclo[2.2.1]- 
heptenone (63) in methanol showed that the reaction could be neither 
sensitized nor quenched, indicating an excited singlet-state reaction for 
formation of the product 64 (reaction 64) Because of the lack of typical 
free-radical produced side-products an ionic mechanism was favouredlZ2. 

Fewer photoreactions with a-bromoketones 
novel reaction of the tetracycline derivative 65, 
66, has been examinedlZ3. 

H 
(64) 

have been recorded but a 
which afforded the isomer 

In the presence of or-naphthol, as competitor, little of the 7-bromo- 
derivative (66) formed, overall debromination occurring. This indicated 
debromination of the starting material with formation of free bromine or, 
in methanol, methyl hypobromite. Of the mechanisms considered, the 
results were best expIained in terms of initial loss of hydrogen bromide 
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followed by a redox reaction between the starting material and the hydrogen 
bromide to produce the ‘free’ bromine. The bromine liberated then reacts 
with the reduced substrate at position 7, the kncwn site of electrophilic 

NMe, 

hv/MeOH, (65) 
CONH, \ CONH, 

HO 0 B r O  0 HO 0 
HO H 
(65) (66) 

attack, to give the observed product 66. With the related model com- 
pound 67, reduction followed by cyclization to the flavone salt 68 
occurred, and no bromination of the phenolic ring was noted (reaction 
66)l%. 

C. Cfdoroacetamides 

A series of N-chloroacetyl derivatives of some pharmacodynamic amines 
have been photolysed. The amines used were generally derivatives of 
tryptophan and tyrosine. Thus, the tryptophan derivative 69 gave, after 
photolysis in methanol, the tricyclic derivative 70 in which a new carbon- 
carbon bond formed at position 4, a position not normally very reactive125. 
The 5-methoxytryptamine amide 71 behaved similarly, to produce 
dehydromelatonine 7212G* lZ7. 

Mechanistic studies of these reactions have been made. It was shown 
that chloroacetamide and methyl chloroacetate are efficient quenchers of 
the excited singZet state of electron-rich aromatic compounds, i.e. via 
intermolecular energy transfer. In contrast, methyl acetate and acetamide 
gave little quenching. Also, although the U.V. absorption spectra of 
N-acetyltryptamine and N-chloroacetyltryptamine are very similar, the 
former fluoresces at least fifteen times more efficiently than the latter, 
indicating intramoIecular energy transfer in the latter caselZ8. Examination 
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of the products from irradiation of chloroacetamide with anisole in water 
showed the major products to be the corresponding methoxyphenyl- 
acetamide@ and methyl chloroacetate behaved similarly128. As the 
polarity of the solvent was decreased far less of the substitution products 

formed. It was shown that the ratio of the methoxyphenyl acetamide 
isomers was characteristic of a free-radical reaction*30. 

Such photocyclization reactions have been extended to produce 
benzazepinones (e.g. 76) and azaazulenes (e.g. 74). Photolysis of O-methyl- 
N-chloroacetyf-L-tyrosine (73) in water rapidly afforded the azaazulene 
(74) (reaction 67)126. Such photochemical reactions are extremely sensitive 
to the nature of the substituents on the aromatic ring. The introduction of 
an extra methoxyl group into the aromatic nucleus 75 gave no products 
analogous to the azaazulene 74 but, instead, a complex mixture (reaction 
65)*31. 132. In tetrahydrofuran the same three products (76-78) were formed 
together with the medium ring compound 79, produced by radical attack 
on the methoxyl group. Ali the products can be rationalized in terms of 
initial carbon-chlorine homolysis. N-Chloroacetylmescaline ($0) gave 
products analogous to those from coinpound 75. In water some hydrolysis 
was observed but, in methanol, attack onto a methoxyl group was again 
noted (reaction 69) to give the product 81. During these reactions 
hydrogen chloride is liberated and this was titrated to monitor the extent of 
reaction133. Presumably such photocyclization reactions are general for 
electron-rich aromatic substrates. The naphthalene derivative 82 gave the 
cyclized product 83 on irradiation134, 
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C02H CO2H coy 

~ N H c o c H 2 "  Go H,O> b0 
Me0 Me0 Me0  

CI' (73) 

4 

Phenolic derivatives appear to react more siniply than their methyl 
ethers and the principal reaction products are the corresponding cyclized 
derivatives. N-ChIoroacetyI-m-tyramine (84) in aqueous ethanol affords 

rulHa0 
U 

(79) 

Me0 

0 

70% of the cyclic products 85 and 86 (ratio 10: 1) upon photolysis. 
Analogous products were obtained by the photolysis of more substituted 
phenols135. 
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Me 

M e 0  \ 

- 

""o".. 
' -6 0 

0 

A ffash photolysis examination of reaction (71) in aqueous solution 
showed that the first step was formation of a phenoxy radical, either by 
loss of a hydrogen atom from the phenol or by loss of an electron from the 
corresponding phenolate anion. It would be expected that the latter step 
might be preferred. The electron can be transferred either to the solvent 
or to the electronegative amide group, fdiowed by reductive cleavage of 
the carbon-chlorine bond. Coupling of the diradical species 87 so 
generated affords a cyclohexadienone species 88, which was also detected 
before its collapse to the phenol 85. The reaction involves only one 
photon136. The mechanism outlined for the amide 84 is corroborated by 
the fact that photoIysis of N-iodoacetyI rn-tyramine (89) in aqueous ethanol 
gives much less cyclization (1 1 %) than the N-chloroacetyl derivative, 
reductive elimination of hydrogen iodide predominating to give the 
acetamide 90. In this instance the major photochemical reaction is 
initial carbon-halogen cleavage135, reduction competing successfully with 
intrarnolecuIar cyclizatior, (reaction 73). 
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NHCOCH2CI - h Y "'01 + 
NHCOCH2CI 

(84) 
(as anion) 

f e  

(89) + I' 

EtOH ~ 

(73) 

V. AROMATIC HALIDES 

A. AryCation Reactions 

A recent revie+ on the photolysis of iodo-aromatic compounds 
stresses the ease with i;..lhich iodine-aryl bonds are broken upon photolysis. 
This ease of bond breaking reflects the relatively weak nature of this type of 
bond, with bond energy in the order of 230 Kj  mole-l. The free-radical 
nature of the bond cleavage was early recognized and it was also realized 
that such a process was a useful method for the preparation of aryl 
radicals13'. Phenyl and aryl radicals are valuable in synthetic work and 
optimum conditions for their ?reparation from iodo-aromatics by 
photolysis are now clearly delineated. The reactions (74-80) can occur: 

(74) 

Ar' + 1'- Ar-I (75) 

At' + I2 - > Ar-I + I' (76) 

Ar' + R-H - Ar-H + R' (77) 

Ar' + ArH -+ [Ar-ArH]' (78) 

(79) 

(80) 

hv Ar-I--> Ar' f I' 

Ar' + [Ar-ArH-J*- Ar-Ar + ArH 

I' + [Ar-ArH]' - Ar-Ar 3- H I  
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The homolysis of aromatic iodides can also be sensitized. For example, 
I-iodonaphthalece is relatively stzble towards light of wavelength 350 nm 
but it readily dissociates at this wavelength upon the addition of benzo- 
phenonelm. Iodine exchange has also been noted in the photolysis of aryl 
iodides (reaction 70)139. Hydrogen abstraction (reaction 77) by phenyl 
radicals is also known140, as well as abstraction of chlorine from carbon 
t e t r ach l~ r ide l~~~  142 and of bromine from bromoform4. However, one of the 
most important reactions of an aryl radical involves its coupling with 
aromatic substrates (reaction 78) and this section will concentrate on the 
utility of this process. 

In benzene aryl radicals undergo phenylation in preparative amounPO.  
For e?tamp!e, following the observation that the diiodocyanophenol 
(ionoxyl; 91), a herbicide and molluscicide, is more toxic in the presence 
of light than in the dark, its photochemistry in benzene solution was 
exploredlM. The diphenyl-substituted product 92 was isolated in 7 1% 
yield. The bromo-analogue, the dibromocyanophenol (93) behaved 
similarly, giving 92, but in lower yield. Some heteroaromatic iodides cail 

C,N 

OH OH 
(91 1 (92) (93) 

also be arylated by photolysis in aromatic solvents, for example 2-iodo- 
thiophen (94) gives Zphenylthiophen (95) in benzene solutionla. Some 
further examples are tabulated (Table 6).  Of particular notz is the selectivity 
of aromatic radicals produced in this way, arylation being the preferred 
fate. Hydrogen abstraction from both phenols and from aldehydes is a 
relatively inefficient side-reaction. Alkyl substituted iodo-phenols, however, 
seem to give lower yields of the arylated derivatives. 

§elf-coupling of aryl radicals is aided by carrying out the reaction in an 
inert solvent or with the neat iodo-aromatic compound and using a metal, 
such as silver, to scavenge the iodine radicals formed150. 

(a) (95) 

Polyiodobenzenes have also been photolysed (see Table 6). The intriguing 
possibility that o-diiodobenzene 96 would give benzyne upon photolysis 
has been confirmed. Photolysis of the diiodide 96 in the presence of 
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TABLE 6. Phenylation of iodoaromatic substrates and related compounds 
~~ ~ 

Starting material Product Yield Reference 

1 -1odo-2-phenyl-acetylene 
Benzoy! iodide 
2-Iodobenzaldehyde 
4...lodobenzaldehyde 
Iodoacetic acid 
Cyanogen iodide 
2,4,6-Triiodophenol 

Ph 

" O a h  Ph 

OH 

Ho+; I OH 

CHO 

I 
on 

C H 3 i Y H 3  f 

Tolane 
Benzophenone 
2-Phenylbenzaldehy de 
4-Phenylbenzaldehyde 
Phenylacetic acid 
Benzonitrile 
2,4,6-Triphenylphenol 

Ph 

Ph 
OH 
Flh 

"')@;h Ph 

OH 

Ph 4 OH Ph 

OH 

""VH3 Ph 

50 
12 
95 
90 
67 
50 
45 

53 

145 
145 
145 
145 
145 
145 
146 

147 

12 147 

20 148 

10 149 

tetracyclone 97 gave the expected naphthalene derivative 98151. How- 
ever, in the absence of a trapping agent the iodide 96 only gave 2-iodo- 
biphenyl and small amounts of biphenyl 99 and triphenylene 100, the 
latter arising from further cyclodehydrogenation of o-terphenyl 
No biphenylene 102, as expected from benzyne, was formed. Since the 
tetracyclone derivative 98 could have been formed by a two-step radical 
process, rather than by a trapping reaction of benzyne, o-diiodobenzene 
96 was photolysed in deuteriomethanol. Mass spectral analysis of the 
anisole produced showed that it was principally monodeuterated (i.e. 103), 
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as required for the intermediacy of benzyne4. Neither in- nor p-diiodo- 
benzene gave significant quantities of anisole upon photolysis in methanol. 
The absence of even traces of biphenylene from the photolysis of 96 in 

benzene153 can only be explained by a reversible reaction of the benzyne 
with the iodine liberated, i.e. the concentration of free benzyne is always 
exceptionally low. 

Bromobenzenes also undergo photochemical bond cleavage and 
arylation with aromatic solvents but not so efficiently as for the correspond- 
ing 155. Whereas iodophenols arylate in benzene (see Table 6), the 
bromophenol PO4 does so only poorly156. The major product was the 
diphenoquinone 185, which must arise by formation of the corresponding 
phenoxy radical 106. Since 4-bromo-2,6-xylenol also gave a poor yield of 
phenylated product it is presumed that the bromine radicals initially 
produced react preferentially with starting phenol to produce the phenoxy 
radical 107 and hydrogen bicjmide. Coupling of the radicals 106 and 
107, followed by loss of hydrogen bromide, gives the quinone 1105 
(reaction 83). 
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Aromatic chlorides are also ph~ to lab i l e l~~  a i d  can be arylated. In 
benzene phenylation occurs with formation of the corresponding biphenyl. 
Interestingly, only one chlorine atom could be replaced by phenyl with 
4,4'-dichIorobibenzyl (108), the product 109 being photostable. 

t-Buey;; OH 

(W 

b e n z e n e  h I! >- i - B u g u - t  

Bu-t  

Sr 
(W 

OH 0' I I  

i-Bu$Bu-i 

Lr!;@Bu-t ~ M3uQBu-t + HBr i - B u  0 

Br Br l -HBr  

(1 07) 
0 

h, . /benzene  

CI c1 Ph 
(108) (1 09) 

To account for this stability intramolecular quenching of the excited 
phenyl chloride ring by the biphenyl group was invoked. Thus the biphenyl 
group acts as a photochemical m3derator, quenching further substitution. 
Likewise, the a-naphthyl derivative 110 was also found to be photo- 
chemically stable to further phenylation in benzene. 



11.  Photochemistry of the C-X group 
B. PhQtQCyCli2atiQnS 

777 

Intramolecular arylation reactions via photolysis of carbon-halogen 
bonds are useful for the preparation of cyclized products. In this context 
the 1-(o-halogenopheny1)-naphthalenes (111) gave highly informative 
results. Whereas the chloro-compound (111, X = Cl) inainly gave 
fluoroanthene 112, the iodine derivative (111, X = I) gave little fluoranthene 
and mainly 2-(&-naphthyl)-biphenyl (113) and its further cyclized product 
benao[g]cl~rysene (114), whilst the bromine derivative (111, X = Br) 
exhibited intermediate behaviour. Fluoranthene 112 was got formed 
from 1-phenylnaphthalene even after extended photolysis times. The 
iodo-derivative inust react via homolysis of the carbon-iodine bond 
followed by the preferred arylation reaction with the solvent benzene. In 
this case the reaction can be sensitized with benz~phenonel~~ although 
neither the bromine nor the chlorine derivatives gave detectable quantities 
of products on sensitization, implying, in these cases, reaction via an 
excited singlet state. However, since similar products are formed from all 
three halides, albeit in different ratios, a common interniediate is implicated 
and this can only arise via initial homolysis of the carbon-halogen bond. 
Of interest is the observed photoreaction (scheme 85) of the I-halogeno-8- 
phenylnaphthalenes (115) into the corresponding 1-(o-halogenopheny1)- 
nailhthalenes (111)-a result again consistent with homolytic cleavage 
reactions. A kinetic explanation for the variation in product yields was 
formulated. Thus, a rapid equilibration of the radical 116 with the radical 
I17 should occur by intramolecular arylation. Since the radical 117 is 
strained the equilibrium will lie largeIy in favour of the radical 116, 

00 &$& 00 00 
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which can also undergo a much slower equilibration with solvent benzene 
to form the radicsl 118. Chlorine coradical, which are extremely 
reactive, will immediately quench the radical 117 to give fluoranthene 
112, whilst iodine radicals are much poorer hydrogen atom abstractors 
and hence wilI allow formation of the radical 118, from which hydrogen 
abstraction yields 1-(wnaphthy1)biphenyl (113)159. 

The preferred cyclization path of the phenyl ether 119 was to give the 
five-membered furan derivative 120 and not the xanthene 1211@3. 

(112) f- 

(1 I 7) (1 16) (1 18) 

Intramolecular photocyclization reactions can be extremely efficient. 
The substituted stilbene 122 gave the methyl ester of aristolochic acid 
123, a tumour inhibitor, in 54% yieId; normal chemical methods for the 
synthesis failedlsl. This reaction again proceeds via homolysis of the carbon 
iodine bond, since neither the corresponding 3'- nor 4'-iodo-isomers 
photocyclized, thus ruling out the possibility of dihydrophenanthrene 
intermediates1G2. 

(1 19) (1 20) (1 21 1 
The iodobenzanilides 124 and 125 also cyclize with ease upon 

irradiation in benzene to give phenanthridone 116, but with considerable 
amounts of phenylation also occurring163. The former iodide I24 gave a 
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rather low yield of phenanthridone (see reaction 89). In contrast, the 
N-methyl analogue 127 gave a reasonable yield of the corresponding 
phenanthridine 128, together with the spirodienes I29 and 130 la. 

(1 221 (1 23) 

These trends can be rationalized in terms of the preferred ccnformations 
of the amide bond. For the amide 124 this would be with a trar~s- 
arrangement, from which intramolecular arylation can only occur after 
rotation about the amide bond. With the N-methyl-analogue 127 either 
conformation about the amide bond is possible, spectral evidence indicat- 
ing a preponderance of the cis-isomer (9 : 1) at O'C, hence allowing easier 

+ 
(90) 

2 

(127) 

(128) 0 

(1 29) 
4- 

0 
(435) 
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approach for intramolecular arylation. Presumably, for the iodoaniline 
derivative 125, spirodienone formation does not compete well with the 
intra- and intermolecular arylation reactions. 

C. Alkaloid Synthesis 

Photocyclizations of the type outlined in section V. B, have been used 
extensively for the preparation of alkaloids, particularly for those of the 
aporphine typele5. For example, photolysis of the precursor 131 gawe 
N-benzoyi-nor-nuciferine (132) in 38% yield. The intramolecular coupling 

of some bromophenols has LAO been demonstrated. Thus the p.enol 
133 cyclized to the spirodienone 134 as one of the products. When the 
reaction was carried out in the presence of sodium borohydride the 
photosensitive dienone 134 was reduced to the corresponding dienol 
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135 (reaction 92)lGC. This sequence of reactions has been adapted to the 
cyclization of benzyl-tetrahydroquinolines. In the synthesis of pronuci- 
ferine 137, for instance, a 20% yield was obtained from the precursor 
136lS7. In the absence of sodium borohydride yields are poor since the 
dienone itself is extremely photolabile16*. 

M e 0  J y  
Me0 

(1 38) 

M e 0  J y  
I 

M e 0  

(1 39) 

(94) 

The site of the phenolic hydroxyl group tends to control the point of 
cyclization, which is either orrho- or para- to it. The bromophenol 138 is 
cyclized ortho- to the phenolic group, yielding the aporphine skeleton 
1391G9 in high yield (52%). In contrast, the more hindered bromine 
derivatives, such as compound 140, also yield some para-coupled product, 
leading to the morphinandienone alkaloids170, in this case giving small 
quantities of salutaridine 141171 (reaction 95). 

OMe 

-.-. . 

M e 0  

By the appropriate modification of the above reaction the crinine skeleton 
can be synthesized1729 173. The precursor (142) after photolysis in aqueous 
base, followed by reduction, gave ( + )-epicrinine (143) (reaction 96). 
Although yields of these reactions are often low, the simplicity of such 
a direct entry into the bridged alkaloid systems will be of increasing 
~ignificancel~~. It is tempting to suggest that these phenolic bromides react 
by a mechanism similar to that established for aryl substituted chioro- 
acetamides (see section IV. C).  
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VI. AROMATIC SUBSTITUTION REACT1 ONS 

A. Homolytic Substitution Reactions 

Aryl radicals, besides addition to aromatic substrates, as described in 
section V, can interact with a variety of reactants. Halogen exchange 
reactions have already been referred to (section V. A). Reduction of aryl 
radicals is also possible14o. An example is the formation of aryl ketones 
from bromoaryl ketones upon photoiysis in toluene. Intramolecular energy 
transfer from the n+n* excited state of the carbonyl group is implicated, 
the excited state lying some 330K, mole-l above the ground state. This 
excess of energy is sufficient to allow cleavage of the carbon-bromine 
bGnd but not sufficient for homolysis of the related aryl chlorides (bond 
strength ca. 370Kj mole-l) which were not reduced under similar 
reaction conditions174. Subsequently, it has been found that chlorobenzene 
itself, which has excited state energies over 370Kjmole-l above the 
ground state, can be photoreduced. The reduction also proceeds at  a 
similar rate for bromo- and iodobenzene and requires the presence of a 
hydrogen donor such as i s o p r ~ p a n o l ~ ~ ~ .  High yields of benzene and the 
coproduct, pinacol, are formed. The reaction proceeds by carbon- 
chlorine bond homolysis. The stability often attributed to some aromatic 
chlorides must therefore occasionally reflect the availability of excited 
states of energy lower than that required to break the carbon-halogen bond 
(vide supra). Alternative reduction mechanisms can also operate. Charge- 
transfer donation of an electron to the aromatic halide nucleus from an 
electron-rich donor can occur after photolysis. The radical anion so formed 
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can then lose a ha!ide ion to form an aryl radical (reaction 97). Dlmethyl- 
aniline has been used to  reduce chlorobenzene in this way, the hydrogen 
being abstracted from the solvent methano11'0. 

Me,WPh 4- PhCl [Me,NPh]+'[PhCI]-' 

bfcOH +. - Me,NPh + CI- f Ph'; Ph*------t PhH (97) 

Hydrogen sources such as trialkyltin hydrides are also efficient reducing 
agents, especially for iodo- and bromo-benzenes. Triethyltin hydride reacts 
*;vith 2,6-dich~orobromobenzene at 254 nm to give 1,3-dichlorobenzene in 
97% yield177. 

Trivalent phosphorus compounds are also efficient aryl radical traps, 
trialkyl phosphites giving dialkyl arylphosphonates (reaction 98). Under 

ArI + P(OR), - ArPO(OR), + RI (98) 

carefully controlled conditions the further reaction of the alkyl iodide 
produced with more trialkyl phosphite, via a normal Michaelis-Arbusov 
reaction, can be minimized178. The proposed nechanism is shown in 
reactions (99-101). Aryl bromides behaved similarly although fluoro- and 

ArI- Ar' + I' (99) 

P(OR), + Ph' - Ph+O(OR), (1 00) 

+ 
I' + PhbfOR), - PhP(OR),I- - PhPC)(OR), + RI (101) 

chloro-benzenes appeared to be inert. In contrast, an investisation of a 
variety of dihalogenobenzenes showed that both p-iodochlorobenzene and 
p-bromofluorobenzene reacted with trimethylphosphite on photolysis to 
give appreciable quantities of the bis-phosphonate 144. A more detailed 

yO(OMe)2 yO(OMe)p 

Q 8 
bO(OMeIn CI 

(1 (145) 

examination of the reaction showed that the monophosphonate (e.g. 145) 
was first formed, this phosphorus substituent then activating the aromatic 
ring towards further substitution, leading to displacement of the second, 
normally inert, halogen atom179. 
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Iodobenzene also reacts with phosphorus tribromide but the reaction 
may proceed by initial homolysis of the phosphorus tribromidels0. Boron 
halides behave similarly with aryl iodides, hydrolysis of the product 
forrning arylboronic acids. 

0. ‘Nucleophilic’ Substitution Reactions 

Enhancement of nucleophilic aromatic substitution rates in excited 
states was first exploited by Havinga aild coworkers181 and has since been 

Aromatic halogen compounds can also be activated in this 
manner. Despite the resistance ofthe carbon-fluorine bond in fluorobenzene 
to dissociate homolytically, the excited state of the phecyl ring can add a 
nucleophile, followed by displacement of a fluorids ion. Piperidine can 
react with fluorobenzene in this manner, to give N-phenylpiperidine, whilst 
cyanide ion leads to benzonitrilelM. Two mechanisms can operate. 
Nucleophilic attack on an electron-deficient excited state would lead to a 
o-complex, which can then eliminate an anion. Alternatively, and perhaps 
more commonly, electron transfer from the nucleophile to the excited state 
of the aromatic substrate to form a charge-transfer complex could precede 
collapse of the o-complex. Chlorobenzene behaves similarly to fluoro- 
benzene with nucleophiles, but less efficiently because of the competing 
direct homolysis (at 254 nm). A similar photonucleophilic displacement of 
fluoride ion is observed with substituted benzotrifluoride~~~~ and with 
trifluoromethylnaphthols1E6. 

[P hF1-O [ N 3’ 

It was found that m-hydroxyl- and m-aminobenzotrifluorides are 
extremely susceptible to photohydrolysis, giving high yields of the corre- 
sponding benzoic acids, thus correlating with the excited state electronic 
distribution. In the ground state these trifluorides are very stable towards 
hydrolysis. 

1-Bromonaphthalene is also photolysed under hydrolytic conditions to 
give, besides naphthalene, the hydrolysis product 1 -naphthol. At low 
pH ((S),  water is the nucleophile, whilst at greater pH hydroxide ion 
attacks18’. 

The formation of charge-transfer complexes, in the excited state, 
between halogenobenzenes and donors is enhanced with electron availability 
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in the donor (see section V L  A;)176. For example, chlorobenzene is nornially 
inert to irradiation at  310nm, but reacts with dimethylaniline at  this 
wavelength to produce chloride ions. Electron donation from the dimethyl- 
aniline to the aromatic substrate precedes loss of a chloride ion and forma- 
tion of a phenyl radical. In the absence of a reducing agent the phenyl 
radicals can couple with the donating speciesles. Even aliphatic chlorides 
can react in this way, dichloromethane giving the adduct 146 (scheme 
1O3)lBB. 

M e z N P h  + CH,CIp Me,+"Ph + h i , C ~  + ci- 

(146) 

The sensitivity of halogenophenols towards photolysis is well docu- 
mented. In dilute aqueous alkali, bromo- and chlorophenols lead to the 
corresponding dihydroxybenzenes together with some of the correspond- 
ing reduction product (phenol)lgO. A more recent study on the photolysis of 
phenols under neutral conditions showed that whereas o- and p-chloro- 
phenols underwent reductionl'j, the tn-isomer gave predominantly 
photosubs t i t~ t ion~~~;  m-halogenoamides behaved similarly and so did 
chlorophenyle~ters~~~. The very high reactivity of m-chlorophenol with 
nucleophiles, on photolysis, was demonstrated by irradiation in aqueous 
dioxan. Besides phenol, the principal product was the ether 147. That 
little dihydroxybenzene was formed implies a charge-transfer process. By 
comparisou with rn-chlorophenol the bromo-analogue gave far more of the 
reduction product, phenol, whilst m-iodophenol gave only the reduction 
product. 

hvlaq. dioxan 
(1 04) 

&c,-& 6dPl C F - &  OCH,CH,OCH,CH,CI (147) 

L o  
Under basic aqueous conditions solvolysis of p-chlorophenol gave 

coupled products such as 148-150, besides hydroquinone and a little 
phenol. The yield of hydroquinone again increased in the order I < Br < C1 
whilst that of the phenol and the biphenyl 850 increased in the order 
C1< Br < I. Hydroquinone formation also increased with hydroxide 
concentration. The rn-isomer mainly gave resorcinol. In the presence of 
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cyanide ion the p-isomer gave p-hydroxybenzonitrile, but the m-isomer 
again gave mainly resorcinoP93. 

In order to explain these results, for the p-isomer, an initial carbon- 
halogen dissociation was again postulated (scheme 105). Coupling of the 
initial radical 151 to the starting phenol leads to the biphenyls~~148, 
149 and 150. Hydrogen abstraction gives the phenol and attack by 
hydroxide ion gives hydroquinone. Hydroxide attack probably takes place 
with electron transfer to the departing halogen atom 152. Self-coupling of 
the phenyl radicals was discounted since their encounter rate would be too 
low. The increased amount of nuclecphilic substitution of the rn-isomer 
probably reflects the stronger electrophilic character of this position in the 
excited state, the substitution at this point being mainly ionic in character. 
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C. HeteroarGmaaic Halides 

Scattered studies on the reactivity of halogenated heteroaromatic 
systems have been reported. A brief survey of some trends in this area is 
presented. 

Intramolecular cjdization takes place when 2-bromo-N-benzyl- 
pyridinium bromide (153) is p h o t o l y ~ e d ~ ~ ~ .  Treatment of the salt produced 
with one equivalent of base gave the indolizine 154. 2-Bromophen- 
acylpyridinium salts also cyclize on irradiation to form 7-hydroxybenzo[a]- 
quinoliziuium salts (e.g. 155); both reactions proceed in high yield. In 
contrast, neither N-methyl-2-bromopyridiiiium bromide nor N-(4-nitro- 
benzyl)-2-bromopyridinium bromide reacted under similar photolysis 
conditions, using water as solvent. In the former case a rapid back- 
reaction predominates, whilst in the latter case intramolecular deactivation 
of the excited state might be responsible. 

Many of the reactions of heteroaromatic halides should be analogous to 
those of the parent benzene analogues, such as the phenylation observed 
for the thiophen iodides144 (reaction 81). With some heteroaromatic 
substrates such reactions have to compete with those characteristic of the 
heterocyclic substrate. Photochemical reactions of pyrimidines fall into 
this class, both additions to the azomethine link and apparent substitution 
of the halogen atom occurring. 5-Bromopyrimidine (156) gave 4-hydroxy- 
methylpyrimidine (957) upon irradiation in methanol (reaction l07)lg5. 
Reaction proceeds by initial abstraction of hydrogen from a solvent 
molecule by an excited pyrimidir,e species. The hydroxymethyl radicals so 
formed then alkylate the starting pyrimidine to give the radical 158. 
Hydrogen transfer to 158 completes the addition of the solvent and this is 
followed by loss of hydrogen bromide to give the observed product 157. In 
this case no direct involvement of the bromide substituent occurs in the 
photochemical step. 
2,4-Dimethoxy-6-chloropyrimidine (159) gave several photochemical 

products by reaction in rnethanoPg6. Direct reduction of the carbon- 
chlorine bond, via hornolysis, produced the pyrimidine 160. Photo- 
nucleophilic substitution also occurred, to form the methoxyl ether 161, 

27 
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/ + 
B r- 
(1 53) 

Br- 
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as well as photoalkylation with methanol, followed by loss of hydrogen 
chloride, leading to the pyrimidines 162 and 163. 

Reduction of bromopyrimidines is aided by the presence of au electron 
donor. Thus diethylamine reacts with the excited substrate 164 to give, 
mainly, the reduced compcjund 1651g7. Because of the relatively high 
concentration of diethylamine required for the reduction a short-lived 
excited species was suggested, probably an excited singlet state. 
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1. INTRODUCTGON 

Halocarbons have acquired a fundamental importance in radiation 
chemistry, primarily through their often high electron affinities. They are 
widely used as electron scavengers and preferentially interfere with ionic 
reactions. As a result halocarbons are used in a vast number of studies, 
making it difficult to reach an overall view of the subject. This is reflected 
by the number of papers which report applications of organic halides: 
well over two thousand for the period of the last six years. In spite of this 
fact, no review has yet been written to cover the radiation chemistry of 
halocarbons exclusively. Rather, many aspects are treated under widely 
sczttered headings. It is obvious that a proper choice of papers, pertinent to 
the present chapter, is not an easy task. Studies which use halocarbons 
merely as a tool to scavenge electrons or ionic species without particular 
reference to the basic process involved, will not be discussed here. Further, 
the discussion will be limited to systematic studies of the molecular 
processes, the elementary reactions and transient particles invdved 
(sections 11-VI). By far the most information is available for reactions with 
thermal electrons (section 110. During recent years the knowledge of 
non-thermal electron reactions has rapidly increased, and the techniques of 
electron-swarms and near-monoenergetic electron-beams have made 
available extensive data on electron-attachment cross-sections as a 
function of the electron energy (section II). Radical reactions are not 
clearly separable from reactions in photochemistry, but a number of 
radiation chemical aspects will be treated in section VI. Only little specific 
information about ionic processes (section IV) and excited states (section V) 
is available. In the latter case many more facts are derived by photo- 
chemical methods. 

The selected papers for sections 11-VI happen to be mostly from the last 
three to four years. This is surprising since halocarbons have always been 
of interest to radiation chemists, but the development of techniques and 
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methods in recent years, such as the nanosecond or picosecond pulse 
radiolysis, the electron spin resonance or” transients i!i !i.;uic! systems, 
the near-monoenergetic electron beam technique, etc., are obviously 
responsible for this accelerated activity. 

Quite clearly many very interesting papers, particularly those about the 
radiolysis of pure halocarbons, their mixtures with non-halogencompounds 
and others are lost by such a selection on the principles of molecular 
processes. In section VII a selected number of pure halocarbons will be 
discussed, with the following twofold aim: (i) this discussion should fill in 
the Izck of information which is compound-oriented, and (ii) it might 
serve to illustrate the preceding sections. Lack of space within the present 
scope demands that the examples are limited in number; o ~ l y  references to 
newer studies will be given. Although the selection principles for the whole 
chapter are rather personal, the author hopes that the text is more useful 
this way than a complete coverage of the radiolysis results of the many 
individual halocarbons could be. 

For the reader who is not familiar with radiation chemistry, a few 
important facts and definitions might be reviewed : 

(1) The chemical effects of ionizing radiations almost exclusively occur 
through the secondary electrons, which are formed in the primary ioniza- 
tion act. Their energies are preferably less than about 100 eV, but a small 
fraction of the secondary electrons are of energies well over 1000 eV. First, 
the secondary electrons move and collide with their surroundings within 
the Coulomb Eeld of their cation. If an electron is thermalized before it 
escapes from this Coulomb field it will be recaptured by its own cation. 
Such an ion pair is called geminate. Otherwise it will move freely within the 
system until it finds another cation (not its own) or an electron-accepting 
molecule or is trapped in the medium. Such an electron is called a free 
electron, belonging to a free ion pair. 

(2) Electron reactions are often considered to occur with thermalized 
electrons. This need not always be so. For reactions with non-thermal 
electrons see section 11. Duritlg the thermalization process of an electron it 
passes various typical energy regions. (i) If the electron energy E, is above 
the ionization potential Ip  of the surrounding molecules, the electron can 
ionize or excite to various, rather high-lying, electronic excitation levels. 
(ii) Lf E, is below Ip  but still above the lowest excitation level, it will lose 
energy primarily through excitation. (iii) If E, is below the lowest excitatim 
level but above thermal it is called a subexcited electron. It will lose 
further energy by scattering processes and formation of temporary 
negative ion ststes. This subexcited energy range is the main object of 
reactions with halocarbons discussed in this chapter. 
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(3) All results discussed in this chapter are derivcd from experiments 
with low Linear Energy Transfer (LET), y- and electron-irradiations. For 
halocarbons no particular results are known about effects from densely 
ionizing radiation, as from protons, or-particles, etc. (high LET). 

(4) Yields from irradiations are always expressed by the G-value, 
which is defined by the nur.ber of particles produced (or consumed) 
per 190 eV absorbed energy in the system. Dose units are 1 rad = 100 
erg]g = 6.243 x 1013 aV/g. 

C B .  ELECTRON ATTACHMENT 

Of all the energies an electron attains during the thermalization process 
(see preceding section) the subexcitation energy range is one of the most 
interesting, concerning electron reactions with halocarbons (or any 
molecule with finite probability for negative ion formation). The thermaliza- 
tion process for subexcited electrons is governed by scattering processes 
and by temporary negative ion formation. If this negative ion state decays 
by autoionization the net result is a loss of energy for the electron involved. 
But if the negative ion state splits into an ionic plus neutral fragment or is 
itself a long-lived anion, the electron is trap2ed. This process is called 
electron attachment, being dissociative if fragments are formed immediately. 
Such processes have wide interest, not only in radiation chemistry, but also 
in upper atornosphere chemistry, chemistry of the electrical breakdowns of 
dielectric mediums, biochemistry and quite generally in organic chemistry 
for electron transfer reactions. It is believed that the toxicity of halocarbons 
is most likely due to electron capture processes. 

In recent years electron attachment reactions were studied very actively 
on a niolecular level, particularly with electron swarm and beam techniques. 
These studies are treated in a recent book by Christophoroul and in 
various reviews (e.g. references 2 and 3). The present section is an attempt 
to summarize the important facts for halocarbons. 

A. Basic Processes 

An electron of energy E, which is captured by a halocarbon molecule 
will initiate one or several of the reactions (la)-(ld). pai,pa, paa andp,, are 
the probabilities for autoionization, attachment, dissociative attachment 
and stabilization, respectively. Similarly the reaction cross-sections are 
labelled uai, us, ad& or us,, and uo is the cross-section for the formation of 
the transient negative ion state (RX-)*, normally in some excited state 
(electronic, vibrational and/or rotational). Its decay through autoioniza- 
tion (reaction la) corresponds to elastic scattering if RX remains in the 



12. Radiation chemistry of the carbon-halogen bond 799 

ground state, or inelastic scattering if RX is reformed in an excited state. In  
the dissociative electron attachment (reaction lc) a chemical bond is 
broken. For halocarbons this is typically the carbon-halogen bond. The 

co3isional stabiiization (reaction Id) is characterized by its pressure 
dependence, in contrast to reaction (lb) where the anion is stable because 
of a minimum in the potential energy surface. But with halocarbons the 
dissociative electron attachment and the autoionization are the most 
favoured processes. The lifetime of the transient negative ion (RX-)* can 
be as short as 10-14 s (one vibrational period) or more than milliseconds 
(see section 11. C. 2). The anion is somewhat arbitrarily said to be short 
lived if it cannot be detected in a mass spectrometer (T? <microseconds) 
and long lived otherwise (T+ > microseconds). 

The electron-capture prdcess is a vertical transition (Franck-Condon 
principles). The relaxation of the molecular structure therefore occurs after 
the electron is attached. For many halocarbons this relaxation process is 
identical to the breaking of the carbon-halogen bond. Therefore, the 
molecule Rx suffering a dissociative electron attachment is considered 
diatomic-like. The process can be described by two-dimensional potential 
energy diagrams (see Figures 1 and 2). Before discussing these diagrams 
three important energy terms must be clearly defined: 

(1) The electron-afinity (EA of a particle) is defined as the difference in 
energy between the neutral molecule plus an electron ar rest at infinity and 
the molecular negative ion, all particles being in their ground states. The 
actual determination of EA-values is not straightforward. There is no 
experimental method known which is beyond any criticism. This difficulty 
is related to the necessary condition of ground state for all particles involved, 
including the negative ion state. Table 1A lists all E,-values known today 
for halocarbon molecules and radicals. 

(2) Because of the inherent difliculties in measuring the electron 
affinities Christophorou and ComptonlG introduced the Vertical Attach- 
ment Energy (VAE). This is defined as the difference ic energy between the 
neutral molecule in its ground state plus an electron at rest at infinity and 
the molecular negative ion formed by addition of an electron to the neutra! 
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TABLE 1A. Electron affinities (EA) for halogen compounds 

. Compound EA (ev) Method" Reference 

Ha Iocarbons 
p-Chloranil 

p-Bromanil 
p-Iodanil 
Fluorobenzoquinone 

CCl, 
CHCl, 
CZClO 
Perfluorocyclobutane 

Fluorobenzoquinonyl 
Ha Ioradica Is 

CCI, 

C*CL 

F:! 
c12 

Inorganic moleculesb 

Inorganic radicals" 
F 
c1 
Br 
I 
SF, 
ClOZ 
CIO, 
clod 

2-59 
2.5 k 0.3 
2.6 
2.56 
2.2 ( ?) 
1.5 f 0-3 
2.12 
1 a75 
1.47 
0.61 

2.4 k 0.14 
2.34 

2 2.1 f 0.35 
1 -44 
1.52 

2.9 k 0.22 
2.52 k 0.17 
2.87 f 0-14 
2.6 k 0.1 
1-5 f 0.2 
1 -3 

3448 _+ 0.005 
3.61 3 k 0.003 
3.363 e 0.003 
3.063 f 0.003 
3-66 k 0.04 
2.8 
3.96 
5.82 

f 

f 
f 

C 

C 

C 
C 
C 

C 

b 

C 

e 
b 
C 

C 

b 
b 
b 
b 

b 

a 
a 
a 
a 

e 
d 

C 

C 

- 

4 
5 
4 
4 
5 
1 7 5  

- 6  
6 
6 
7 

5 
8 
9 
6 
6 

10 
10 
10 
10 
11 
7 

12 
12 
12 
12 
11 
13 
14 
15 

a a = photoabsorption; b = electron impact; c = equilibrium; d = lattice energies; 

Listed values for inorganic halogen compounds are for comparison only. They 
e = estimated; f = charge-transfei spectra; g = electron scattering. 

represent a best choice, but are not complete. 

molecule without allowing a change in the internuclear separations of the 
nuclei involved. The vertical attachment energies for a series of aromatic 
halides are given in Table 1B. They are expected to be smaller than the true 
electron affinity of the molecule**16. 
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(3) Another parameter often used is the Vertical Detachment Energy 
(VDE) defined as the minimum energy required to eject the electron from 
the negative ion in its ground state without changing the internuclear 
separations. The vertical detachment energy is easily obtained, but the 
neutral molecule is often produced in an excited state. The VDE-value is 
therefore not identical to the electron affinity. 

TABLE 1 B. Vertical attachment energies {VAE) 
for aromatic halogen compounds, determined 
by electron-scattering (these values are expected 
to be lower limits for the electron affinities) 

Compound Reference 

1,3 ,STrifluorobenzene 
o-Dichlorobenzene 
m-Difluorobenzene 
Bromobenzene 
Chlorobenzene 
o-Chlorotoluene 
Fluorobenzene 

- 0.3 
- 0.4 
- 0.6 
- 0.8 
- 0.9 
- 1.1 
- 1.2 

17 
18 
17 
18 
18 
18 
18 

The typical potential energy curves for electron-attachment in Figcis I 
will illustrate the definition for EA, VAE and VDE. Because the electron- 
attachment process is vertical, it is clearIy a resonance process: only a 
narrow range of electron energies as indicated by the hatching (Franck- 
Condon region) is effecth. In Figure 1A a purely repulsive negative ion 
state is shown. In the region marked A1 the energy of the negative ion 
state formed is above the neutral state. There is a finite probability for 
autoionization in this region. Both the reactions (la) and (lc) may take 
place. The probability of interest for reaction (Ic) will be given by the 
cross-section ada for dissociative electron-attachment. If the negative ion 
potential energy curve does show a shallow minimum this will not alter the 
dissociative process because of the excess kinetic energy of the fragments. 
In the case of Figure 1B a stable anion can be formed for all vertical 
transitions with E(RX-*) <El.  For energies above El the attachment is 
dissociative and therefore reactions (lb) and (lc) can occur. The dissociative 
attachment cross-section will have a vertical onset at El, corresponding 
to the appearance potential of X-. As a result the values for aaa as well as 
the width of the resonance will be smaller. In Figure 1B the R-X separa- 
tion for the ground state anion is much longer than for the neutral 
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molecule. As a consequence the vertical detachment energy (VDE) is quite 
different from the electron affinity E,(RX). In Figurz 1C the electrons are 
first captured into a bound state (RX-): which can undergo an internal 
transition into the repulsive state (RX-); due to overlap of electronic 
states. Figure 1D displays potential energy curves for the non-dissociative 
electron attachment. The negative ions formed are very short lived since 
the electron affinity is negative and the ground state of the anions is still 
within the autoionization region. From experimental results it is found that 
the potential energy curves in Figures 1A and 1C represent most electron 
capture processes with halocarbons. 

The examples discussed so far are representative for experiments with 
variable electron energies (e.g. the methods with electron swarms and 

E 

R 4 X  

R +X- 

i 
r (R-X) 

E 

I 
r(R-X) 

FIGURE 2. Typical potential energy curves to illustrate the thermal 
attachment processes with thermal excitation of the neutral molecuIe 

or the intermediate anion state (RX-): (B). 
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electron beams). If thermal electrons only are used, electron attachment 
processes can still be studied, but the electron-accepting molecule must be 
thermally excited to populate the higher vibrational levels. Wentworth and 
coworkers have studied such processes1"z2 and Figure 2A illustrates the 
method. From the temperature dependence the activation energy Eace can 
be determined. If an intermediate anion state (RX-), is formed first 
(thro-igh thermal electron attachment), then this first adion state is therm- 
ally excited. The activation energy for the dissociative process is then given 
as shown in Figure 2B. 

B. Dissociative Attachment Cross-sections and Resonance Energies" 

The experimental cross-sections ad& are mostly derived from electron- 
swarm and electron-beam methods and from the retarding potential 
diffeience method (mass spectrometry, Lozier-tube, total ionization 
method)'. 3* 23.i The cross-sections known today for halogenated hydro- 
carbons are summarized in Tables 2 and 3. (The attachment cross-section 
for nun-halocarbons can be found in references 1 and 3.) For many of the 
molecules no mass analysis was done, but it is believed that the negative 
halogen ion is the dominant ion formed at  the low energies i n v o l ~ e d l * ~ ~ .  
The acceptor molecules can be classified roughly with respect to  their 
resonance peak position. Table 2 lists all molecules with ada peaking at  
thermal energies, whereas in Table 3 the molecules with a dominant non- 
thermal resonance peak are given. In Figures 3-5 dissociative electron 
attachment cross-sections as a function of the mean electron energy E, are 
shown for a number of typical halocarbon molecules. These will be 
discussed in section 11. C.  The values for o&, which cover about six decades 
are obviously very sensitive to molecular details. For a given compound 
RX the cross-section increases strongly in changing the substituent from 
C1 t c  Br to I. Multiple halogen-substitution also enhances the cross- 
section. This can be clearly seen in Figure 6, where the sequences for the 
aliphatic chloro-, bromo- and iodo-compounds are listed separately along 
a logarithmic scale for the cross-section cda. Only compounds with two 
resonance peaks seem to be anomalous but in fact the integrated cross- 
section @ada(Ec)dEe should be compared. In this case the anomalies 
disappear. I t  seems that the resonance energies (Ee,mes) are without 
influence on the general sequences as shown in Figure 6.  A correlation of 

* Resonance energy = electron energy at which uda has its maximum. 
t It must be stressed that all energies E, given are mean values, since none of 

the techniques allow for measurement with a purely monoenergetic electron- 
beam. 
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TABLE 2. Cross-section c d a  and resonance energy Ee,mx for dissociative electron 
attachment. A. Molecules with o h  peaking at thermal electron energies (for details 

see references 1 and 3) 

Compound Product First peak (th) Second peak (non-th) Refer- 
ion ence 

E?,mtUa Oda,mar Ee,mnx c7an,mx 
(eV) (cma) (eV) (cm3 

CClp 

CF,Br, 
CFCl, 

CHBr2-CHBr, 
CH,CCl, 
CF,Br 
C*Hd 
CHCls 
n-CloH,iBr 
CH3Br 
CHFCI, 

CFJ 
CF,C1 

CHF2Cl 

CHF, 

CH ,C1 

CHzClz 

c1- (?) 

c1- 
- 

- 
- 
- 
- 

c1- (?) 

c1- (?) 
Br- 

- 
- 

- 
- 
- 

I-  (?) 
- 
- 
- 

c1- (?) 

-0  1.6 x 10-14 

ti1 2-43 x 10-14 
th 2 . 6 ~  

th 1 . 0 6 ~  

th 3-25 x 
th 3-05 x 
th 2-35 x 
th 1-65 x 
th 1-51 x 
th 1 . 2 8 ~  
th 4 . 5 0 ~  1Q-l' 
th 3 . 6 6 ~  
th 3-38 x 
th 3.08 2; 
th 1.2s x 
th 1 . 0 8 ~  
0.05 7.8 x lo-'' 
th 4 . 4 2 ~  1O-l '  
th 5-81 x 10-lS 
th 5-81 x 
th 1-48 x lo-'' 

-0  9.5 x 10-16 

24 
25 
25 
25 
24 
25 
25 
25 
25 
25 
25 
25 
25 
26 
25 
25 
25 
1 , 8  
25 
25 
25 
25 

a th = thermal energy (0.038 ev). 
Enhancement of the high-energy slope (presumed hidden peak). 
Weakly peaking within high-energy siope. 
Calculated from data in reference 26. 
Not measured beyond 0.6 eV. 
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TABLE 3. Cross-section ucln and resonance energy E,,mx for dissociative electron 
attachment. B. Molecules with a h  peaking a t  electron energies higher than thermal 

(without thermal resonance) (for details see references 1 and 3) 
~ ~~ ~~ ~~~~~~ 

Compound Product APd uda,th % ' Non-thermal resonance 
ion (eV) (cm2) 

c1- 
c1- (?) 
C1- 
c1- (?) 
Br - 
Br - 
Br - 
Br - 
ci- 
c1- 
Br - 
Br - 
Br - 
Br - 
Br - 
c1- 

X 
1.8 x 10-16 
- 

1-45 x 10-17 
X 
X 
X 
5.2 x lo-" 
X 
X 

X 
X 
X 
X 
X 

0.36 4.3 x 10-16 27 
0-39 2-84 x 10-l" 25 
0-15 1.10~ 24 
0-42 1.06 x lo-'' 25 
0.80 1.04 x 27 
0-84 9.6 x 10-17 27 
0-95 6-0 x 10-17 27 

1.10 2.2 x 10-17 27 
0.86 1.4 x 10-17 27 
0.71 7-41 x 10-l8 28 
0.70 6.13 x 28 
0-73 5.50 x 28 
0.74 4.14 x 28 
0-76 3.95 x 10-38 28 
0.80 (?) 7 x (1 )  27 

0-13 3.22 x 28 

Pcrfluorocompoitnds - CF4 
CBFO F- 

C,F* F- 

CF, 
F-1CF; 

CF,- 

C2FF 
? 

F- 

2.1 
5.4 
3.0 
3.2 
6.2 
7.0 
9.3 
5.0 

-0 

- 
4.3 
4-5 
6.9 
8.1 

10.4 

0.4 
- 

0.15 - -0 

-C 

1.76 x 
4.6 x 

3.65 x 

2.38 x 

2-06 x 10-17 

2.3 x 10-17 

2.7 x 10-17 
1.1 x 10-17 
2.3 x 10-17 

7.56 x 10-17 
1.9 x 10-17 
3.6 x 10-17 

2.25 x 

2.14 x lo-'" 
- 

7 3  x 10-15 

25 
29 
29 
30 
29 
29 
30 
29 
30 
29 
30 
30 
30 
30 
29 
30 

31 

There is no resonance at thermal energies. 
x means thitt O&,,th< cda,m&r, but absolute value is unknown. 
Not measured beyond 0-6 eV. 
Appearance potential. 
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TABLE 4. Resonance energis for transient negative ion formation 

through electron attachmento 

807 

Compound Product (eV) Referencc 
ion 

-0.6 33 C,H,Cl, b 

1-Chloronaphthalene C1- 0.55 1.21 2-87 3 

CeHsF b 

b 1,3-C&F 
lS3,5-C6H3F3 b 

I92,3,4-CGH2F4 b 

b 

b 
C6HF5 

c6 FG 

1.35 18,34 
0-6 17 
0-3 1 '7 

-0 17 
-0 17,35 
< 0.05 17 

CI - 0.2 35 
CsF, 0.2 35 
Br - 0.06 35 
C,F, 0.1 35 
I- -0 35 
C,F; -0  35 

o-CIC,H,CI c1- 0.24 
m-CICeH4CI c1- 0.26 
ni-CIC,H,Br c1- 0-3 1 

Br - -0  
m-ClCGH 4 1  21 - 0.10 

I -  -0  
nr-ClC6S4NOZ c1- 5-9 3.4 

NO, 0.9 3.3 
m-IC,H aNO, I- 0.0 0-8 

NO; 6- 1 

35 
35 
35 
35 
35 
35 
35 
35 
35 
35 

a For some additional non-halogen-substituted pentafluorobenzenes see refersnce 

The molecular anions are detected indirectly by the SF,-scavenger technique 
35. 

(see e.g. reference 1). 

ads with the resonance energy E,,,,,, as was proposed1* 28, is generally not 
obvious for the halocarbons alone. 

Many molecules were studied by the retarding potential method io yield 
relative ion efficiency curves as a function of initial electron energies'. 
These experiments do not provide absolute cross-section data. The 
iesonance energies found by this technique for halocarbons are listed in 
Table 4. Some values from the SF,-scavenger technique are also included 
(see section 11. C. 1.c). 
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Qda 

ern2 
X 1 O l 6  

- 

10 - 

8 -  

0 0.1, 0.2 0.3 0.4 0.5 0.6 (eV) 

FIGURE 3. Cross-sections for dissociative electron attachments for chlorinated 
methane moleculesz5* 3e. (Notice the different vertical scale factors.) 
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adin 

cmz 
x ~ ~ 1 7  

4 

c . 

I 

FIGURE 4. Cross-sections for dissociative electron attachments for alkyl 
bromides.?5 ~ 2 8 .  (The number of carbon atoms in the alkyl rest is used as 

index) . 
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0.4 0.8 1.2 1.6 2.3 (eV) 

FIGURE 5. Cross-sections for dissociative electron attachment for aromatic 
halides% 27. (Notice the different vertical scale factor for the dashed curve.) 
Reproduced with permission from L. G. Christophorou, Atomic and Molecular 

Radiation Physics, Wiley, London, 1971, p. 489. 
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17- 

18- 

19- 

CHC13 (2) (0.21eV) 

16 

- CH2C12(2) (0.45 eV) 

i CHzCfz (1) - 

FIGURE 6. Survey of cross-sections ad, for the chloro-, bromo- and iodo- 
carbons, indicating the rules for the u&-values. (The number n in the narrow 
column marks the range of molecules with n halogen atoms, not counting F. 

The non-thermal resonance energies are given in brackets). 
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C. Transient Negative / Q R S  

I .  Short-lived anion states 
All anions which have lifetimes shorter than microseconds are classified 

as short lived. The chlorinated methanes, a series of alkyl bromides and the 
aromatic halides will be discussed here as typicsl examples. 

a. Chlorinated m e t l ~ a r t e s ~ ~ ~ ~ ~ .  Figure 3 shows the cross-section uds as a 
function of mean electron energies (notice the different vertical scale 
factors). The peak values for O d e  cover about four decades, supporting the 
rule that (ids strongly increases with the number of halogen substituents in 
the molecule. CCl, is one of the most effective electron-capturing molecuIes 
known today. The second resonance peak at  0.78 eV8aa mentioned in 
Table 2 is possibly due to an experimental artifactz5. From the strongly 
peaking ads at thermal energies (particularly for CCI, and CHCI,) it must 
be concluded that the anion potential curve crosses the ground-state 
potential curve of the neutral molecule close to its minimum and that it is 
purely repulsive1 (see section 11. D for potential curves). 

26* 26. The resonance energies for ethyl- through 
n-hexylbromide are all about the same (0-70-0.76 eV). Their resonance 
cross-sections slowly increase to about double. (In Figure 4 a selection of 
alkyl bromides is shown.) For larger C-numbers the resonance peak is 
shifted. towards thermal energies, for n-G,H,,Br reaching about the same 
thermal peak cross-section as for CH,Br (Figure 4 inset). If all hydrogen 
atoms in CH,Br are replaced by fluorine atoms the thermal peak cross- 
section increases by a factor of 4 (Figure 4 inset). This is a general effect as 
can be seen in Figure 6.  

c. Aromatic halides'] 36*161 27* 36. The known cross-section spectra are 
reproduced in Figure 5. The resonance cross-section increases by sub- 
stituting Ci with Br (or with I). At the same time the resonance energy 
decreases. The resonance peaks for rn- and p-dichlorobenzene are close to 
the one for o-dichlorobenzene and the resonance for icdobenzene occurs at 
thermal energy2'. In electron-scattering experiments (SF,-scavenger 
technique, see e.g. reference 1, p. 336) for low-energy electrons with 
o-chlorotoIuene, chlorobenzene, bromobenzene and o-dichtorobenzene 
scattering peaks were detected at energies corresponding exactly to the 
peaks of dissociative electron attachment1*1s*16. It was concluded that the 
inelastic scattering process and the dissociative electron attachment are 
competitive processes from the same negative ion state. Similar results 
were found for 1-~hloronaphthalene~. From the three peaks for Oda 

(0-55, 1-21, 2.87eV) the first and the third correspond in shape and 
position to scattering resonances. The third peak is assigned to the first 
n-triplet state. 

b. AIkjd 
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A systematic study of the electronegative substitution effect on the 
benzene ring was carried out with a series of f luoroben~enes~~. The peak 
energies for the electron attachment to C,H,F, I ,3-CGH4F2, 1,3,5-C,H3F3, 
1,2,3,4-C,H2F4 and C,HF, are given in Table 4. A plot of these energies 
(vertical attachment energies) as ;i function of the number oT F atoms 
decreases monotonously, suggesting an additive effect on the molecular 
electron affinity for each F atom added to the ring. 

2. Long-lived anion states 

The series of iluorobenzenes mentioned in the foregoing paragraph have 
lifetimes which lead into the class of long-lived anion states. The perff uoro- 
benzene anion decays within about 12 ps. Long-lived anions are found 
preferentially for fluorinated compounds (Table 5).  Froin theory it is 

TABLE 5.  Long-lived negative ion lifetimes rl. 

Compound 71  u,,,~,,~" Vibrational Reference 
(PS) degrees of 

freedom 

Perfluorocyclo butene 
Perduorocyclobutane 
Perfluorobenzene 
Perfluorotoluene- 
C,F&N 
C,F,CI 
C,F,Br 
C,F,CHO 
m-Chloronitrobenzene 
Perfluorocyclopentene 

Perfluorocyclohexene 
Perfluoronaphthalene 
Perfluorocyclohexane 
Perfluoromethylcyclrhexane 

CFS-CO-CF:, 

6.9 
12.0 
12.0 
12.2 
17 
17.6 
20.8 
37 
47 
5 0  

-60  
113 
123 
450 
793 

a 
a 
a 
a 
b 
b 
b 
b 
b 
a 

a 
b 
a 
a 

C 

24 
30 
30 
39 
33 
30 
30 
36 
36 
33 
24 
42 
48 
48 
57 

17 
17 
17 
17 
35 
35 
35 
3 s  
3s 
17 

1 
17 
35 
17 
17 

a Electron attachment resonance (u~ , -~)  at energies (a) < 0.05 eV, (b) about 
0 eV and (c) thermal. 

expected that the logarithm of the half-lives should be linear with the 
vibrational degree of freedom for similar molecules17. This is roughly 
confirmed by Figure 7 which is based on the values of Table 5. The lifetime 
of perfluorotoluene deviates by about nine degrees of freedom, which may 
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correspond to the internal degrees of freedom of the CF, group. Therefore 
the electron might be attached to an orbital of the ring system only. The 
anomaly of the perfluoroacetone is not understood. 

C - C S ~  C,F,CFZ 
C&CN 

cF,cocF, 
c - c4F, 

I 
100 _I s 

0 

D. Potential Energy Diagrams 

From the many experimental data on the dissociative electron attach- 
ment processes potential energy curves for several halogenated hydro- 
carbons were derived22128*37. For the calculation a Morse function was used 
for the neutral ground-state molecule (including an electron at infinity). 
The mion curve was an empirica!ly modified Morse function with one 
adjustable parameter 0nly~~1~'. The results are basically characterized by 
the schematic drawings in Figure 2. The following compounds are 
described by the potential energy diagrams of Figure 1A or 2A: CCI,, 
CHCI,, CH2C12, CH,CI, CF,CI, CF,CI,, CHFC12, CFCl, ,', EtBr, n-PrBr 28 
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and iodobenzene22. Most of them do show a very shallow minimum at 
large distances for the anion state. The following aromatic halides are 
found to fit the diagrams of Figure 2BZ2: o-dichlorobenzene, 3-chloro- 
acetophenone, 1-chloronaphthalene, 1-bromonaphthalene. Similar 
behaviour, but with the minimum of the intermediate anion curve (RX-): 
higher than the minimum in the RX curve, is found for chlorobenzene, 
o-chlorotduene, bromobenzene and o-bromotoluene. 

TABLE 6.  Experimental activation energies 
for thermal electron attachment (aliphatic 
halides from reference 37, aromatic halides 
from reference 22, ucless indicated other- 

wise 

Compound Enct (kcal/mole) 

Alkyl halides 
CH,CI 
t-BuC1 
CICH2CH2CI 
Cl-(CH,),-CCi 

CHFC12 
CH,Br 
CHz=CHCH2C1 
C6HaCH,CI 

CFZC12 
CHCI, 

Br-(CH,),-Br 
Br-(CH,)2-Br 

CH2Br, 

CHBr, 
CFCl, 
cc1, 

CH31 

Aryl halides 
o-Chlorotoluene 
1 -Chloronaphthalene 
Chl orobenzene 
o-Dichlorobenzene 
o-Bromotoluene 
Bromobenzene 
4-Cfiloroacetophenone 
3-Chloroacet ophenone 

12.5 c 0.4 
10.9 -C 0.4 
8.7 c 0.2 
7.7 c 0.3 
7.5 rt 0.4 
7.5 rt 0.2 
5.7 k 0.4 
5.7 f. 0.4 
5-3 f. 0.3 
3.6 c 0-2 
2.9 98 

3-4 & 0.1 
2-2 38 
3.1 -C 0-2 
3.0 c 0-2 
1.9-10.1 

1.2 c 0.2 
0.6 k 0.1 
0.2 c 0.4 
0.1 c 0.1 

- 0.6 rfr 0.1 
- 0.57 

10.3 c 1.2 
9.9 c 0.3 
9.2 c 0-7 
5.9 rt 0.3 
6.3 c 0-3 
5.9 c 0.3 
4 8  
4-6 
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From studies of the thermal electron attachment by the pulse-sampling 
technique2I activation energies could be determined, as explained in 
section II. A and Figure 2. These values zre given in Table 6 together with 
data from a pulse radiolysis study with a microwave resonance detectoF. 
For CCl, both techniques yield the same negative activation energy*. But 
for chlorofoiim and benzyl chloride the data from the rate-constant 
determination (pulse radiolysis) srre srnallci by 0-9 and 0.7 eV respectively. 
Also for SF, a similar difference of 0.9 eV  appear^^^^^^. This difference has 
large bearings on the calculation of the potential energy curves and the 
conclusions drawn therefrom. 

All aliphatic halides in Table 6 seem to follow the schematic potential 
energy curves as drawn in Figure 2A. For molecules with small activation 
energies the anion curve must cross the ground-state neutral curve close to 
its minimum (e.g. CClJ. 

111. ELECTRON SCAVENGlNG PROCESSES 

In the preceding section the electron-attachment processes were described 
by the energy spectrum of the attachment probability (cross-section of 
dissociative (odJ or non-dissociative (03 attachment). Eut in experiments 
the. electrons are rarely monoenergetic. For thermal electron reactions a 
Maxwell distribution of the electron energies has to be considered. For 
electron swarm experiments a Druyvesteyn distribution is assumed1. In 
radiation chemistry the electron spectrumy(u) (G = velocity of the electrons) 
is complex and normally not known. It is defined by the slowing-down 
process, that means by factors such as the ionization potential, the levels of 
electronic excitation and the scattering cross-sections (elastic and inelastic) 
of the molecules involved. For many electron reactions studied a thermal 
electron energy dis t rht ion is assumed. But there is always a certain 
probability for reactions with epithermal electrons. From the electron 
attachment cross-sections a(u) (adn, or a3 and the electron energy 
spectrum f ( v )  (normalized with J F f ( u )  dv = 1) the corresponding absolute 
rate constant is given by 

k = s,”~. a(v)f(u) dv (A) 

If we assume that the maximum cross-section is related to the cie Broglie 

* The negative activation energy for the reaction e+ CCI4 is obviously due 
to the steep decrease of addn with the temperature (effect on the pre-exponential 
factor). 



12. Radiation chemistry of the carbon-haloger. bond 817 

wavelength h 
h3 h2 

om,, = - = - 
477 4rm2l.I~ 

an upper limit fork  can be estimated for reactions with thermal electrons38 

1 113 

(h)* mg(kT)’ 
k,,, = - 

If o(u) is strongly decreasing above thermal energies (see e.g. uda(CC1& in 
Figure 3) then a contribution of epithermal electrons would decrease the 
observed rate constant. Warman and Sauet‘l used this dependence to 
estimate the time needed to thermalize the electrons. In 1 T o n  of argon 
gas this is more than 50 ps: an additional 0-2 Torr of n-hexane reduces this 
time to less than 1 ps. In the following sections the electron-scavenging 
processes will be discussed for systems with increasing complexity and 
environmental inffuence. It must be recalled at this point that it will be 
necessary to consider carefully the interfering reactions such as ion and 
electron neutralizations and electron-transfer processes between two 
electron-accepting s o l u t e ~ ~ ~ * ~ ~ ,  to mention but two. In general the possible 
interferences will not be discussed here, but the original papers should be 
consulted. 

A. Gas Phase 

There are various methods of studying thermal electron reactions in the 
gas phase. The data discussed here are derived (i) from pulse radiolysis 
experiments with optical detection systems or with a microwave resonance 
detection44*45, (ii) from the flowing discharge method with a mass spectro- 
metric detection39 and (iii) from the electron cyclotron resonance method’. 4G. 

The rate constants for the gas-phase reactions of electrons with organic 
halides are summarized in Table 7. Similar to the cross-section data 
(Figure 6)  the rate constant for CCI, is highest. The theoretical limit for 
this reaction, as calculated by equation (C), is 5-0 x lo-‘ cm3 s-138, 
indicating that the experimental value is close to its theoretical limit. The 
data of Table 7 are fairly recent. This is due to recognition of the fact that 
such electron reactions are important in chemistry and biology and also to 
the development of newer techniques. Some of the differences between data 
from different methods are probably related to differences in the electron 
energy spectrum. Since the attachment cross-sections (oa, or a3 are 
strongly varying with the electron energy the rate constant k, through 
equation (A), must aIso be sensitive to spectral differences (for details for 
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TABLE 7. Rate constants for gas-phase reactions with electrons (at room 
temperature uniess shown otherwise) 

Compound 
(Rx) 

k(e + Rx) Reference 
(cm3 s-l) 

CCI 4 4.1 x 10-7 38 
4.1 x 10-7 7 

CHCI, 2.2 x 10-9 38 
CH,Cl, 4.7 x 10-12 47 
CH3CI 1.6~ 1 W 8  48 
CF,CI 5.2 x 10-14 47 
C,Cl, (hexachlorobutadiene) 7.0 x 48 

CH,Br 

CF,Br 

1.0 x 10-11 48 

2 . 4 ~  43 
(393K) 1.3 x lo-"" 49 

CHJ 5.6 x 48 

CF4 

CHF3 
CHzFz 
CH3F 
EtF 
CHaCF3 
C7.F6 

5.5 x 10-13 

4-6 x 10-14 
< 10-18 

1.6 x lW1, 
< 10-15 

< 5 x 10-15 
4.3 x 10-14 

< 10-26 
< 10-16 

9.6 x lo-', 
1.1 x 10-7 

48 
47 
47 
47 
47 
47 
47 
4? 
4.7 
7 

47 

C7F,, (perfluoro-3- 
met hylpentane) 

9.8 x lop8 
8-ox 10-8 
5-2 x 

50 
51 
7 

C,H,CH,CI (300K) 1.6 x 
(393K) 5.1 x 10-lo 

(393K) (1 f 0.5) x 10-8b 
(393K) 4.3 x 10-10" 

(393K) 4 x  10-106 
(393K) 3 x 10-10b 
(393K) 6 2 - 5  x 10-12b 

38 
38 
49 
43 
43 
43 
43 

a Based on k(e+SF,) = 2.7 x lo-' cms s-l. This reference rate constant is aerived 
from a critical survey? of more than a dozen pablished data for 300K. Since the 
activation energy is estimated to be close to zero, the same value is taken for 393K. 

Based on k(e + C&&H.$l) = 5 X f 0-l' cm3 S-' (393K)38. 
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CCI, and SF, see reference 7). From competitive studies of halobenzenes 
with beiizyl chloride Warman, Sauer and found that the lifctime 
of the anion C,H,CI- is long enough to enable the electron transfer 
reaction 

C,H,CI- + C,H,CH,CI - C,H,CI 4- C,H,CH; + CI- 

with k 2 5 x crn3r1. This reaction is not found for bromobenzene 
and iodobenzene, in agreement with the potential energy curves calculated 
by Steelhammer and Wmtworth22. Warman and Saue38 found that the 
rate constants for electron reactions with chloroform in contrast to CCI, 
and benzyl chloride did show a small pressure dependence which could be 
explained by a small collisional stabilization of the anion formed. This 
would then correspond to the expected shallow minimum in the potential 
energy curve 0.7 the chloroform anion state2'n3'. Johnson and S i r n i ~ ~ ~  also 
interpreted some of their results from product analysis in the gas-phase 
radiolysis of aqueous CH3Br as being due to a relatively stable anion 
CH,Br-, again in agreement with the calculated potential energy curves for 
EtBr and n-PrBr by Cliristophorou and coworkers28, if these can be taken 
as representative for liquids as well. 

- 

ti. Alsn-polar Liquids 

The electron-capture processes in gas phase and liquid phase are 
critically different and it is recommended not to apply the quantitative 
data from gas-phase electror, attachment studies to liquid sy -t ems. 
CH,CI, for instance, in gas phase a rather inefficient electron acceptor 
(cdct = 541  x cm2 at thermal electron energy), is a highly efficient 
scavenger in liquids. This particular case is due to increased collisicnal 
stabilization of the negative ion state in liquids. In gas-phase radiolysis the 
,distribution of electrons and positive ions immediately becomes uniform 
and the corresponding ion yield, easily measurable by an applied electric 
field, is Gi,g.,s 2 4. This corresponds to the W-value of about 25 eV *. In the 
gas, an electron formed escapes the Coulomb field of its positive ion almost 
without collision. Not so in liquids where only a minor part of the electrons 
is able to escape and all the others recombine with their positive ions. As a 
result the electrons and positive ions are mostly pairs and the actual 
distribution is strongly non-homogeneous. The total initial yield of 
electrons (Gio) is therefore the sum of the free ion yield Gfi (fraction of 
electrons which actually leave the Coulomb field of their cations) and the 
yield of ion pairs which recombine Ggi (the so-called geminate recombina- 
tion). Typical values are: Gfi z 0.1, GEi E 3.9 and Gi, z 4 (see Table 9). 

(. 

* W-value = energy necessary to produce one ion pair53. 
28 
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For high LET radiation the concentration of ion pairs is locally rather high, 
so that electrons can combine with its neighbour cation. As a result the 
Gfi values are even lowera. 

Since about 1968 the electron scavenging with halogen compounds 
and other good electron acceptors is theoretically well understood, 
so that electron reactivities, free ion yields and geminate ion yields can be 
determined5j from the analysis of products or transients which are directly 
related to the scavenger process, e.g. the CH, yield from the dissociative 
electron attachment to CH3Br. It is thereby prerequisite that the product 
anatysed (CH; in the foregoing example) is not fmmed by other ways than 
by electron capture. Complications can occur (i) from radical reactions 
such as H(R) + CH31 -> CH3+ HI(RI), (ii) energy transfer such as 
(solvent)* -t- CH,I+ CH,+I+ (solvent), (iii) positive ion reactions (e.g. 
proton transfer, electron transfer) and (iv) secondary reactions of negative 
ions formed, such as e + N,O -+ N,O-, the latter reacting with benzene to 
form C,H,O- which again consumes a molecule of N,OS8. All such 
complications are discussed in detail by Warman and coworkers55. 

1. Competition theory for electron scavenging 
For the electron-scavenging process in non-polar solvents (e.g. RH) one 

must consider the competition reaction of the electron with its positive ion 
and with the scaverger molecule S (in the present chapter an organic 
halide) : 

(2) 

(3) 
Since the scavangeable electrons cover a wide range of kinetic energies it is 
not possible to assume a single k,  (or in other words a single lifetime for the 
ion pairs). Based on a model by HummelS7, Warman and  coworker^^^^^* 
derived an expression for the correlation of the product yield (e.g. G(P) for 
reaction 3) with the scavenger concentration ( S ) ,  and C Y ~  being the solute 
reactivity towards electrons : 

e- + RH+ k. RH+- Q + ... (products) 

z (S-)* - P + ... (products) e- + s kt  

For low concentrations (J[aY,(S)]< 1) (D) can be reduced to 

This approximation is typicaliy valid for ( S )  < 1 0 - 3 ~  and in a plot of G(P) 
versus (S)* the intercept for ( S )  = 0 directly gives the free ion yield Gf,. 
With this value known, (D) can be rewritten: 
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A plot of [G(P)-G,,]-l versus (S)-t over any range of Concentration 
(typically 10" to 1 ~ )  is linear (see Figure 8). The intercept for ( S )  = 00 

determines Ggi and from the slope the solute reactivity ag can be calculated. 
Figure 9 demonstrates the high accuracy of equation (D) to reproduce the 
experimental data over a concentration range of more than five decades. 
Even at a concentration as high as 0 . 5 ~  not 211 electrons are scavenged 
since there is not yet a limiting yield. Tatlc 8A is a selected list of free ion 

I I I I I I t I I I 

RA-% 
.o 2 4 6 8 10 

0 

FIGURE 8. Plot of alkyl radical yields from CH,Cl, EtBr and CH,Br in cyclo- 
hexane solutions according to equation (F). The common intercept corre- 
sponds to Ggi = 3.9 55. (Reproduced from J. M. Warman, K. D. Asmus and 
R. H. Schuler, ACS-Adv. Cliem. Ser., 82 on Radiation Chemistry, p. 25, 

Figure 2, by permission of thr! American Chemical Society.) 

yields and geminate ion yields as determined by equations (D) through (F) 
using halocarbons as scavengers. The data are also compared with results 
from other methods. Table SB includes all known Gfi and Ggi values for 
halogenated solvents. All free ion yields are close to Gfi = 0.1 (except for 
iso-octane), and the total ion yield Gi, = G,,+ Gfi z 4 throughout. This 
supports the often-made assumption that the energy necessary to form an 
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10 G(CH3) r 
I 

I n-Hexane 

I .-- ..,-., 7 ,  

10 G(CH3) r 
Cyclohexane 

0.1 

0.1 I I I I , (CH3Br) , 
10-6 10-5 1 0 - ~  10-2 lo-' M 

FIGURE 9, The yield of methyl radicals as a F,nction of methylbromide 
concentration in n-hexane, cyclohexane and iso-octane5B. (Reproduced with 
permission from J. M. Warman and S. J. Rzad, J .  Chern. Phys., 52,485 (1970).) 

ion pair in gas phase and liquid phase is not too different. The solute 
reactivity as as determined from equation (F) is proportional to  the reaction 
rate constant k,(e + S) 5s 

K is basically a function of the diffusion coefficient of the ionic species and 
of some geometrical factors of the molecule involved. The a,-values so far 
known (Table 9) demonstrate a strong solvent and solute dependence. 

Far competitive studies with two scavengers it was often assumed that 
the scavengeable electron yield is constant. Many relative rate constants 
kNOa = k(e + S)/k(e + N,O) are given in the literature on this b a s i ~ ~ " - ~ ~ .  
Since the two scavengers simultaneously compete with reaction (2) these 
values are not redly correct and calculation of absolute values based on the 
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TABLE 8A. Free ion and geminate ion yields (Gfi, GBi) determined by the scavenging 
methods (for additional values see references 63, 64, 66 and 67 

823 

Method o-COH,, I Z - C ~ H , ~  3-Methyl- iso-Octane C6H0 
pentane 

- Scav. C6FIz 0.14 Oo? O1 0.08 0.17 OL 0.37 
Scav. CH,Br 0.1358>5O,O2 0.1259s - 0.36 59, 62  - 
Scav. N,O 0.09 6 6 . 5 6  - - - ,050 

Clearing field 0.1 5 O4 0.13 O 4  0.15 O' 0.33 O4 0.053 O4 

Pos. ion scav. 0.13 O5 0.1205 - 0-36 O5 - 

- - - Gfi Conductivity 0.1 1 0.11 63 

(pulse rad.) 

Scav. COF,, 4-2 A 0.2 O0 - - - - 
3.9 6o 

Scav. N,O 3 ~ 9 ~ ~ ~ ~ ~  - - - 
- GBi Scav. CH,Br 3.8 f 0.1 5 8 7 5 9  3.8 5s - 

3.9 5 6  

TABLE 8B. Free ion yields (Gf3 for halocarbon solvents 

Method CCI, n-C5Fiz CGFllCF, n-BuBr n-BuCI 
~ ~ ~ ~~ ~~ 

0.27 67  0.39 13' - - Conductivity 0-068 6 8  

Gfi Clearing field 0-096 66  0.035 66  0.028 6 G  - - 
Pos. ion. scav. 0.093 O5 - - - - 

(pulse rad.) 

TABLE 9. Solute reactivity as for electron scavenging in various non-polar solvents 

Solute Solvent 
(scavenger) 

Cyclohexane n-Hexane 3-Methyl- Iso-octane Benzene 
pentane 

o-c6F12 
S FO 
CH ,Br 
N,O 
CsH ,CH ,CI 
C4FB 
CHJ 
co, 
EtBr 
CH,CI 
EtCl 

a Calculation based on assumed~valrie G a  = 4.0. 
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recently published rate constant k(e+ N20) 75 must be cautious. Hagenian 
and Schwarzio were the first to take into account that with increased solute 
concentration an increased yield of electrons was available for scavenging. 
In analogy to the one-scavenger treatment -Warman and coworkers55 
derived an expression for competition of two-electron scavengers : 

If a product from one scavenger only is analysed, e.g. P, from solute Sl, 
with (5‘2 held constant, then 

(1) 

halocarbons 
2. Scavenger stwdies with organic halides 
The theory of the foregoing chaptsr was tested mostly with 

as electron scavengers, although any type of scavenger is good enough 
(e.g. N,055). Warman and coworkers used CH,Br as a scavenger and 
measured the CH,-radical yield by its reaction with radio iodine 13112 to 
form CH23115R. In another case they used the carbon-labelled I4CH,Br to 
detect the sum of all 14C-products 5D. Sagert and ReidGo. 719 7G applied 
perfluorocarbons as electron scavengers detecting monohydrogenfluoro- 
carbon as a specific product (e.g. c-C,F,, as scavenger yielding C,F,H). 
The underlying mechanism is a non-dissociative electron attachment to 
form C,F, which, on neutralization, yields the C,F;, radical. ’This will then 
abstract a hydrogen from the hydrocarbon solveiiti6, Rajbenbach found 
that the small perfluorocarbons CF, to GF, did not scavenge electrons as 
e x p e ~ t e d ’ ~ ? ~ ~ .  This seems to be due to a larger fraction of autoioniziition 
and to less stabilization of the small molecular anions. 

Quite early it was recognized that the H, yield from hydrocarbon solvents 
was reduced by electron scavengers. The following mechanism explains the 
effect: 
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fi and fi are the respective fractions for H, formation from the excited 
hydrocarbon, formed through neutralization. If G(H,), and G(H,), denote 
the H, yield without scavenger and with a particular concentration of the 
scavenger (AB), respectively, then the yield of scavenged electrons is given 
by 

G(escav) = (fi -h?-l[G(H& - G(H2)BI (J) 

In scavenging with CH,Cl, the yield of CHj (A in reaction 5) can be 
determined simultaneously to G(Hc3,55. It is found that (fi-fJ is 1 for 
cyclohexane, which means that no H, is formed ul = 1,f2 = 0) by reaction 
(6). For many other hydrocarbon solvents fl is substantially smaller than 
1 : from experiments with N,O fl is 0.3 for iso-octane69. 

3. Absolute rate constants 

Very little is known about the absolute rate constants for electron 
reactions in non-polar liquids. Hummel originally estimated, based on his 
model for electron ~cavenging~~,  that the reaction rate constant for benzyl 
chloride should be about 2-5 x 1Olo M-l s-l. Further estimates were made 
by Rzad and coworkers70 for the reaction with diphenyl 3 x loll M-ls-l 
and with benzyl chloride - 10" M-l s-l 79. The first direct measurement 
was recently accomplished with pulse radiolysis at  - 80°C in 3-methyl- 
hexane and n-hexane by Richards and Thomas7s. For both solvents the 
following absolute rate constants were measured by direct observation of 
the decay of the solvated electron: 

k(e -I- CCI,) = 2-3 x 10" M - ' s - '  k(e + N,O) = 1-1 x 10" M - ' s - '  

k(e + 0,) = 1.5 x 10" M - l s - '  k(e + Ph,) = 1.9 x 10" M- 's - '  

There were distinct indications that reactions with trapped electrons as well 
as with 'free' electrons must occur with possibly auite different reaction 
rate constants. Polak and coworkerss0 also found in scavenging experi- 
ments with alkyl and aryl halides that their resu!ts must be partly explained 
by reactions with epithermal electrons. 

C. Polar Liquids 

Most of the information about electron scavenging by organic halides in 
polar solvents is derived from aqueous solutions. A recent book on the 
hydrated electron by Hart and AnbaFl thoroughly covers this subject. An 
additional review was written by Thomass2. The present discussion of 
aqueous systems will therefore be limited to some of the particular 
problems common to all polar solvents. On the other hand, the treatment 
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of electron reactions with halocarbons in non-aqueous polar solvents is as 
comprehensive as possible. The differences one expects for electron reactions 
changing from a non-polar to a polar solvent are characterized by the 
solvation energy for the electron. This energy, in principle, corresponds to 
the energy of maximum absorption of the solvated electron, which varies by 
a factor of about two : for 3-methylhexane, isopropanol, ethanol, methanol, 
water it is 04375, 1-7, 1-8, 2.0 and 1-7 eVs3, respectively. Reactions with 
solvated electrons can be compared to electron-transfer reactions. But the 
precursor negative entity (the solvated electron) thereby disappears. 

1. Competition studies 

With the aim of determining relative rate constants for electron scaveng- 
ing, the competition of two solutes was studied, quite similar to the method 
in liquid hydrocarbons, often neglecting any possibility of scavenging 
electrons within the spurs (with an assumed constant scavengeable 
primary yield of electrons). This is again not correct and rate data derived 
therefrom might be less reliable. On the other hand, as can be seen from 
Table 10, the yield of geminate electrons (Ggi(e&) is substantially smaller in 

TABLE 10. Free ion and geminate ion yields 
(Gfi, G,i) for pclar solvents 

Cyclohexanea 0.12 4.0 4.1 
Diethyl ethers4 0.15 3.8 4-0 
Et hanols5 1.05 3.1 4-2 
MethanolBs 1 a 0 5  3.1 4.2 
Waterss 2.6 2-2 4-86 

- ~~ 

a Average values from Table 8 for comparison. 
This value was calculated from a spur model by Schwarzs7. Since the concentra- 

tion range in reference 86 was relatively small to 1 ~ )  this theoretical value was 
applied to equation (D). The Cfi- and G,i-values in the tablc were derived from curve 
fitting to the experimental data. 

polar liquids. The error involved may therefore be smaller than in non- 
polar hydrocarbon solvents. Such rate constants will not be included in 
Table 12 (scctior IJI. C .  2), but they r igh t  still be usefd (for data in 
alcoholic solutions see references 88-91). 

The empirical scavenging formula by Warman, Asmus and S c h ~ l e r ~ ~ ~  68 

(equation D) was also tested for polar solventss5TS6, Apparent deviations in 
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alcohols for low scavenger concentrations (typically < 10-3~1) are due to a 
further competitive reaction with the solvent (a reaction which is too slow 
in aqueous and hydrocarbon solutions): 

~ , + R O H  1;7 SROH-  (7) 

With the inclusion of reaction (5) the modified equation is: 

6 is the ratio of the second-order rate constant for the electron-scavenging 
k, (reaction 3) to the pseudo first-order rate constant k,(ROH): 

The resiilts from a least square fit of equation (K) to the experimental data 
in methanol and ethanols5 and in diethyl etherE4 and of equation (D) to 

TABLE 11.  The solute reactivity as (M-I) and the rate constant ratio 6 (M-I) 
(see equation L) in polar solvents 

Solute Solvent 
(scavenger) - 

EtOEta4 EtOHE5 CH ,OH 85 1 1 2 0 8 G  

a s  6 a s  6 018 6 au 6 

CH,Br 18 5.1 x lo* 4.4 5-5 x 10* 4-4 5 . 5 ~  10' - - 
1.3 - CH3C1 - - - - - 1 . 1  

42 - 4.3 5 . 4 ~  1 0 4  9.6 1 2 ~  104 - - 
NzO 16 2.9 - 3.0 
SF6 

_ _  - 

--- 

- - - - 

experimental data in waters6 are shown in Tables 10 and 11 .  The experi- 
mental data fit very well to the calculated curves in all cases. Nevertheless 
the G, value of 1.05 in methanol and ethanol is still disputed (the latest 
value proposed is Gfi(e;) = 1.7 for ethanol92). 

2. Absolute rate constants 
Most of the absolute rate constants for the reactions of solvated electrons 

with halocarbons were measured by the pulse radiolysis technique. The 
values known today for methanol, ethanol and ether solutions are 
summarized in Table 12. They are shown in comparison with selected data 
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TABLE 12. Absolute rate constants (M-1 s-'> for electron reactions with halocarbons 
in polar solvents, compared with data in non-polar systems and gas phase (NaO 

given for comparison) 

Scavenger Gasa Hydrocarbonb Ethanol Methanol Waters1 
(Ed = ca. 2) ( E d  = 24.3) (Ed = 33-1) (Ed 80) 

CCl, 2.5 x 10l4 2.3 x 10" " 1.2 x 101002 - 3-0 x 10'O 
3.0 x 1O1O CHCl, 1.3 x lo1? 

- 1.6 x 10" 
- - - 

CHJ 3-4 x 1013 - - 
CH ,Br 6.0 x 109 1011 7 9  1-4 1010 85 1.4 1010 86 - 

CF,Cl 3.1 x lo7 - 
CH,Cl 9-6 x loL2 - 3.6 x loo 86 - 1 - 1  x 100 

n-PrBr - - - - 3.0 x 10052 

- - 4.4 x 109~3 

- 2.0 x 10'09' - 1.2x lo3 CICHZCOOH - 

CeH5CH2C1 -2.0 x 10" - 10" 'I9 5.1 x looo5 5-0 x loQoG 5.3 x 10' 
CeH 5 1  6.0 x 10'2 - - - 1.2 x 10'0 

- 4.3 x 109 CoH6Br 2.4 x 10" 
CoH,C1 1-8 x 10" - - 

< 1.5 x lo9 - - - 6.0 x 107 CsH5F 

- - 
- 5-0 x 10' 

N2O 7.2 x lo' 1 .1  x 10" 75 9.4 x loD B5 9-4 x loDB5 8-7 x lo0 
~ ~ ~~ 

Extracted from Table 6. Ed = dielectric constant. 
In reference 75 the solvent is 3-methylhexane and n-hexanc at 193K. In reference 79 it is 

cyclohexane (room temperature). 
Error limits: data from reference 85 k 10%; reference 94 k 35%; reference 95 k 25%; 

reference 92 -+ 13% for CCI, and 2 7% foi rz-?rBr; the error limit in reference 75 is not given. 

for water and alkane solutions as well as with gas-phase values. An 
extensive list of rate constants for the hydrated electrons can be found 
elsewhere81. The rate constant for the same reaction in various polar 
solvents does not differ very much, but it is substantially larger in non- 
polar alkane solutions. In the gas phase the rate constants cover a much 
wider range and do not follow the same sequence as in liquid systems. This 
latter effect can be understood in the view of reduced collisional stabiliza- 
tion and therefore higher probability for autoionization of the temporary 
negative ion state. 

In liquid systems the reaction rate must be correlated with the size and 
mobility of the solvated electron. It is therefore not surprising that the rate 
constants are very similar in polar solvents with quite comparable solva- 
tion energies (1-5-2.0 eVE3). The rate constants for electron reactiocs 
generally increase in the order of F< C1< Br < I. Neighbouring electron- 
withdrawing groups in aliphatic halocarbons enhance the reaction rate. 
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This was shown for the reaction of hydrated electrons by correlating the 
reaction rate constants k with the Taft’s o*-functionoO. The log k is thereby 
approximately linear with o* 07. The rate constant for benzyl chloride is 
substantially larger than would be expected from this correlation. It is 
suggested that this deviation is due to the fact that there are two centres for 
electron attachment, the halogen substituent and the ring n-system. 
Correspondingly, aromatic molecules are also electron acceptors. An 
electron-withdrawing substituent group on the aromatic system enhances 
the electron attachment to the ring and an electron-donating group makes 
the ring more negative, therefore reducing the reaction rate of the electron. 
It was shown that log k is roughly proportional to the Hammett U-value 
for a large number of substituents on benzene in aqueous systemss1*82*98 
and in isopropanol solutionss8. But in both solvents bromobenzene m d  
iodobenzene deviate from the linearity towards larger k-values. Obviously 
the electron attachment agsin occurs simultaneously at the ring and the 
halogen substituent. Recently a similar correlation of rate constar,ts to 
Hammctt c-values was given for methanol, ethanol and n-propanol 
solutionsg1 but these results are less conclusive. 

The list of rate constants as given in Table 12 refers to reactions with 
electrons after their complete solvation. Recent experiments in picosecond 
pulse radiolysisg9 revealed a larger rate constant for high solute concentra- 
tions (Table 13). Also a lower initial yield of hydrated electrons -%:?as 

TABLE 13. Reaction rate constants for hydrated electrons with 
halogen compounds from picosecond pulse radioIysisss 

Low 
concentration High concentration 

k x 10-o pH k x 10-’ pH Concentration 
- 

Solute (M-I s-’) (M- l s - l )  , range (M) 

cc1,coo - 8.5 1 1  21 6.6 0.1 -0.53 
CHCl,COO-- 4.2 1 1  10 7.5 0.1-1.7 
CH2C1C00.- 1.2 1 1  2.5 8.5 0.25- 1.5 

found. This is interpreted as being due to incomplete solvation before 
reaction. The results indicate that reactions with non-hydrated (‘dry’) 
electrons do occur and that they are important at high scavenger concentra- 
tion. Since biological systems constitute such highly concentrated aqueous 
solutions the reactions of ‘dry’ electrons might be quite important. 
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3. Products from electron scavenging 

The halogen ion X- formed through the dissociative electron attachment 
to the organic halide RX is quite stable and rarely takes part in the reaction 
mechanism in polar solvents". However, the radical R can initiate chain 
reactions. Shermdo0 has shown that this occurs in alkaline, alcoholic 
solutions of CH,Br and CH,I. If R is a halogenated methyl radical in 
aqueous solution, then hydrolysis further breaks up the radical R. Balkas, 
Fendler and SchulerlOl showed that electron scavenging by CFCI, produces 
one fluoride ion and three chloride ions per electron captured. Similarly for 
low dose rates the radicals CF,CI (from CF&I,) and CF3 (from CF,CI) 
hydrolyse to 2F-fC1- or 3F-, respectively. FOF higher dose rates a 
second-order process (probably CF,+ CF, --f C,FJ reduces the fluoride 
ion yield whereas the C1- yield did not show any dose rate effect, 

D. S0lids-i. 

There are many results available about scavenging processes in organic 
glasses. They are mostly summarized in two well-written reviews by 
Willard1°2 and by HamilPo3, published in 1968. I t  seems that the same type 
of dissociative eltctron attachment does occur in low temperature glasses 
as in the liquid systems. However, the yield of free ions is higher (Gfi in 
3MP at 77K being about 0.5). Many scavenging experiments were 
performed with alkyl halides and with benzyl halides, the latter being 
ideally suitable because of the well-known benzyl radical spectrum. In 
recent studies by Noda and coworkersfo4 in MTHF and 3MP (77K) 

similar spectroscopic assignments to acyl radicals Re0 were possible 
(R = CH;, Et', C,H,CHi, C,H; and C,H,CH=C.H'), all being produced by 
dissociative electron attachment to the corresponding acyl chlorides. The 
same authorslo5 measured the yield of phenyl radicals from the decay of the 
halobenzene anioc. The relative cross-section ada(C,H,I) : aan(C,H,Br) : 
ad,(C,H,CI) in a MTHF-glass was determined to be 1.5 : 1.0 : 1.0. In 3MP 
and MTHF the phenyl radical cou!d not be measured by e.s.r. or by U.V. 

absorption since it reacted rapidly with the solvent to form benzene, but in 
an alkaline glass of water, phenyl was identified by e.s.r. 

I t  is normally assumed that the solvatedelectron takes part in the reaction 
with halocarbons. In a recent pulse radiolysis experiment by Richards and 

* This is not the case in non-polar solvects since X- will form HX molecules 
through nentralization. These are very good electron scavengers themselves'. 

f 3MP = 3-inethylpentme; MTHF = methyltetrahydl-ofnran. 
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ThomasloG in glasses of 3-methylliexane, MTHF, cuniene, ethanol or 
alkaline ice at 77K it was shown that the trapped electron suffers a 
structural change within nanoseconds, parallel to reacting with the halo- 
carbon scavengers. This is interpreted as being due to a reorganization of 
the neighbouring matrix molecules of the electron. In other words, the 
reaction of the electron with a solute does occur simultaneously to  the 
solvation process. Steen and coworkerslo7 also found indications that their 
chloroacetic acid in an alcohol-water glass at 77K reacted with non- 
solvated electrons. The reactivities of dry and solvated electrons are 
generally different (see section TTI. C .  2). 

So far all glassy systems at 77K or higher showed dissociutive electron 
capture by RX. The mobility of the matrix was obviously large enough to  
allow the separation of the X- from the radical R. Quite recently Sprague 
and Williams108 found that the e.s.r. spectrum of the expected CH, 
radical from dissociative electron attachment to  CH,Br in a crystalline 
CD,CN matrix at 77K showed a rather coniplex structure which appeared 
to be due to interaction of the radical with the bromide ion. This was a 
direct proof that the negative ion state was stable in such a crystalline 
matrix. On warming to 175K with rapid refreezing to 88K the spectrum 
dramatically ChdL;ged to that of the radical alone. Obviously by ihis 
treatment the bromide ion was able to escape from the cage. In an earlier 
paper by Egland, Ogren and Willardlo9 a similar behaviour of the e.s.r. 
spectra was found for pure crystalline alkyl iodides with an even number of 
carbon atoms (from C, up to C& Most lilcely similar arguments would 
explain the complex e.s.r. spectra found in these systems. 

For isolated (gas-phase) molecules of alkyl halides a shallow minimum 
in the potential energy curve for the negative ion state was proposed (see 
section 11. D). But because of the excess energy in the negative ion state 
formed through the vertical electron attachment process, this potential 
minimum has not so far been effective. In the crystalline states discussed 
above, the cage in which the negative ion is formed is hard enough to hold 
the R-X- together and to drain off rhis excess energy. The fact that the 
anion dissociates as soon as the matrix is softened would imply that such a 
potential minimum does not exist, or that it is too shallow to accommodate 
a proper ground-state level. In an argon matrix of 4K the electron attach- 
ment to pyridyl halogenides was also found to be dissociative110. On the 
other hand a stable anion of CCI, was proposed in a 3MP glass at  20Kl1’ *. 

* Compare also the ‘stable’ anion in the gas phase, mentioned in section 
111. A and the R + X- + RX- combination reaction in glassy RI, as discussed 
in section VII. C. 
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IV. IONIC REACTIONS 

The formation of negative ions of halocarbons is mostly an electron- 
attachment process as discussed in the previous sections. Other ways are by 
electron transfer reactions from precursor anions, e.g.75, 

(Ph), + PhCH,CI -- (Ph;, $- PhCH; + CI- (8) 

h = 1.0 x 10'' M-'  S - '  

or from radicals in aqueous solutions, e.g.I12 
i RCHOH + CCI,- CCI, + cisq $- (RCHOH),, (9) 

or by long-distance electron migration through solid silica gel to react with 
the adsorbed alkyl halides113. 

Positive ion-molecule reactions in the gas phase are the subject of mass 
spectrometric investigations and will not be discussed here. In condensed 
systems there are a few examples for the formation of organic halide 
cations : 

(1) The cation of CCl, represents one of the most controversial species 
while being one of the most studied. In irradi?,t-d alkane glasses (77K) 
with CCl, 2s sclute, a trezsient absorption peaking at 480nm appears, 
which was assigned to the CC!, cation103D114. It was believed to be foimed 
through transfer of an excited positive state (simultaneous charge and 
energy transfer) through the matrix. Competition studies between CCI, and 
toluene in a 3MP matrix (77K) revealed that the cations of the two 
species are not derived from the same In liquid CCI, 
the same 480 nm absorption was found by nanosecond pulse radiolysis116. 
But a sample of pure polycrystalline CCI, at 77K103p1179118 does not show 
this absorption band, a peak at about 410 nm being assigned to the CCI, 
cation instead. In another paper the transient at 480nm in 3MP was 
assigned to the radical charge-transfer complex (CT complex) C1-CCI, 119, 

but this seems to be less likely120. At 20K, CCl, in methylcyclohexane 
(polycrystalline or glassy MCH) reveals a cationic species absorbing at  
425 nm. It is postulated to be a CT complex between the cation of the 
matrix molecule and the CCl, : (MCH+-CCI,J 121. Further discussions of 
the CCI, cation can be found in section VII. A. 

(2) A low temperature matrix of pure s- or n-butyl chloride ('glass 
with many cracks') yields cations of the solvent absorbing at 360 and 
540 nm203*122. Similar to the polycrystalline CCI, matrix, the secondary 
electrons are immobilized in this butyl chloride glass through dissociative 
electron attachment, whereas the positive charge can move freely by a 
resonance CT process. If solutes with lower ionization potentials than for 
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the matrix molecules are present in the matrix, the corresponding solute 
cations will be formed through asymmetric charge transferlo3. 

(3) Triphenylinethyl chloride can be used as a positive charge scavenger 
in hydrocarbon solvents. It is followed by immediate dissociation to yield 
triphenylmethyl carboniuin ion : 

R H *  + Ph,CCI - Ph,C+ + R' + H C !  (1 0)  

With this reaction Capelks and AllenG5 determined the yield of free ion 
pairs by scavenging the positive charge quite analogously to the electron 
scavenging discussed previously. 

Most of the halocarbons can be used as solvents to study cationic 
reactions. For solid-state reactions (77K) the matrices of CCI, and of 
(n- or s-)butyl chloride have already been mentioned. Such studies are 
reviewed by Flamil1103 and by Willardlo2. More recent results are in 
references 123, 124. In all these systems the radical reactions are frozen-in, 
the electrons are immobilized through dissociative attachment and the 
positive charge is transferred to the solute by a resonance process. One of 
the best halocarbon glasses is a 50/50 mixture of Freon-11 (CC1,F) and 
Freon-1 14B2 (CF2BrCF2Br)125. However, for cation studies this matrix is 
disadvantageous because of the presence of three different halogens, 
thereby complicating the reaction mechanism of the solute cation. In 
simple halogenated liquids Dorfman and c o w o r k e r ~ ~ ~ 6 * ~ ~ ~  were able to 
follow the formation and decay of aromatic cations by pulse radiolysis in 
the same manner. Their solvents were 1,l-dichloroethane, ly2-dichloro- 
ethane, 1,1,2-trichloroethane, 1 1,2,2-tetrachloroethane and Iiquid n-butyl 
chloride. Contrary to the polycrystalline matrix of CCl, in liquid CCI, only 
few solute cations zre formedllG. Instead many chlorine atom CT complexes 
with the solute molecules were identifiedl2OI 128s 129. Other solvents which do 
not form solute cations are : 1 ,I ,1-trichloroethane and pentachl~roe thane~~~.  

Because of the neutrality principle the ions formed by radiolysis must 
eventually recombine, except in very polar systems, where ionic species 
may be stable by solvation. Such neutralizations were observed by Mittal 
and HamilP31 on warming an irradiated alkane glass. Alkyl iodide cations 
combined with iodide ions (from dissociative electron attachment) : 

I- + RI+ Z (I*N)* - I*RI  (11) 

The resulting absorption was interpreted as being due to the complex of 
I-RI. A similar process in a 3MP glass containing bromobenzene was 
observed, the complex (Br-C6H5Br) being formed by combination of Br- 
and C6H5Br+ on warming of the matrix132. In various similar systems such 
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complexes with aromatic electron donors could not be detected, the ion 
spectra disappearing on warming without new absorption bands132. 
Presumzbly this is due to the high instability of these halogen atom CT 
complexes towards unimolecular decays. In liquid systems where halogen 
atom CT complexes were observed no decision could be made as to 
whether the complex was formed by such ion neutralization or by simple 
radical mechanism120. But indication exists that at least part of the 
complexes are forrned from Mitta1134 has used a similar neutraliza- 
tion process to detect possible carbonium ions R+ in the radiolysis of 
liquid hydrocarbons RH. The neutralization of an X- (from the dissociative 
electron attachment to AX) with R+ yields a stable RX, which is a direct 
measure for the yield of carboniun: ion R+. 

V. EXCBTED STATES AND ENERGY TRANSFER 

The excited states and correspondingly the transfer of electronic excitation 
are widely studied in photochemistry. It is generally recognized that these 
are also of high importance in radiation ~ h e m i s t r y l ~ ~ - ~ ~ * .  Very little direct 
information is available for halocarbons. Excited states detected in pulse 
radiolysis, e.g. for brom~benzenel~~* 140, are not typical for the C-X bond, 
but rather for the aromatic structure. Nevertheless, many excited states of 
organic halogen compounds are postulated or accepted for mechanistic 
reasons: an excited state of an alkyl halide R X  is often known to split 
homolytically into radicals R +X. Further, highly excited alkyl iodides RI* 
may undergo unimolecular elimination of HX to form an alkene (see also 
section VII. C). In radiation chemistry these excited RX* are often formed 
through energy transfer from the solvent, thereby acting as quencher for 
excited solvent molecules. The actual quenching process is often not 
obvious : 

(1) In radiation chemistry a much larger variety and also higher excited 
states are formed than normally encountered in photochemistry. 

(2) The same excited state can be formed through different channels, 
like direct excitation by primary radiation, by energy transfer from 
the solvent to the solute molecules or by ion combination reaction 
(neutralization). 

(3) An organic halocompound can interfere with excited states th-ough 
an actual quenching process or/and through charge scavenging from the 
precursors. The following examples illustrate these effects : 

(a) In a gaseous mixture of benzene with a small amount of naphthalene 
Nishikawa and Sauer14’ detected the naphthalene triplet by pulse radiolysis. 
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Using increasing amounts of CCI,, SF, or triethylamine they reduced the 
triplet yield by a maximum of 70%. The interpretation was that the un- 
reduced 30% of the triplet yield was formed through energy transfer from a 
benzene excited state (,El,,) and 70% of scavengeable yield from ion 
neutralizations, whereby CCJ, and SF, scavenge electrons and triethylamine 
the positive charge from the precursor cation. Similarly in a gaseous 
mixture of naphthalene with cyclohexane the naphthalene triplet yield 
could be reduced by 95% through charge scavenging with CCI,, benzyl 
chloride, methyl bromide and others143. In all these cases the halocarbon 
molecufes acted as electron scavengers only, but with the net effect of 
reducing excited states. 

(b) In  a high dose rate pu!sed experiment H o r r ~ c k s ~ * ~  studied the 
emission from the monomer (285 nm) and excimer (320 nm) excited states 
of benzene relative to the effects of 0, and CHCI,. Both monomer and 
excimer states behaved in a parallel manner therefore probably having the 
same precursor. 0, reduced the lifetimes but left the initial yield of the 
excited states unaltered. In contrast, CHCI, affected the lifetime only very 
slightly, while reducing the initial yield substantially. This is in accord with 
the interpretation that Fjxygen quenches the excited states, whereas CHCI, 
scavenges electrons in competition with the formation of the anionic 
precursor. Here again the halocarbon is scavenging charge only. But 
simultaneous quenching and scavenging are possible, as seen in the next 
example. 

(c) It is well known that excited aromatic solvent molecules can transfer 
their electronic excitation to solute molecules, like PBD (Z-phenyl,S- 
(4-biphenylyl)-l,3,4-oxadiazole) leading to  solute fluorescence. Oster and 
KaIlmandM showed that the addition of CHCI, greatly diminished the 
solute fluorescence, if the mode of excitation was by radiolysis. The 
quenching effect of CHCI, is very small, however, if the solvent is excited 
to the first excited singlet state only. Levin and coworkers145 studied 
solutions of PBI3 in o-xylene with various concentrations of CHCI, in 
detail. The relative fluorescence yield as a function of the CHCI, concentra- 
tion is shown in Figure 10 for y excitation and for U.V. excitation with 
wavelengths, corresponding to the three lowest singlet states, individually. 
It is concluded that CHCI, can actually be used as a specific quencher for 
excited states, particularly for the higher ones that normally would decay 
without emission into lower excited states, which can fluoresce or transfer 
their energy to fluorescent solutes. T i e  marked increase in the ‘quenching’ 
effect of CHCI, for y excitation is mainly due to the additional effect of 
electron scavenging in competition with the formation of the anionic 
precursor. 
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a 

\ y Excitation 

FIGURE 10. Quenching of the solute fluorescence by chloroform in i? solution 
of 1.5 x 1 0 - 2 ~  PBD (phenylbiphenyloxadiazole) in o-xylem, excited by U.V. 

and y-radiation. (Reproduced with permission from E. Levin, M. Pope, 
D. Saperstein and G. K. Oster, Clzern. Plzys. Lerters, 9, 210 (1971).) 
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'61. RADICAL REACT10 N S  

Radical reactions: occur in almost all systems under ionizing radiation as 
well as in photochemistry, pyrolysis and many other methods in organic 
chemistry. As a consequence it is impossib!e to draw a line between 
radiation chemistry and photochemistry, to name only two fields of 
importance. In an  attempt to characterize the radical reactions with 
halocarbons as they might be typical for radiation chemistry the following 
discussion will be limited to some of the more recent examples. They 
comprise (i) radical reactions as initiated through electron-attachment 
processes, (ii) reactions with the primary radicals in aqueous solutions, 
(iii) reactions of hydrogen atom and halogen atoms in organic systems and 
(iv) radical chain reactions. 

837 

A. Radicals Produced through Dissociative Electron Attachment 

Dissociative electron attachment to halocarbons yields a neutral radical 
and a halide ion. This process is therefore a convenient source for radicals. 
If the original molecule is a polyhalocarbon, the radical will be a haloradical. 

Weir, Infelta and S c h ~ l e r l ~ ~ ~  14' studied reactions of perfluoro radicals in 
hydroca.rhon solvents. These radicals were produced by dissociative electron 
attachment to CF,Br, CF,CI and C,F,Br. The rate of H abstraction from 
the solvent was determined by a competition technique with I,: 

CF; + I, 'l2 > CFJ + I' (1 2) 

CF; 4- RH 'I' > CHF, + R' (1 3) 

Similarly the addition to ethylene was measured : 

CF; + CH,=CH,- CF,CH,--CH; (1 3 4  

Results of such studies are given in Table 14. The CF3 radical abstracts 
hydrogen much more easily than CH,. This can be related to the fact 
that CF, is highly non-planar and its unpaired electron has about 21% 
s-character'w, which indicates that very little rearrangement of orbitals is 
necessary to form CHF,lP6. Contrary to this CH, is planar and the 
s-character of the unpaired electron is very small151. From photolysis 
much mort data on reactions with CH, radicals are kr.own. The reader 
might be referred to a recent comparison of CF,, CH, and CCI, reactions 
by Wampler and Kuntz15,. 

In nqueous solutions the reaction of a halocarbon with the hydrated 
electron is aIso a radical source. Results for CH, reactions (from CH,I 149) 
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TABLE 14. Rate constants for perfluoro radical reactions 

Reaction Solvent Mode" Ic,,llc,,b k,, (M-l s-l) --_-_ 
CF, + ethylene Heptane Add. 3-43 x lo-," 3 x l O O d  

Water Add. - 4.0 x 1 0 7  
CF, + propylcne Water Add. - 7.2 x 107 
CF,+ 1-butene Water Add. - 5.3 x 1 0 7  
CF, + 1,3-butadiene Water Add. - 
CF, + aniline Water Add. - 5.2 x l 0 O C  

5.6 x 108 

Ref. 

147 
93 
93 
9 3 
93 
93 

CF, + cyclohexane CH Abstr. 3-16 x lo-" 3 x  146 
CzFG + cyclohexane CI-I Abstr. 1.63 x 2x1OXd 146 
CF3 + HCOO- Water Abstr. - 3.4 x lo& 93 
CF3 + i-PrOH Water Abstr. - 9.2 x 1 0 4  33 
CF, + iz-PrOH Water Abstr. - 4.4 x 104 93 
CF3 + EtOH Water Abstr. - 4.6 x 104 93 
CF3+ CHSOH Water Abstr. - 8 x lo3 93 

~ 

CH, + iso-octane' iso-Octane Abstr. 7 x 10-8 70 148 
CH3 + EtOH' Water Abstr. - 590 149 

Add. = addition; abstr. = abstraction. 
At rooni temperature. 
kl,/kl, = 0.0293 exp (- 1290/RT). 
Assumed value k 1 2 z  lo9 M-l s-l *.I7. 

a Average value. ' For comparison. 

and for CF, reactions (from CF3Brg3) are included in Table 14. Reactions 
with CF, are again much faster than with CH,: for H abstraction about lo2 
times, for the addition to a double bond about lo3 to  101 times. 
In organic solids radical studies by the e.s.r. technique are often based on 

electron-attachmect processes. In such experiments with ten different 
alkyl halides in 3MP, MTHF and MCH matrices* of 77K Shirom and 
Willard153 investigated the formation and decay of the particular alkyl 
radicals. I t  was recently shown by Fenrick, Nazhat and OgrenlM that in the 
case of some polycrystalline matrices the electron attachment processes 
are not necessarily dissociative, thereby complicating the radical e.s.r. 
spectrum by hyperfine splitting from the halide ion within the same matrix 
cage1c8.109- 

B. Radical Reactions in irradiated Aqueous Solutions 

The most widely studied radical reactions in aqueous solutions are those 
with hydroxyl radicals and hydrogen atoms. These are easily and selectively 

* MCH = methylcyclohexane. 
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producible through the primary radiation processes. i n  spite of many 
investigations of such reactions, only a few papers deal with halocarbons 
(for OH reactions see for example, references 155, 156; for H reactions see 
for example, references 156, 157). 

OH radicals are found almost exclusively to abstract hydrogen atoms 
from aliphatic ha10carbons~~~- lS6 * : 

OH + RX 'I4 > H,O + haloradical (14) 

For rate constants see Table 15 and reference 158. The variation of the 
haIogen substituent has very little effect on the rate constant. With the 

TABLE 15. Rate constants for the reactions with OH radicals in 
aqueous solution 

Reactant Mode" pH k (h4-l s-') Reference 
- 

CHCi, H-abstr. 9 8.5 x lo6 155 
CHCl H-abstr. 0 7.4 x 1 0 0  159 

CF,COO- 
FCH,COO - 
ClCH - 
BrCH ?COO - 
ClCH?COOH 

H-abstr. 
H-abstr. 
H-abstr. 
H-abstr. 
H-abstr. 

9 2 x  1 0 5  
9 1.8 x 1 0 7  
9 3.3 x 107 
? 2-6 x 107 
1 2.6 x 1 0 7  

160 
155 
155 
155 
161 

~~ ~~~ 

CHSCHCICOO- 
C1CH,CH2C00 - 
CH,CHBrCOO- 
BrCH,CH,COO - 

~ ~~ 

H-abstr. 
H-abstr. 
H-abstr. 
H-abstr. 

9 1.4 x l o 8  
9 1 . 9 ~  1G8 
9 1.3 x 108 
9 1 - 4 ~  lo8 

156 
156 
156 
156 

~~ ~ ~ ~ ~ 

ClCH ,CH,OH H-abstr. 9 5.5 x lo8 156 
BrCH lCH ,OH H-abstr. 9 4.6 x l o8  156 

p-FC,H,COO - OH-add. 9 2.1 x 109 162 
p-ClCeH4C00 - OH-add. 9 1.9 x 100 162 
p-BrC,H,COO- OH-add. 9 1.9 x 100 162 
J+IC,H~COO- OH-add. 9 2.5 x l oo  160 
m-IC,H4COO- OH-add. 9 2.9 x lo9 160 
U-ICGH~COO - OH-add. 9 4.5 x 109 160 

p-BrCGI-I,OH OH-add. 5.5 7 x 100 163 
C,H 5C1 OH-add. 10.7 4-2 x lo0 164  

a H-abstr. = H-abstraction; OH-add. = OH addition. 

* The only proposed exception is the reaction OH+CH,I +CH,OH+I in 
aqueous solution of methyl iodidel'sa. 
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additional substituents COO- and OH, which are known to affect the 
reactivity of the hydrogens on their a-carbon, the rate constant k,, is 
strongly influenced*. The resulting sequence, with increasing k14, is 
CHC1,-halogenated acetate ion-halogenated propionate ion-ha!ogen- 
ated ethanol (Table 15). Furthermore, a plot of the rate constants (log k14) 
for hydrogen abstraction by OH versus log k,, for abstraction by H amms 
for the same halocarbons does show a correlation tc support the conclusion 
that OH abstracts hydrogen only156. Unfortunately the choice of data is as 
yet too limited to make this a generally valid rule. If there is no hydrogen 
atom available for abstraction a very low rate constant resuIts (e.g. 
CF,COO-, Table 15). OH reactions with aromatic compounds (as well as 
olefinic compounds) are always additive and close to diffusion controlied. 
These reactions are easily measured by the U.V. absorption of the transient 

adduct radical (e.g. A,,, = 326 nm for HO-C,H,Br and A,,, = 324 nni 

for HO-~,H,Cl 16,). 

Unlike the OH reactions the hydrogen atom can either abstract a 
hydiogen or a halogen from the halocarbon: 

H' + RX 'l' > 1-1, + haloradical (1 5) 

H ' + R X - H X + R '  (1 6) 

In Figure 1 1  the rate constants for halogen abstraction (Figure 11A) and 
for hydrogen abstraction (Figure 11B) are plotted on a logarithmic scale, 
in separate columns for halocarbons, haloacid ions, haloacid molecules 
and haloalcohols and also for the number of H-carrying carbon atoms 
separately (C, and CJ. The rate constants for H abstractions are clearly 
within the area for abstraction reactions with n-alkanes, primary alcohols 
and acids157 (shaded areas in Figure 1 IB). For halogen abstractions the 
rate constants are clearly blocked out according to the halogen involved: 
iodine abstractions do occur faster than ca. lo9 M-l s-l, bromine abstrac- 
tions range from lo8 to lo9 M-l  s-l and the chlorine abstraction covers the 
range from lo5 to lo8 M-ls-l (Figure 11A). It appears that the rates for 
chlorine abstractions and for hydrogen abstractions are not too different, 
but for bromine and iodine compounds the X abstraction dominates 
strongly. From Figure 11A it is also seen that X abstractions from haloacid 
ions are mostly faster than the corresponding reaction with the acid 
molecule. Yet the differences are not very large. In a very recent study by 
Neta, Fessenden and S ~ h u l e r l ~ ~  the abstraction reaction was detected by 

* This would not be the case if the OH radical abstracted the halogen from 
the halocarbon (compare with the H atom reactions, Figure 11). 
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ROH 

X - abstr. 

i 

BrCHzCH2- 

I 

g k I  RX 

I total abstraction 

RCOO' 

X-abstr. 

-- 

' CH3CHBr - 

I BrCH2- 

1 BrCH2CH2- 

CICH2- 

IFCH2-2- 

-- 
RCOOH 

X-abstr. 

CH3CH€ir - 

1 0rCA2 - 
1 BrCH2CH2- 

54 1 

FIGURE 1 1. Reaction rate constants for H aloiiij in aqueous solutions. C, and 
C ,  indicate the number of H-carrying carbon atoms. The shaded areas in the 
cohmns C, and Cz represent the region of rate constants for H abstraction, as 
derived from reactions with n-alkanes, primary alcohols and acids157. (Points 
with arrows indicate limiting values.) 
A. Halogen abstraction (and total abstraction for the simple halocarbons. 

see text)lW 157. 
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FIGURE 1 1. B. Hydrogen abstraction1bG. 

directly observing the abstracting H atoms with e.s.r. as it is formed 
through the reaction 

e -  + H'F H' (1 7) 

The H atoms formed this way have an initial non-equilibrium population 
of the four possible electron-nuclear spin levels which relaxes within 
50 ps ls7? 16G. Netz and coworkers used a steady-state e.s.r.-method based 
on the competition between the chemical reaction with H atoms and the 
relaxation process of the H atoms. They obviously measured total 
abstraction, that is the sum of H abstraction and X abstraction. The results 
are given in the first two columns of Figure 11A. Clearly all the rate 
constants above the shaded area (for H abstraction from alkanes, etc.) are 
primarily due to X abstraction. H atom reactions with aromatic compounds 
are identical to the OH reactions. The H atom adds to the aromatic ring 
with almost diffusion controlled rate: 
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The halogen substituent thereby hardly has any effect: 

k(H + C,H,COOH) = (1.00 f 0.15) x l o 8  M-' S- '  lo' 

Anbar and Netalm studied reactions of a few haloradicals in aqueous 
solutions. These haloradicals, initially produced by OH reactions with 
H abstraction from the corresponding halocarbon, abstract the halogen 
from the halocarbons. The reactivity of the radicals studied followed the 
sequence : 

BrCH,eHOH z CICH,6HOH > (CH2),60H > CH,:HOH > C'H,OH >, dBr,COOH 

> CH,~BCOOH :> B ~ H C O O H  

It was proposed that a charge-transfer mechanism rather than a halogen 
atom abstraction is important for these dehalogenation reactions. A 
series of inorganic radical ions wzs also found to induce dehalogenation of 
C1CH2C00-, CICH2CK20H and BrCH,COO- 163. The metal ions thereby 
seem to react b y  an inner sphere mechanism involving halogen atom 
transfer. 

C. Hydrogen Atom Reactions in Organic Systems 

As early as 1962, Hardwickl'O very thoroughly studied the H atom 
reactions with halocarbons in liquid n-hexane by employing competitive 
reactions : 

> Hn + n-C,Hf, (1 8 )  

> HX + R' (1 9) 

> H, -t haloradical (20) 

218 H' f n-CsHtl 

8. + RX k,9 

k:, 

From H, yield measurements he was able to calculate the rate-constant 
ratios kl,/kl, and k,o/kl,. With a careful choice of k,, he then derived 
absolute values for k,, and k,, for a large number of alkyl halides and 
halogenated esters (for a list of rate constants see reference 170). In 
principle the reactivities for X abstraction display the same sequence as in 
aqueous solutions : RC1< RBr < RI. However, the rate constants are 
generally higher and the rates for X groups are closer to each other: 

for chloro compounds 1 x lo8 < k,, < 4 x lo9 M-ls-l 

for bromo compounds 1 x lo9 c k,, < 5 x log M-1 s-l 

for iodo compounds 5 x 109 < k,,< 2 x 1010 M-Is-l 
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For hydrogen abstraction (reaction 20) all rate constants are within the 
range of 0.5 x 108 and 1.1 x lo9. There is no dependence on the molecular 
complexity (number of H-carrying C atoms) as has been found for aqueous 
soluti0nsl5~. 

In a recent pulse radiolysis study the H atom reactions in the gas phase 
with several aromatic derivatives were studied by observing the transient 
absorption of the cyclohexadienyl-type radical171. The H addition rate 
constants are very little dependent on the substituents (Table 16). They are 
slightly smaller than corresponding rate constants in aqueous solutions165. 

TABLE 16. Gas-phase rate constants for the 
H-addition to aromatic hydrocarb~nsl~~ 

k at 100°C Eact 
React ion (M-l s-I) (kcal/molc) 

H + CcjHSCF, 1.0 x 10' 5.1 k 0.8 
H + CGHGF 1.3 x 10' 3.2k0.8 
H + CGHSCI 2 . 2 ~  10' 2.4-t-0.8 
H + C,H,CH,CI 2.5 x 10' 3.0 k 0.8 

For reactiocs with non-halogenated compounils see refereme 171. 

D. Reactions with:Halogen Atoms 

Halogen atom reactions werc studied extensively in the radiolysis of 
chloro- and bromo-compounds. Iodine reactions were studied mostly by 
flash photolysis, because of its easy photolytic production. In  most cases 
the first step of the halogen atom reaction is the formation of a transient 
halogen atom charge-transfer complex (CT complex) 

the halogen atom being the electron acceptor, the molecule Ivl the electron 
donor. These radical complexes are discussed in detail in a recent review 
by BuhlerlZ0. The C1-CT-complexes were primarily studied by pulse 
radiolysis in CCl, solution175, the Br complexes in CHBr, and bromo- 
benzene140. The decay of the CT complexes depends critically on the 
halogen involved. The I atom complexes almost exclusively recombine to 
form I,. With aromatic donors no ring addition could be detected. Br 
atom complexes with aromatic compounds yield Br, as well as bromo- 
cyciohexadienyl radicals and C1 atoms almost exclusiveIy add to double 
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bonds or abstract H atoms from the donor. The radiolysis of pure bromo- 
benzene17, is chosen as an example to illustrate the decay reactions of a 
halogen atom CT complex. In this case (Br*C,H,Br)=CTC is formed 
from free Br atoms reacting with thc solvent or, to a lesser degree, by a 
neutralization process of Br-+ C,H,Br+. The following decay reactions 
were shown to 0ccur~~2: 

845 

z (C,H,Br,) - HBr + C,H,Br, (24) 
kl4 CTC + Br~,H,Br 

CTC + C,H,&H,Br ... - > HBr + C,H,C,H,Br (25) 

For single-pulse irradiation (pulse width sa. 50 ns, dose rate ca. eV g-1 
s-l) the G-values for the CT comp!ex, Br, and HBr were determined to be 
1.8 & 0.4, 0.1 1 & 0.02 and 1-18 +O.OG respectively. Quite clearly, from the 
low Br, yield, reaction (22) is of minor importance in the bromobenzene 
system. The rate constant for the unimolecular decay (reaction 23) is 
kS = 5.4 x 104s-1 17,. k,,, k, and k,, were estiiliated to be 1.2 x 1O1O M-1 
s-l, close to diffusion controlled. 

The cyclohexadienyl-type radicals, formed by X addition to an aromatic 
hydrocarbon (analogous to reaction 23), produce well-known absorptions 
in the U.V. region. Unfortunately often more than one such transient is 
formed simvltaneously, producing close-lying, overlapping bands, 
difficult to analyse. Sauer and Mani171 were able to discuss the spectra of 
the chlorocyclohexadienyl radicals (ClC,HE), produced by C1+ C&& 
and by H + C,H,CI. In the first case one single band at 305 nm was found, 
but in the second case an additional band at 320 nm must be reIated to the 
formation of three isomers, which are formed in this case only. A similar 
spectral difference was also found for the reactions F+C,H, and 
H + C,H,F 171. 

E. Chain Reactions 

Radical chain reactions are the basic processes for many industrial 
applications in radiation chemistry. This field has recently been reviewed by 
Wagner173 and by D a n n ~ l ~ ~ .  The chain reactions of interest in connexion 
with halocarbons are those with olefinic compounds (polymerization of 
haloolefins, copolynierization of olefins and haloolefins, halogenation of 
olefins) and with aliphatic hydrocarbons (halogenation and isomerization). 
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1. Olefinic compounds 

The most common type of chain reaction leading to low molecular 
weight products is the reaction with unsaturated compounds. It is 
characterized by the fcllowing reaction steps (Y = hydrogen or halogen) : 

rad 
initiafion: RY --.MIvc-f R' + Y' 

I I  I I  

I 1  I 1  
chain: R' C C=C R-C-C' 

I I  I 1  
I 1  1 1  

R-C-C' 4- RY + RC-C-Y + R' 

(pioduct) 

1 terminafion: R' + R' 

R' + RC-C' 
I 1  

) products 

I I 1  

I I  
2 R-C-C' 

and reactions 
with Y' 

Because of these bimolecular termination steps high yields are found only 
for low dose rates (7 irradiation). If the termination is by a pseudo iirst- 
order reaction, e.g. 

R' + olefin ____t RH + allylic radical (L') (30) 

(with L' not able to abstract Y) 

then high dose rates are permissible. The production of ethyl bromide (the 
Dow process) is by far the best known industrial process, which is based on 
reactions with olefins. The radiolysk of ethylene and HBr in an ethyl 
bromide solution is usually described by the following mechanism : 

initiation: EtBr ----t Et' + Br' (31 1 

chain: 51' + CH,=CH2 - BrCH,-CH; (32) 

BrCH2-CH; + HBr- BrC,H, + Br' (33) 

termination: bimolecular reaction of radicals, similar to 
reaction (29) 
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The ethyl bromide yield is G x lo5. For a detailed discussion see reference 
174. 

A more recent example is the condensation reaction with tetra- or 
trichloroethylene in alkane solutions as studied. by Horowitz and 
R a j b e n b a ~ h l ~ ~ s l ~ ~ .  In this case the processes are as follows: 

initiafion: RH -+ R' 4- H' (34) 
(solvent) 

(this is a simplified initiation reaction, 
fuff details in reference 177) 

chain: R' + C,Cl, > RC,CI: (35) 

R C m ;  f RC,CI, + CI' (36) 

CI' + RH z HCI + R' (37) 

fermina tion : b i m olec u la r 

The same mechanism holds for trichloroethylene. In this case kS5 = 1.3 x 
lo5 M-1s-1(1500C) and kS6 = 2.1 x lo4 s-l (150°C), R being the cyclohexyl 
radical17G. Through this process solvent is consumed and an alkylated 
polychloroethylene is produced. 

The dimerization of halogenated olefins represents another chain 
process. The chain reaction steps are: 

x' 4 CH,=CHCH,X --+ XCH2eHCH2X (38) 

XCH,tHCH,X -+ CH,=CHCH,X - XCH,, 
,c HCH,~HC H ~ X  (39) 

XCHl 

(40) \ 
XCH,, XCHp 

,CHCH,~HCH~X - > ,CHCH,CH=CH, 4- X 
XCH, xc I-i 2 

The reactions have been studied with methallyl chloride and with ally1 
bromide178 using ionizing radiation to produce X initially. 

2. Saturated compounds 

In a solution of an aliphatic compound AX in a hydrocarbon solvent 
Lih', the following chain reactions can be initiated by the radiation produced 
radical A': 

A' + RH > R ' + A H  (41 1 
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The substituent X is thereby introduced into the hydrocarbon molecule. 
To produce long chains, reactions (41) and (42) must be exothermic, 
therefore the conditions are (D = bond dissociation energy): 

D(R-H) < D(A-H) and D!A-X) c D(R-X) 

If the chain-carrying radical A can abstract a hydrogen from the product 
(RX) then two substituents X are introduced, and so on. 

The chlorination of aliphatic hydrocarbons is one of the most typical 
examples for such a chain mechanism: 

initiation : C,H,,C!, ----+*C,H,CI,-, + C1' (43) 

---vw*-, 'C,H,-lCI, + H' (44) 

*Cn,H,-1CIP + CI2 A C,H,-lClp+l + C1' 

chain : C1' + C,H,CI, - 'C,H,-,Cl, + HC1 (46) 

(45) 

For the chlorination of 1 ,Zdichloroethane (DCE)174* 180 the yield of 
chlorinated molecules is characterized by the consumption of DCE : 
G(-DCE) z lo6 for the low dose rate of lo4 rad/h. For higher dose rates 
lower yields result, since the termination step is again bimolecular. Other 
recent studies for chlorination reactions were published for niethanels1, 
benzenels2, toluene (side-chain hal~genation)'~~, organosilaneslM and 
chloropentane185. Bromination was studied for 2,3-dimethylbutanels6 and 
iodination for methane187. 

The isomerization of alkyl chlorides is a special type of radiation 
induced radical chain reaction : 

initiation: CH,CH,CH,CI -+ CH,CH,CH; + CI' (48) 

(49) CI' + CH,CH,CH,CI - CH,kHCH,CI + HCI 

(50) 
isomerizatlon 

chain: CH,&iCH,CI ------+ CH,CHCICH; 

CH,CHCICH; + CH,CH,CH,CI 

CHjCHCICH, + CH,kHCH,CI (51) 

Such isomerization reactions were studied for n- and s-propylchlorides, 
for iso- and t-butyl chloride and I - b r o m o b ~ t a n e ~ ~ ~ .  The G-value for 
isomerization is of the order of 60. 
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VII. RABlOLYSlS OF SELECTED HALOCARBONS 
849 

A. Carbon Tetrachloride 

Carbon tetrachloride is a unique halocarbon, since it is composed of only 
two elements, without hydrogen. Intermediates produced do not seem to 
react back with the solvent. C1 atoms and CCI, radicals are relatively long 
lived and dominant. CCI, therefore could be a simple radical source. 
Unfortunately the yields of the two fina! products found in y-irradiation 
are rather small: G(CI& = G(C,CI,) = 0.8 *, and this simple result does not 
reveal the primary processes, of which many aspects are still not understood 
today. The results from many investigations on liquid CCZ, can be 
summarized as follows : 

(1) With radio-chlorine as a solute it was found that chlorine atoms 
exchange in CCI, with G(CI,,) = 7.0 k 0.7 lDo. 

(2) Attempts to determine the total yield of radicals with various radical 
scavengers mostly failed. The lack of specificity of these scavengers 
causes the G-values to vary between 2-3 and 19 (for a survey see reference 
179). 

(3) From recent, carefuI scavenger studies (with Br,, I,, ICI, HI and 
0the1-s)~'~ the initial yield of the primary radical was determined to be 
G(C1) = 7.0 - 8-3 and G(CC1,) = 7-0 i- 0-2 in good agreement with the 
above-mentioned G(CLS). It was shown that C2Cl4 is also an initial 
product with G(C,ClJ = 0.07 - 0.10 170. In steady-state irradiations 
C2CI, is rapidly chlorinated to GCI, and therefore not detectable. The 
yield of C,CI, was confirmed by product analysis from one-pulse irradia- 
tions, where the products are unable to  react with transients.? C,CI, was 
also detected in gas-phase radiolysis of CC1,-CF, mixtures195. 

(4) The chlorine yield from a-irradiations (high LET) is G(Clj, z 1.6 lgG. 
The increased yield must be due to higher initial radical concentration 
during the time of non-homogeneous distribution (spur reactions). 

(5) An increase of temperature also increases the initial chlorine yield 
G(CIao from 0.8 (28°C) to 2.4 (100°C). The corresponding activation 
energy is about 4k 2 kcal/mole, a value rather close to the activation 
energy for self-diffusion of CCI, la8. 

The results so far are compatible with a radical mechanism, in which the 
C1 atoms and CCI, radicals are the dominant transients. Without solutes a 
major part of these radicals disappears by recombination to form CCI,. 

* Published values are: G(C1,) = 0.74 L- 0.06 0.80 i- 0-06 loo, 0-8 f 0.1 lol, 

t With one-pulse irradiations of 50-230 h a d  (pulse width ca. 50 ns) the 
0-65 lQ2, 0.66 lo3, and G(C,CI,) = 0.76 k 0.03 lS8, 0-80 -t 0.06 loo, 0.9 k 0.1 Iol. 
G-value for C,Clo was 0.08 from preliminary determinationP. 
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The formation of C,CI, is not yet fully understood: it does not seem 
to be produced from CCl, radicals179. The formation of various excited 
states of CCl, must be quite important (by direct excitation or from 
ion neutralizations), as suggested by quencher experiments with DPPH 

The following results from liquid systems demonstrate ionic processes : 
(1) The free ion yield in pure liquid CCI, was measured by three 

independent methodsG5. GG* 68 to be Gfi 2 0.09 (see Table 8B). 
(2) In pulse radiolysis of pure liquid CCI, an absorption band centred at 

475 nm was assigned to a cation of CCI, l16. It decays by a fast initial 
reaction with a half-life of 15 k 2 ns followed by a slow decay still visible in 
ps-pulse r a d i o l y s i ~ ~ ~ ~ * ~ ~ ~ .  The slow part is about 4% of the fast part, 
therefore being quite comparable to the free ion yield. 

By far the majority of studies about ionic processes in CCI, are in solids 
(glassy or polycrystalline), yet the results are still most controversial. This 
is partly due to the rather complex structures of some of the matrices, to the 
non-specificity of the absorption bands studied in the visible wavelength 
region and to the lack of knowledge of basic processes in the solid systems 
(charge-transfer, energy transfer, ion associations and shifts of absorption 
bands with temperature and structure). The results from solid systems can 
be summarized as follows: 

(1) In irradiated pure polycrystalline CCl, at 77K or 20K two strong 
absorptions are detected at  345 nm and about 270nm with a weak 
additional absorption band at about 410 nm 103*118p121. The latter was 
assigned to the CClz c a t i ~ n l l ~ * ~ ~ ~  but the identity of the species absorbing 
a: 345 and 270 nm is unknown. An e.s.r. spectrum with a single, asymmetric 
broad line centred at g == 2.014 19g*z009201 behaves roughly similarly to the 
410 nm cation band on warming. Above ca. 120K it resolved into a four- 
line and ten-line spectrum before disappearing at about 200Klg9. It was 
postulated that the single-line spectrum may be due again to the cation 
CClz, although it could not be properly distinguished from CCl, or 

(2) CCI, solutions in hydrocarbon glasses irradiated at 77K reveal 
a typical absorption band at 470nm and a much weaker one at ca. 
360 nm 102*103*202- With matrices of higher viscosity (either a harder matrix 
at 77K202 or the same matrix at 20K111*121) the 360 nm band strongly 
increases, whereas the 470 nm absorption is shifted at the same time to 
shorter wave1engthsl2l. 

(3)  In a polycrystalline alkane matrix (e.g. methylcyclohexane at 20K) a 
very broad absorption at 425 nm is interpreted as being due to an ionic 
charge transfer complex: (MCH+.CCl>121. 

(G(CC1:) = 10+2) lQ7. 

CCl, 200. 
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The interpretation of the 470 nm band, which appears in glassy hydro- 
carbons only, has passed through many stages: assignment to an anion of 
CCI, 203 (revoked later on), to a cation of CCI, 102*114, to a CT-complex 
C1. CCl, 202 and from photochemical studies (where the same band 
appears) to a colour centre2M*205*20G. It seems to be true that this band 
responds to positive and negative scavenging. The 360 nm band in glasses 
was assigned to CClz 203, but also tentatively to a caged-in CCI, 111. 

From all these facts and postulates about ionic processes it is very 
difficult at  the present stage to get a clear view of the processes and 
transients involved. Nevertheless it might be worth while to stress a few 
essential points : 

(1) CC1, is its own electron scavenger. An electron will add dissociatively 
onto the next CCl, molecule immediately it is therinalized (see Figure 3 for 
cda in gas phase). This occurs regardless of any Coulomb field present. 
The geminate recombination therefore does not occur with the thermalized 
electron, but rather with the C1- from the dissociative attachment, yielding 
a chlorine atom an neutralization with the cation. This recombination 
process most likely is slower, since a much larger anion must be moved 
instead of an electron. The free or geminate ions are CCla/Cl- or CCl$/Cl- 
pairs instead of the usual ion-electron pairs. 

(2) The major differences in the radiolysis of liquid and solid-state CC1, 
are the following : (i) The anion formed at the end of the electron thermaliza- 
tion path will be caged-in, either as CCl, or C1-, depending on the 
hardness of the matrix, (ii) the initial cation will not dissociate but remains 
CCla (similar cage effect) but a resonance charge-transfer process might 
occur in the matrix. 

(3) In an alkane glass matrix with CC!, as solute a positive charge 
transfer from alkane cation to CCI, is most unlikely because of their 
ionization potentials: I,(CCla = 11.47 eV and T,(alkane) x 10 eV. A 
simultaneous transfer of charge and excitation does not seem to be very 
probable. It has been postulated in the case of the methylcyclohexane 
matrix thrt  the ionic CT complex (MCH+-CClJ might be fornied121. 
Another possible path could be a positive charge-transfer from the alkane 
cation to the preformed CCl, radical (Ip(CC13) = 8-7 ev). 

B. Chloroform 

The radiolysis of chloroform is discussed here as an example for an 
alkyl chloride and differs from CCl, by the fact that an additional carbon- 
hydrogen bond is reactive. As a consequence, primary radicals produced in 
the radiolysis of CHCI, react back with the solvent resulting in a much 

29 
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larger variety of products. C1, is not formed any rnore1g3~207. Every 
chlorine atom produced immediately abstracts a hydrogen from CHCI, 
yielding HCI. Extensive studies with radical scavengers, dose rate and 
temperature variation reveal an almost complete radical mechanism, 
except for the CCl, formz:ion207-2'0 (compare the selected G-values in 
Table 17). The major radicals produced are CHCI;, C1' and CCl;. A small 
additional amount of CCI, is formed. The following reaction mechanism 
was proposed and is compatible with all results: 

primary radical formation 

CHCI, --+ CHCI; + CI' (52) 

secondary radical formation 

CI' + CHCI, - > HCI + CCl; 

CHCI; + CHCI, - CH,CI, + CCl; 

(53) 

(54) 

product formations 
2 CHCI; - sym-C,H,CI, (55) 

CHCI; + ccl; - > C2HCI, (56) 

2 cc1; - C,CI, (57) 

additional minor radical reactions 

@a 

(61) 

It was shown that the radical-solvent reaction (54) is much slower than the 
H abstraction by C1 (reaction 53). The reaction rate constant kM was 
determined to be 9.6 x 10Qexp (- 6700/RT) M-l s-l2O9. At room tempera- 
ture (25°C) kM = 1.3 * 0.2 M-l s-l ,lo. The radical combination reactions 
(55)<57) are close to diffusion controlled. From a computer optimization 
the following ratio yields : kS5 : kS8 : k,, = 1.0 : 1-5 : 1 .O ,O9. The QCI, yield is 
unaffected by radical scavengerseo6, by positive-ion scavengers"' and by 
dose rate variation from about to loa eV g-l s-I2lo. Only a small 
positive temperature coefficient could be detected (Table 17). The 
comparison with pyrolysis of CHCI, (500"C), where HCl and C&I, are the 
principal products212 then suggests the reactions (58)-(61)207. 
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For experiments with very high dose rates210 (ca. 5 x lCm eVg-ls-l) 
yield calculations from the reaction mechanism made it necessary to include 
radical combinations with the C1 atoms: 

CI + CHCI,- CHCI, (62) 

CI + CCI,- CCI, (63) 

CI + CI > CI, (64) 

For this large dose rate the interference from these reactions (52)-(64) is 
about 10%. 

From the calculated reaction rnodel2O9 spur yields for several temperatures 
were calculated. Typical values at 26°C are: 

product yields: G(C2H2C14jspur = 0-34 

G(C2HC1S)spur = 0.18 

radical yields: G(CHCI&,,, = 0.86 

= 0.22 

The behaviour of the CCI, product yield is not compatible with a 
radical mechanism, nor is an excited state the precursor207. In the gas phase 
CCl, is not formed2',. Only positive-ion scavengers (NH,, n-BuOM) are 
able to reduce the CCI, yield207 (see Table 17). A test with equation (D) 
(section 111. B. 1) for ion scavenging confirms the positive-ion preciirsor*. 
The most likely scavenging reactions are : 

CHCI: + NH,- NH: + CCl; (65) 

CHCI; + NHf- NH,CI + CHCI; (66) 

The additionally formed radicals are responsible for the increased yield of 
C,HCl,, GHCI, and CH,CI, (Table 17). In solid-state radiolysis of CHCI, 
(see Table 17) the yield of CCl, and CH2Cl, is about equal. In this case the 
most likely process would be the neutralization of CHCl; (ctsble within a 
cage of the matrix) and CHCI; (mobile by the resonance ch.arge transfer 
process) : 

CHCI, + CHCI: - CCI, + CH,CI, (67) 

In gas phase this cannot occur since CHCI; immediately decays to form 
C1-. To explain the CCl, yield in liquid CHCI, it. is therefore assumed that 

* G(P) in formula (D) corresponds in this case to the decrease in CCl, yield. 



12. Radiation chemistry of the carbon-halogen bond 855 

the lifetime of the CHCls anion is long compared to the neutralization 
process, therefore reaction (67) is also valid for liquid CHCI,. From the 
analysis of equation (D) it is found that the total yield of ion-precursor is 
about 1. The free ion yield is undetectable, that is G, < 0.04. The reactivities 
as are given in Table 18, compared with the scavenger reactivities in 

TABLE 18. Reactivity as of the positive 
ion scavengers NH3 and n-BuOH 

Scavenger 

Solvent NH3 wBuOH 
~~ 

CHC13 "' 6 + 2  16+4 

Cyclchexanea ca. 0.3b ca. 1 
Cyclohexane" 0.97b 1 - l b  

a Earlier published data were analysed by equation (D); details are in reference 207. 
b Deuterated scavenger: ND3 or rr-C,H,OD. 

cyclohexane solution. The reactivity as in CHCI, is much larger: the 
geminate neutralization in CHCI, is between two molecular ions (CHCI;, 
CHCI;), therefore is substantially slower than the positive ion-electron 
neutralization in cyclohexane. With such larger lifetimes of the positive ion 
in CHCI, the scavenger efficiency obviously must also be larger. 

C. Alkyl Iodides 

In the radiolysis of gaseous and liquid alkyl iodides a large fraction seems 
to be related to radical reaction and excited states. Information about ionic 
processes is derived primarily from the solid systems and from gas-phase 
mass spectrometric studies. Quite generally the product yields are not very 
high because back reactions are important. 

The reactions involved are best known in the gas phase. They are 
summarized hereafter for CH,I, recently discussed very extensively by 
Donovan and Hanrahan2I4 : 

primary processes 

CHJ -+ CH, + I (partly excited) 
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secondary radical reactioiis 

I + I + M - I2 + M third-order reaction (70) 
(b.4 is mainly CHJ or the wall) 

CH,* f CEJ- CH, + CH,I' H abstraction 

-- CH; + CHJ thermalization - C,H, + I' minor reaction 

dimerization CH, 4- CHJ+ M) - C,H,(+ M) 

radicui reaction with products 

CH;+I,- CH,I+I' 

CHJ + Iz- CHJ, + I' 
ionic reactions227* 228 

e + CH,I 

(CH,I+)* > CHJ+ 

f CH, + I- 

> CH, + I+ 53 ratio from 

> CHJ+ + H lool 14 

> (CH,ICH,)+ + I 

mass spectrum 
___f CH,f I 28 (50-70 eV) 

CHJ+ 4- CHJ 

CHZ + CHJ- (CH,ICH,)+ 

CH,I+ + CHJ- I: + C,H; 

Neutralizations finaIIy yield: CHj, I*, H', Et', HI. 

H reactions 
with solvent H' + CHJ- H I  + CH; 

with prodwt  H' + I, > H I + l '  

H' + HI- H, +I' 

Reaction (82) is probably the major source for HI in CH,I. 

products from molecular eliminations 

It is proposed that 

CH? + CH31- C,H,* + I' 
CzH? - CA, + Hz 

but the formation of C,H, is not yet quite clear. 
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From product analysis the importance of the various steps can be 
estimated (see Table 19). About one-third of the initial product yield is 

TABLE 19. Initial product yields from the radiolysis of pure 
gaseous CHJ at 300 Torr (25°C)214 

Product G Product G 

CH, 2.9 f. 0.1 C2H4 0.065 k 0.003 
CH2L 1.4 10-3 I2 0.1 6 5 0.02 
Hz 0-55 10.05 HI 0.1 3 & 0-02 
CaHB 0.07 f. 0-0 1 C,H, 0.12 5 0.01 

formed by radical reactions, ethane by about 90%. The remaining fraction 
is due to reactions with hot radicals or ionic processes. CH,I,, H, and 
G H ,  are not scavengeable. If HI is used as a radical scavenger, the 
initial methane yield is G(CH3 ,u 25. This might stress the large fraction of 
back reaction occurring in these systems214. Scavenging with phosphine 
gave an initial yield of G(CH.J = 12-6215 *. 

In the radiolysis of EtI about two-thirds of the products are explained by 
radical reactions2l7. For EtI, as well as for all higher RI, a unimolecular 
dissociation also occursz1*, 221. 

fU* -+ ti1 -i- alkene (87) 

From mass spectrometry it was shown that EtI and PrI (but not CH,I) 
form dimer cations222: 

RI+ + RI- (RI)$ (88) 

This was supported by spectral data in solid systems (see below). 
In pulse radiolysis of liquid cyclohexyl iodide2", methyl, ethyl and iso- 

propyliodide224 a transient spectrum, peaking at  400 nm and being very 
asymmetric towards the red, was assigned to  a possible charge-transfer 
complex I-RI, but this assignment is not yet certainlZ0. A weak and faster 
decaying absorption at  about 650-750 nm is probably due to a cationic 
species, in analogy.to results in solid RI (see below). 

The alkyl iodides at 77K are able to form a glass or polycrystalline 
matrix, dependent on the cooling method. The e.s.r. spectra of the transients 
formed in the two matrices are drastically different. In the glassy matrix and 
in the polycrystalline matrix of alkyl iodides RI with an odd number of 

* CFJI has a much simpler reaction mechanism, since there is no F abstrac- 
tion, the only products being CF4, C,FI, C2F, and I, though back reactions 
are also dominant. With Br, as scavenger, G(CF,Br) is 20*1216. 
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C atoms, the e.s.r. spectrum is the one of the corresponding radical R. 
The polycrystalline RI n-ith eveii C-numbers displays a very complex 
(1O00 Gauss ryide) spectrum, which changes to the spectrum of R on 
~3rrUing to about 145K, followed by rapid refreezing to 75K. A detailed 
discussion of the spectra, as well as of differences in product yield, is given 
by and coworkerP.  The complex spectrum shows hyprfiae 
splitting from the iodine, which indicates that negative ions RI- are 
caged-in iu the poIycryt3lGne matrices of even-numbered aIkyl iodides and 
I- can be freed only by ~ 2 r r n i n g ' ~ ~ .  

Fenrick and coworkers13 haye recently investigated the further decay of 
the radi td  R produced in a gllassy matrix. Their result5 were interpiefed as 
bzing due to the recombination of R with I- to forin a stable Ri-, carre- 
sponding to the potential e n e r e  diasarn discussed in section 11. D, but the 
latter 3.nion did not yield an e.s.r. spectrum. From thest resuks one riiust 
condudt thst the primary caged-in ion-radical pair (R- I-j in 2 PO$- 
c~s ta l l ine  matri.i is in a different stare from the anion RX- p r o p x l  tg be 
h m e d  from the dem? of R in the glassy matrix. 

From opticA sp"troscopy of the transients lColmed in gLzsq- &--,I 
icsdidcs (XtI? n-BuI, GBUf 2nd Ii-pCnel iodide) absorption bezB zi &zxt 
i > O  nm R-S as-si-atd to 2 dineric cation fIu);""- Tkt c c r c q c d h g  
n=onomeric catiurs $3- hzs e absorp5ions at about &&SO m zc5 c d d  
be dercered ir, & W e  RI-se!uGons in ht-dromr5sn rnz t&i~eP--*~-  

c- 
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Adenosine monophosphate 
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Coenzyme A 
2,4-Dichlorophenoxyacetic acid 
Bis-(p-chloropheny1)acetic acid 
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I ,  l,l-Trichloro-2,2-bis-(p-chIorophenyl)eihane 
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3,5-Diiodotyrosine 
Deoxyribonucleic acid 
Oxidized and reduced forms of a flavine adenine dinucleo- 

tide-enzyme complex 

Oxidized and reduced forms of flavine adenine dinucleotide 

Dihydrofolic acid 
Tetrahydrofolic acid 
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Glutathione (7-glutamylcysteinylglycine) 
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DIHPP: 
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T4 : 
TRF : 
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13. The biochemistry of carbon-halogen compounds 

1. INYROQUCTION 

The number of compounds containing covalently bound halogens which 
are produced by living organisms is very small; in ail, a few dozen of such 
compounds are known. The majority of these are secondary metabolites of 
fungi. Although these metabolites appear to have no essential function in 
the metabolism of the organisms which produce them, sume of them have 
achieved considerable importance due to their antibiotic activities. Some 
of the more important halo metabolites are discussed below. 

In the case of the higher animals only one class of carbon-halogen 
compound is known, namely the iodo derivatives of tyrosine and thyro- 
nine. These compounds are, however, of enormous importance in the 
regulation of growth and control of tbe metabolic activities of the organism 
and aspects of their chemistry and biological functions will be discussed in 
detail. 
Of limited importance but of some historic interest is the occurrence 

in certain Mediterranean molluscs (e.g. Murex braizdaris) of a leuco 
compound which on exposure to air gives a purple dye; this dye, 
Tyrian Purple, was much prized in ancient times. The structure of the 
dye was investigated by Friedlander in 1909 and the compound was 
shown to be 6,6’-dibromoindigotin (I). 

867 

(1) 

One other aspect of the biological importance of carbon-halogen 
compounds which must be considered is the introduction of organo- 
chlorine cornpounds into the biosphere by man. Organochlorine com- 
pounds have found uses as chemotherapeutic agents and pesticides and 
in industry as solvents, flame retardant agents and electrical insulators. 
A representative selection of such compounds is shown in Figure 1. Much 
has now been written about the deleterious effects on the environment 
which have occurred due to widespread use of these compounds, particu- 
larly the organochlorine insecticides. The pharmaceutical compounds are 
used in relatively small amounts and are hence less important from the 
point of view of environmental pollution; similarly, the industrial organo- 
chlorine compounds are generally used in closed systems and, provided 
the necessary precautions are taken, it should be possible to prevent their 
entry into the biosphere. The harmful effect of the indiscriminate use of 
insecticides was fmt  brought to the attention of the public by the publica- 
tion in 1962 of Rachel Carson’s book Silent .Sprijzgl. The thesis of this 
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Pharmaceuticals 

C1 CI 
COOCHzCHZN(C,H,)z 

Chlordiazepoxide 
(tranquillizer) 

Agricultural chemicals 

DDT (aesticide) 

cy&J CI 

CI 
Aldrin (pesticide) 

OCHZCOOH 

Cl 
2,4-D (herbicide) 

Industrial chemicals 

c1n043c1m 

Chloroprocaine 
(local anaesthetic) 

Dicofol (pesticide) 

?' 

cl*o CI 

CI 
Dieldrin (pesticide) 

Cl 

Fenchlorphos (herbiclde) 

Polychlorinated biphenyls Chlorir.ated naphthalenes 

FIGURE I .  Some important synthetic organochlorine compounds. 
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book was not that insecticides should not be used but rather that they 
were being used with little or no advance investigation of their effects on 
soil, water, wildlife and man. The publication of this book led to consider- 
able debate, some of it extremely acrimonious (see, for example, the 
account given in reference 2). Since this time a very large amount of work 
has been expended on analysis of pesticide residues in the environment3*" 
and on the assessment of harmful effects on living organisms-. The major 
problems encountered with compounds of this type are firstly that their 
rate of degradation by biological systems is slow and secondly that they 
are concentrated by living systems. A single example should heIp to 
illustrate this point2. In the Lake Michigan ecosystem ir has been shown 
that the level of DDT in the mud of the lake bed averages 0.014 ppm. In 
the food chain shrimps : fish : herring gulls the levels were found to be 
0.44, 5.0 and 100 ppm respectively. The high level in the gulls at the top 
of this food chain was sufficient to prevent 30% of their eggs from hatching. 
Many similar cases have been cited in the references given abovc aad it is 
beyond the scope of this article to consider the problem of pollution in 
detail. It is obviously a problem of considerable importance and one in 
which the author feels himself insufficiently expert to add to the extensive 
arguments already in the literature. The discussion of organochlorine 
compounds which follows will, therefore, be limited to what is known 
about the processes of metabolism of these compounds and, in particular, 
metabolic processes involving dehalogenation. The more general questions 
of whether the use of organochlorine pesticides should be continued, and, 
if so, the controls which should be introduced to limit the way in which 
they are used, will not be discussed further. 

!I.  FUNGAL METABOLITES CONTAINING CHLOWNE 

Many of the Iower forms of life carry out what is known as secondary 
metabolism, that is, the biosynthesis from intermediates of normal 
metabolic processes of compounds which play no obvious part in the 
economy of the organism. The production of terpenes by the higher plants 
is a n  obvious examplz. The secondary metabolites of fungi are of interest 
in the present context in that some of them contain covalently bound 
chlorine. Fungal species which produce chloro metabolites frequently 
biosynthesize the corresponding bromo metabolites if grown in media 
containing bromide ions rather than chloride ions, but under these con- 
ditions the deshalo analogues are usually major productsD. lo. Attempts to 
produce the corresponding fluoro and iodo metabolites have not been 
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successfu111*12. A review of halo metabolites has been published13 and a 
recent monograph has given a survey of fungal metabolites in generalla. 

A. Structural Types 

With few exceptions, the fungal chloro metabolites have the chlorine 
atom bonded to carbon in a five- or six-membered ring. Exceptions to this 
are the important antibiotic chloramphenico115 (4) and mollisin16 (5). In 
these two cases, both chlorine atoms are bound to a single carbon atom, a 
situation which is also found for the cyclopentane derivative caldario- 
r n y ~ i n l ~ * ~ ~  (2). The compound with the highest chlorine to carbon ratio so 
far isolated is drosophilin AIS (3). 

In addition to the naphthoquinones (e.g. 5) other bicyclic metabolites 
have been isolated with fused rings; these include chromones (e.g. sordi- 
donez0* 21 (6) ) and isocoumarins (e.g. 5,7-dichloro-8-hydroxy-6-methoxy- 
3-methyl-3,Pdihydroisocoumarin22 (7) ). Non-fused bicyclic systems are 

FIGURE 2. Structural types of chloro metabolites. 

Type Typical structure Producer organism 

C ycl op e nta n es 

c 

Phenols 

Ho?50H Cala'ariomyces 
fumago 

Drosophila 
subatrafa 

Streptomyces 
venezuelae P h e n  y 1 se ri n ol s 

OH 

Mollisia caesia Naphthoquinones  
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FIGURE 2 (cow.). 

Type Typical structure Producer organism 
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lsocoumarins 

Depsides 

OH 0 

Lecanora sordida 

C H 3 0 m  H a  Sporormia afinis 

CI 
OH 0 

(7) 

Parmelia species 
HO 

CHO CH3 
(8) 

Aspergillus 
nidulans Depsidones 

HO 
CI 

CH3 CH3 

Penicillium 
Azaphilones $$42w H3 hirayamae 

0 COCHj 

(f 0) 
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FIGURE 2 (cont.). 

Type Typicai structure Producer organism 

Xanthones 

CI 
(49) 

An thraq uinones 

CI 

(12) 

Anthrones 

Dimeric anthrones 

Spirans 

Tetracyclines 

CH 0 OH 

(43) 

Various lichens 

Penicillium 
nalgiovensis 

Aspergillus 
fumigatus 

Anapfychia 
obscurata 

Aspergillus terreus 

Penicillium species 
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FIGURE 2 (conf.). 

Typical structure Producer organism 

(I?> 

Sporidesrnins Sporidesmium 
bakeri 

(1 8) 

represented by the depsides (e.g. chloroatranorinZ3 (8) ) ; various aspergizlus 
species produce analogues of the depsides in which ring closure results in 
a fused tricyclic system (e.g. nidulinN (9)). Other tricyclic fused ring 
systems are the azaphilones (e.g. 7-epi-5-chlorois0rotiorin~~ (10) ), 
xanthones (e.g. thiophanic acid26 (11) )y anthraquinones (e.g. nalgio- 
Iaxin2'- 28 (12) ) and anthrones (e.g. 2-chloro-Iy3,8,-trihydroxy-6-methyl- 
anthroneZg (13) ) ; dimeric anthrones have also recently been isolated 
(e.g. flavoobscurin B30 (14)). Two major types of spirans have been 
identified. In compounds related to geodoxin31 (15) the central ring is 
six-membered whereas in the griseofulvins3- (16) the central ring is 
five-membered ; precursors of griseofulvin have been isolated from 
Penicillium patulum in which the spiran system is not formed (e.g. griseo- 
phenone A35 (21) ). The most complex of the chloro metabolites are the 
tetracyclines (e.g. chlor~tetracycline~~ (17) ) which are of great impor- 
tance due to their antibiotic properties, and the sporidesmins (e.g. 
sporidesmin D3'p3* (18) ). 

0. Chloro Metabolites of Special Interest 

Although a considerable amount of work has been done on the chloro 
metabolites in generaP3, particular effort has been devoted to those species 
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which have antibiotic xtivities. Of these, the most important are chlor- 
amphenicol, griseofulvin and the tetracyclines. 

1. Chloramphenicol 

The organism from which chloramphenicol 4 is obtained was isolated 
indepeadently from Venezuelan s0iPs and from soil in The 
antibiotic was isolated and crystallized in 194S41 and its structure was 
established as ~-threo-2-dichloroacetamido-1-p-nitrophenylpropan-1,3- 
dioP5. Chloramphenicol was found to be active against a wide range of 
organisms (for a review, see reference 42); in particular it was effective 
against the rickettsiae of The drug has been used in the treat- 
ment of typhoid fever, bi-ucellosis, pertussis, gonorrhoea and various 
tropical diseases. Prolonged therapy with chloramphenicol may, however, 
lead to undesirable side-effectsa. 

The biosynthesis of chloramphenicol has been reviewed by Gottlieb4. 
Two aspects of the molecule are of particular interest from the point of 
view of biosynthesis, namely the origin of the nitro group and the 
mechanisrii of introduction of the two chlorine atoms. Unfortunately, 
neither of these problems has been completely solved. Recent work45 
suggests that the nitro group is introduced by direct oxidation of an amino 
group as the last step in the biosynthesis, but the enzyme system catalysing 
the reaction has not been isolated. Chlorination occurs in an earlier step 
but the details of this have not been elucidated. The solution of these 
problems would be assisted by the development of a high producing 
strain of Streptomyces uenezuelae, but owing to the fact that chloram- 
phenicol for therapeutic use is produced synthetically, such a strain has 
not been developed. 

2. Griseofulvin 

Griseofulvin, 16, was first isolated in 193932 from the mycelium of 
Penicillium griseofulvum. The compound is, in fact, produced by many 
strains of Penicilliwn and P .  patuluni is now used for commercial produc- 
tion. In chloride-deficient media P.  griseofulvum produces the dechloro 
analogue4G and when bromide ions are added to such a medium the bromo 
analogue is produced4’. 

Griseofulvin is a powerful fungistatic agent exerting its effect by 
interfering with the synthesis of cell wall material; it is effective, how- 
ever, only against those fungi whose cell walls contain mainly chitin48. 
Griseofulvin has been used successfully in the treatment of fungal infec- 
tions in man and of ringworm infections of cattle (see refercnce 49). 
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Fungal pathogens of plants48 are also susceptible to treatment with 
griseofulvin, but cheaper methods are generally available for control of 
fungal diseases in plants. 

The chemistry of griseofulvin has been extensively examined49. The 
absolute configurations of both asymmetric centres are known=; the 
systematic name of the compound is (2S,6’R)-7-chloro-4,6,2’-trimethoxy- 
6’-methylgris-2’-en-3,4’-dione. Total syntheses of the optically active 
chloro and bromo coinpounds have been reported and racemic fluoro 
and iodo analogues have been syn thes i~ed~~ .  

The biosynthesis of griseofulvin in P. patuluin has been inve~tigated*~~ 50 

and the timing of introduction of the chlorine atom tentatively assigned51. 
It is suggested that griseophenone c (19) is the chloride acceptor producing 
griseophenone b (20) which on methylation yields griseophenone a (21) 
(equation 1); spiran formation and reduction then complete the bio- 

OH 0 OCH, OH 0 OCH, 

CH,O moH CH3 [cil L o ~ o ”  CI CH, 

u 9) (20) 

L / @yOH 
CH,O 

CI CH3 
(21) 

synthetic sequence. Inhibition of the chlorination reaction in P. patuZurn 
by chloride deficiency or inhibition with bromide led to an accumulation 
of 19 and synthesis of only a small amount of griseofulvin; there appears 
to be no route from 19 to dechlorogriseofulvin in this organism51. 

3. Tetracyclines 

The tetracyclines are a family of related compounds with the general 
formula shown overleaf (22). The parent compound (22c) has R1 = R3 = H 
and R2 = CH,. Chlorotetracycline (22e) was the first of the group to be 
isolated52. The compound was found to be a broad-spectrum antibiotic 
effective in the inhibition not only of micro-organisms susceptible to 
penicillin but aIso of many Gram-negative bacteria, rickettsiae and 
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penicillin-resistant staphylococci (the clinical applications of tetracyclines 
have been reviewed by F10rey~~). The use of excessive doses of chloro- 
tetracycline leads to undesirable side-effe~ts~~, including liver damage and 

Name 
~ ~~ 

a H H H 6-demethyltetracycline 
b C1 H H 7-chloro-6-demethyltetracycline 
C H CH3 H tetracycline 
d H CH 0 H 5-h ydroxy tet racycli ne 
e C1 CH3 H 7-chlorotetracycline 

effects in the alimentary canal. I t  is widely held that the latter effects are 
attributable to vitamin deficiency induced by destruction of Esclzerichia 
coli in the gut; vitamin therapy greatly diminishes these side-effectsS3. The 
other members of the family which are important therapeutically are 
oxytetracycline (22d) and tetracycline (22~)~~. Oxytetracycline was isolated 
by Finlay and  collaborator^^^ and the structure determined by Hochstein 
and coworkerss5. Little difference was found between the antibacterial 
effects of oxytetracycline and chlorotetracycline. On the other hand, side- 
effects seem to be more severe in the case of oxytetra~ycline~~ and on this 
account chlorotetracycline is to be preferred. Tetracycline was originally 
prepared by dechlorination of chlorotetra~ycline~~~ 57, but was subsequently 
isolated from a streptomycete by Minieri and coworkers5*. Again, the 
pattern of antibiotic activity is similar to those of the other two members 
of the familP2; in this case, however, gastro-intestinal irritation appears 
to be less severe. 

The biosynthesis of tetracyclines has been extensively studied. (for a 
review, see McCorrn i~k~~) ,  but mainly from the point of view of the origin 
of the carbon skeleton. The main interest in the present case is the origin 
of the chlorine atom of chlorotetracycline and 7-chloro-6-demethyltetra- 
cycline. It has been suggested that chlorination occurs in the reaction 
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shown below (equation 2). Compound 23 was found to be a precursor 
for both tetracycline and 7-chlorotetracycline biosynthesis whereas the 
4-ainino analogue of 24 was a precursor only for chlorotetracycline and 

W H  ~~ w H  (2) 

r N H 2  H 
- 00 

r N H ,  
OH OH 0 0 

OH 
00 

OH OH 0 0 

(23) (24) 

4-ketodedirnethylaniinoanhydrotetracycline 4-ketodedirnethylaminoanhydro- 
7-chlorotetracycline 

the 4-aminodechloro analogue of 24 was a precursor only for tetracycline. 
Hence it was argued ihat the sequence of events is chlorination of 23 to  
yield 24 followed by transamination of the keto group a t  position 4 to 
produce the corresponding 4-amino derivative of 2459. No evidence has 
yet been obtained, however, about the mechanism of chlorination. 

C. Bi~~synthesis of Chloro Metabolites 

The modes of biosynthesis of the carbon skeletons of many of the 
compounds listed in Figure 2 have been investigated; these have been 
extensively reviewed by Turner14. In the present context, interest in bio- 
synthesis of chloro metabolites centres around the timing and the 
mechanism of introduction of the chlorine atom. Unfortunately, informa- 
tion on  these points is rather sparse. 
In general, it seems that chlorination occurs a t  an intermediate stage 

in biosynthesis and not as a terminal step13. This has been demonstrated 
in several cases by the inability of the producer organism to chlorinate 
the corresponding dechloro metabolite. For example, N-acetyl-p-nitro- 
phenylserinol (the dechloro analogue of chloranphenicol) was not 
chlorinated by Streptonzyces venezuelaesO. Similarly, tetracycline was not 
a substrate for the system which produces 7-chlorotetracycline61; in this 
case, the timing of chlorination has been established with a fair degree of 
certainty, as described above. I t  should be pointed out in this context that 
the timing of introduction of chlorine into chloro metabolites with 
apparently similar structures may differ considerably. A clear example of 
this is in the biosynthesis of griseofulvin (16) and the related compound 
geodin (25). As discussed in section 11. B. 2. the substrate for chlorination 
in the biosynthesis of griseofulvin is griseophenone c (19), i.e. chlorination 
occurs before formation of the spiran ring system. The biosynthesis of 
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geodin in Aspergillus terreus has been studied by Rhodes and coworkerss2. 
Evidence was presented for a biosynthetic pathway in which suloshrin (26) 

OH 0 COOCH3 

CH3 c')-+p - 

CI OCH, 
(25) 

is converted to dechlorogeodin (27) (equation 3). Dechlorogeodin is then 
chlorinated in two stages to give first the monochloro derivative and then 
geodin; hence in  this case the substrate for chlorination is the preformed 

spiro compound and chlorination is the terminal step in biosynthesis. It is 
of interest that under conditions of chloride deficiency in cultures of 
A. terreus, the final products of biosynthesis are dechlorogeodin and asteric 
acid (28), the latter being produced by opening of the spiran ring. Addition 

HO COOH COOCH, 

&*OH 
CH: O ~ H ,  

(28) 

of chloride ions to such a culture results in conversion of the accumulated 
Jecldorogeodin and asteric acid to geodin. 

The enzymological aspects of chlorination have been examined by Hager 
and coworkerseM5. They first showed that an extract of dried mycelial 
powders of Culduriomyces fumugo catalysed the conversion of /3-ketoadipic 

COOH CHpCl 

CHzCH2CO 
1 I > I  1 + co, (4) 

COOH CHZCOOH 

CHZCHZCO 
4- CI- + H20, 4- H+ - 

+ 2HzO 

acid into chlorolaevulinic acid (equation 4). The reaction involved 
hydrogen peroxide and it was suggested that the process involves 
oxidation of chloride ions to an unspecified positively charged species. 
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SubsequentlyG5, the enzyme catalysing this process was isolated in a pure 
form from C.  jionago. The chloroperoxidase was found to be a protein of 
moleculai weight 40,000 and containing 2530% carbohydrate ; the enzyme 
also contains as a prosthetic group ferriprotoporphyrin IX. The specificity 
of the purified enzyme was studied in detail, and it was found ;O promote 
synthesis of halogen compounds from substituted phenols, /3-diketones 
and j3-ketoacids. For example, with cyclopentane-l,3-dione, a two-stage 
process was observed in which first 2-chlorocyclopentane-1,3-dione and 
then the corresponding dichloro compound were formed (equation 5)G6. 
The 2,2-dichlorocyclopentane-l,3-dione (29) was converted to caldario- 
mycin (2) by growing cultures of C. fumago but this does not necessarily 
mean that this is the natural biosynthetic sequence. 

(29) 

Studies were also carried out on the halide specificity of chloro- 
peroxidaseG5. For example, in the halogenation of tyrosine, the relative 
rates with chloride, bromide and iodide were 1 : 4.8 : 5-1 ; fluorotyrosine 
was not produced. Similarly, with 1,l-dimethyl-4-chlorocyclohexane-3,5- 
dione the relative rates of production of the 4,d-dichloro and 4-bromo-4- 
chloro analogues were 1 : 2; again fluoride was not a substrate and it acted 
as an inhibitor for halogenation with chloride and bromide. The results 
are consistent with the hypothesis that halogenation by chloroperoxidase 
involves oxidation of the halogen ion, since the rates of reaction mirror the 
ease of oxidation of the ions. Lack of production of fluoro metabolites by 
organisms grown in a fluoride-containing medium is consistent with the 
specificity of chloroperoxidase. In the case of iodide ions, the non- 
production of iodo metabolites is probably due to the toxicity of iodine to 
fungi. 

The fact that a variety of substituted phenols, P-diketones and 
j3-ketoacids are chlorinated by the chloroperoxidase of C. fumago has 
led to the suggestion that similar enzyme systems are involved in the 
biosynthesis of other chloro metabolites50* 59. By reference to the discussion 
above, it can be seen that the substrates for chlorination in the biosynthesis 
of geodin, griseofulvin and tetracycline are of this type. Chlorination with 
concomitant decarboxylation (cf. the production of chlorolaevulinic acid) 
has also been proposed in some cases, for example mollisin (qmG7 and 
nidulin (9)". It is evident, however, that even if there is a basic similarity 
between the enzyme systems responsible for chlorination in different fungi 
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there rmst also be substantial differences; for example it is necessary to 
explain why chlorination takes place at  the griseophenone stage in griseo- 
fulvin biosynthesis but at  the grisan stage in geodin biosynthesis. The 
elucidation of these factors will require extensive investigation of the 
individual systems. 

111. THYROID H O R M O N E S  

A. Introduction 

A11 vertebrates possess an endocrine gland caiIed the thyroid which 
elaborates a series of compour?ds (Figure 3) containing covalently bound 
iodine. In man, the gland is a follicular structure weighing about 25 g 
lying adjacent to the trachea, whereas some lower forms (e.g. the cyclo- 
stomes) do not have the follicles organized into a regular structure. The 
thyroid hormones are essential for the maintenance of normal body 
functions in the adult animal and for the growth and development of the 
neonatal animal; the hormones are also involved in the processes of meta- 
morphosis from larval to adult forms, e.g. from tadpole to adult frog. All 
aspects of the chemistry, physiology and biochemistry of the thyroid have 
been the subject of a recent monographG9. 

The most easily quantitated effect of injection of thyroid hormones into 
an adult animal is increased rate of metabolism and consequent increased 
rate of oxygen consumption ; the tissues mainly affected are diaphragm, 
epidermis, gastric mucosa, heart, kidney, liver, pancreas, salivary gland 
and skeletal muscle70. The basic underlying mechanism of these changes is 
not known, but recent work suggests that the increased metabolic rate is a 
result of increased protein synthesis'l. 

The clinical results of either under-production (hypothyroidism) or 
over-production (hyperthyroidism) of hormones by the thyroid are severe 
(reference 69, sections 3 and 4). Thyroid hormones are essential for 
development of the central nervous system. Hence an inadequate supply 
of hormones during intra-uterine development or during early postnatal 
life produces cretinism; early treatment with thyroid hormones partially 
alleviates the symptoms of this condition. Hypothyroidism at a later stage 
results in growth retardation and lack of sexual development. In adults, 
the most common symptoms of hypothyroidism are fatigue, weakness, 
intolerance to cold and mental impairment; ultimately the condition may 
lead to coma and death. In pre-coma stages, administration of thyroid 
hormones is an effective treatment. Hyperthyroidism is manifested by 
symptoms such as nervousness, palpitations, fatigue, weight loss with 
good appetite, diarrhoea, heat intoIerance and excessive perspiration and 
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physical changes such I S  prominence of eyes and neck. The condition 
varies greatly in severity from that in which the patient is unaware of the 
condition to an acute form in which heart fa.ilure, extreme loss of weight 
or fever with uncontrollable temperature rise results in death. Treat- 
ment of hyperthyroidism may be effected by antithyroid drugs (see 
section 111. C .  4) which prevent hormone synthesis, by subtotal thyroid- 
ectomy or by partial destruction of the thyroid with radioiodine; of these 
methods, the last mentioned appears to be preferred. 

B. Chemistry of the Thyroid Hormones 

The structures of the most important iodo compounds produced in the 
thyroid are shown in Figure 3. Thyroxine (33) (3,5,3‘,5’-tetraiodo-~- 
thyronine) was first isolated from thyroid tissue in 191572 and its structure 
was determined in 1 92773. Subsequently Gross and Pitt-Ri~ers’~ showed 
that the 3,5,3’-triiodothyronine (32) was also present in the thyroid and 
in the plasma, and that this compand was physiologically more active 
than thyroxine itself; the plasma level of this compound is, however, much 
lower than that of thyroxine. Mono- and diiodotyrosines (30 and 31) are 
not physiologically cctive ; these compounds are intermediates in the 
biosynthesis and metabolism of thyroid hormones. 

I. I. 

HO 0 3 0 CHzCHCOOH 

AH2 

(33) 
FIGURE 3. Structures of some iodo compounds produced by the thyroid. 
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Considerable effort has bee; expended on investigations of which 
features of the thyroxine niolecule are essential for biological activity. 
These studies have involved synthesis of analogues of thyroxine and 
assessment of their a~tivity'~. Features of the molecule which have been 
modiiied are the alanine side-chain, substituents in the a- and /?-ring 
systems and of the ether oxygen. I t  is important to consider these modifica- 
tions in the light of the conformation of thyroxine (Figure 4). The ether 
oxygen atom imposes a non-linear relationship on rings (Y and /?. In addi- 
tion the iodine atoms at  positions 3 and 5 of ring 01 restrict rotation about 
the C,,,-O bond such that the preferred conformation of the plane of 
ring is at right angles to that of ring a. This has the effect of making the 
S' and 5' positions of ring /3 non-equivalent spatially. This conformation 

CH&HCOOH 
I 
NH, 

Thyroxine: Rf = R2 = R3 = Re = I 
Ring CY is perpendicular to the plane of the 
paper and ring j3 is in the plane of the  paper 

FIGURE 4. Conformation of thyroxine analogues. 

of thyroxine appears to be important for biological activity since, whereas 
the replacement of the ether oxygen by sulphur leads to retention of 
activity, the diphenyl analogue in which the benzene sings are directly 
linked and linearly related is without activity. Replacement of the alanine 
side-chain by short-chain fatty acid residues does not abolish activity; the 
acetate analogue was most active, having 35% of the activity of thyroxine. 
The 4'-hydroxyl group appears to be important. Replacement of this group 
by methyl produced an inactive analogue of thyroxine; the 4'-deoxy 
analogue was active in vivo but this was due to an oxidation process 
resulting in the regeneration of thyroxine. 

Replacement and substitution of the iodine atoms have been studied. The 
level of activity falls rapidly in the series tetrabromo-, tetrachloro- and 
tetrafluorothyroxine. A list of other thyroxine analogues whose activities 
have been tested is given in Table 175. When the 3,5 substituents in ring a 
are iodine, then the compound with iodine at position 3' but unsubstituted 
at position 5' is more active than thyroxine. Replacement of the 3'-iOdO 
substituent with alkyl groups results in increasing activity from methyl to 
isopropyl and then a decrease with t-butyf, s-butyl, phenyl and cyclohexyl. 
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The importance of the 3’-substituent is emphasized by the fact that 
2’,3’-dimethyl-3,5-diiodothyronine is physiologically active whereas 
2’-5’-dimethyl-3,5-diiodothyronine is not. In the case of the 3,5-positions 
of the a-ring, bromine is the only substituent which will effectively replace 

TABLE 1. Biological activities of thyroxine 
analogues (cf. Figure 4) 

~~~~ 

Rl R2 R3 R4 Relative 
activity 

I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
i-Pr 
S-B u 
Br 
Br 
I 
I 

I I I 
I I H 
I Me H 
I Et H 
I i-Pr H 
I t-Bu H 
1 S-BU H 
I Ph H 
I C,H,, H 
I Br Br 
i-Pr I H 
S-BU I H 
Br i-Pr H 
Br I I 
H I  H 
H I  I 

100 
464 

65 
56 

617 
239 

59 
10 
1 

75 
0 
0 

265 
75 

Inhibitory 
Inhi bit ory 

iodine of those that have been tested ; indeed 3’-isopropyl-3,5-dibromo- 
thyronine is comparabIe in activity with 3,5,3’-triiod0thyronine’~. In 
summary, the requirements for thyroxine-like activity seem to be iodo 
or bromo substituents at the 3- and 5-positions of ring a, and a bulky 
substituent in the 3’-position of ring p ;  the latter need not be a halogen. 
Of considerable interest are 3,3’-diiodothyronine and 3,3’,5’-tniodo- 
thyronine; neither of these compounds has thyroxine-like activity and 
they are in fact inhibitors of the activity of the natural hormones. This 
clearly shows the importance of the 5-iodo substituent for physiological 
activity. 

On the basis of these considerations, J ~ r g e n s e n ~ ~  has presented a 
hypothetical model of the hormone receptor site. Ring a and the alanine 
side-chain are thought to be responsible for binding the hormone to the 
receptor site, whereas the 4’-hydroxyl group and the 3’-substituent of 
ring B are supposed to interact with a functional site thus affecting its 
behaviour. The molecular events consequent on binding to the receptor 
site are unknown. 
30 
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C. Biosynthesis of Thyroid Hormones 

I Extracellular 
fluid 

Thyroid cell Niir ui! I ,  I ,  

I--& 
Active 

transport 

THYROGLOBULIN I-- '11 T i i n a t i o n -  I 
0xidat;on of thyroOlobulio 

/ Deiodination 

T d  T3 +-j- Excretion {:: 
MIT 3-iodotyrosine 
DlT 3,5-diiodotyrosine 
T, 3,5,3'-triiodothyronine 
T, thyroxine 

FIGURE 5. Schematic representation of the biosynthesis of thyroid hormones. 

The main processes involved in the biosynthesis of thyroid hormones 
are shown schematically in Figure 5. These processes will be discussed 
individually. 

1. Transport of iodide ions?** 

The thyroid gland has the ability to concentrate iodide ions from the 
plasma. Iodide ions are actively trailsi>orted into the thyroid cells and it. 
has been shown that, in the case of the rat for example, under conditions 
where thyroid hormone synthesis is blocked, the concentration of iodide 
ions inside the thyroid is 25 to 100 times greater than that in the serum. 
The transport process is inhibited by many monovalent anions (e.g. 
Clog, SCN-) ; under these conditions the intracellular iodide ions diffuse 
out into the plasma. 

2. Dodination of thyroglobulin 

The substrate for iodination reactions in the thyroid is not free tyrosine 
or thyronine, but rather some of the tyrosine residues of a specific protein 
substrate called thyroglobulinaD. The protein is a tetramer of molecular 
weight 66O,C0Oa1 containing about 10% carbohydrateg2; the four subunits 
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of the protein are thought to be identical but this has yet to be firmly 
established. The tetramer contains approximately 125 tyrosine residues. 
Typically, when the thyroglobulin contains 1% by weight of bound 
iodine, the numbers of these residues converted to iodotyrosine, diiodo- 
tyrosine and thyroxine are about ten, six and five respectivelys3. H x c e  
by no means all of the tyrosine residues are susceptible to iodination. 

Iodide ions taken up by the thyroid are very rapidly incorporated into 
thyroglobulin; less than 1% of iodine in the thyroid is in the form of free 
iodide ionssP. The mechanism of iodination remains obscure, however. It 
is generally considered that the process of iodination must be preceded by 
oxidation of I- to either I+ or IOH$s5 (cf. chlorination reactions in fungi, 
section 11. C);  in view of the efficiency of molecular iodine in aromatic 
iodination, however, it is possible that this species is active in biological 
iodination reactions. There is no direct evidence for this except that iodina- 
tion reactions in the thyroid are blocked by reducing agents. In the absence 
of evidence of any other candidate, the assumption is usually made that the 
oxidizing agent is hydrogen peroxide. The thyroid gland does indeed 
contain peroxidases which, in the presence of iodide ions, hydrogen 
peroxide and a substrate such as thyroglobulin, catalyse iodination 
reactions in nitrosG. The significance of these enzymes in thyroid hormone 
biosynthesis remains to be established. 

Another hypothetical protein which has been implicated in thyroid 
hormone biosynthesis is ‘tyrosine iodinaseYs7. There seems to be no need 
to invoke the existence of such an enzyme from the point of view that, 
once an oxidized form of iodine is produced, it will rapidly iodinate 
proteins without the intervention of an enzyme. Conversely, however, 
since iodine in the thyroid is specifically incorporated into thyroglobulin 
and not into other cellular proteins, it might be argued that an enzyme is 
required to direct the iodination specifically towards thyroglobulin. 

Although it is clear that iodotyrosines are formed by iodination of 
tyrosine residues in thyroglobulin, the subsequent coupling of pairs of 
iodotyrosines to produce iodothyronine is not well understood. That this 
is indeed the sequence of events is indicated by the observation that 
injection of I3lI into animals results in a rapid rise of radioactivity in 
iodotyrosines whereas the rise of radioactivity in thyroxine is much slowerss. 

The coupling of diiodotyrosine residues to form thyroxine under the 
influence of oxidizing agents has been studiedsD. A mechanism proposed for 
this process is shown in equations (6) and (7). Oxidation of one molecule 
of diiodotyrosine 31 yields a quinonoid intermediate 34; this then 
couples with a second molecule of diiodotyrosine to produce a p-quinol 
ether 35. Loss of an afanine side-chain from 35 produces thyroxine. An 
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alternative mechanism has been proposed90 in which the P-ring system is 
provided by 3,5-diiodo-Phydroxyphenylpyruvate (DIHPP, 36) which is 
derived by oxidative deamination of 3,5-diiodotyrosine. The coupling 
reaction would then be similar to that given in reactions (6) and (7). 

/ I' 

CH2CHCOOH 
I 
NH, 

J (35) 

(33) -t NH, f CHP=CHCOOH 

These suggestions relate to the synthesis of thyroxine in non-enzymic 
model systems. In the thyroid, at  least one ring of thyroxine is provided 
by thyroglobulin-bound 3,5-diiodotyrosine. Whether the second ring 
system similarly originates from within the thyroglobulin or from an 
external source (e.g. as diiodotyrosine or DIHPP) is not known. Recently, 
trace amounts of free DIHPP have been found in rat thyroid tissue91 and 
this observation has promoted a more detailed study of the possible 
involvement of this compound in thyroxine biosynthesis. Blasi, Fragomeie 
and CovellPo have found enzymes in thyroid tissue which catalyse the 
conversions in reaction sequence (8). Reaction a, catalysed by a trans- 

I, 
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aminase, produces DIHPP (36). A tautomerase (reaction b) converts 36 
to the corresponding enol form and a peroxidase (reaction c) catalyses 
the formation of the hydroperoxide (37). Compound 37 is then thought 
to  react with thyroglobulin-bound diiodotyrosine, but this essential step 
in ihe process has yet to be demonstrated. 

3. Release of thyroid hormones 

Release of thyroid hormones from thyroglobulin for secretion into the 
system requires hydrolysis of the thyroglobulin molecule by proteolytic 
enzymes. Extensive studies of the proteolytic enzymes in thyroid tissue 
have been carried outg2 but it is not clear whether or not these enzymes are 
responsible for liberation of thyroid hormones in vivo. Hydrolysis of 
iodinated thyroglobulin yields not onIy thyroxine and small quantities of 
3,5,3’-triiodothyronine, but also monoiodo- and diiodotyrosines. The 
tyrosine derivatives are not secreted by the thyroid, but are rapidly 
deiodinated by the action of iodotyrosine deiodinase; this enzyme is 
specific for free iodotyrosines and does not attack the thyroglobulin-bound 
derivativesg3. The iodide ions released in this process are then reincor- 
porated into thyroglobulin (Figure 5). 

4. Antithyroid compounds 

Compounds 21-2 known which inhibit the various processes of thyroid 
hormone biosynthesis; several of these are useful in the treatment of 
hyperthyroidism (section 111. A). The inhibitory effect of certain mono- 
valent anions on the uptake of iodide ions by the thyroid7g has already 
been mentioned (section 111. C. 1). Ions such as perchlorate, pertechnecate, 
perrhenate and tetrafluoroborate are concentrated by the thyroid but are 
not metabolized. Thiocyanate inhibits both the accumulation of iodide 
ions by the thyroid and the iodination reactions. 

Of the compounds which inhibit thyroxine biosynthesis by blocking the 
iodination and coupling reactions, the most useful therapeutically are the 
thionamidesg4 (Figure 6). The mechanism of action of these compounds 
has not been clearly defined, but it is known that thionamides inhibit the 
oxidation of iodide by peroxidases isolated from thyroid glands”. An 
alternative, or perhaps supplementary, role of thionamides in the preven- 
tion of iodination reactions has been proposedg6, based on the hypothesis 
that the iodinating agent may be a sulphenyl iodide derivative of a 
sulphydryl group in tyrosine iodinase. The formation of a compound of 
this type is shown in equation (9), where E-SH represents a suIphydry1 
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Prop y l t h io u raci I Thiourea Thiouracii 

FIGURE 6 .  Structures of thionamide antithyroid compounds, 

group (the side-chain of cysteine) in the enzyme. Thionamides could then 
react with E-SI to yield a disulphide compound (equation 10) and thus 
prevent iodination from taking plsrce. 

(9) 
1- 

E-sH (H,O,)> E-SI 

N- 
(1 O) 4 + HI NH- 

NH- NH- 
E-SI + S=C, / M E-S-S-C, 

5. Control of thyroxine production 

In general the production of hormones by endocrine glands is subject to 
delicate and complex controls. This is true in the case of thyroxine and a 
considerable amount of knowledge has been accumulated concerning this 
systemg7; the essential features of the control system are shown in Figure 7. 
The production of thyroxine is, at  least in part, under the control of the 
nervous system. Stimulation of the hypothalamus causes the release of 
TRF (thyrotropin releasing factor). This substance is passed into a portal 
vein which carries the TRF directly to the anterior part of the pituitary 
gland. TRF then stimulates the release by the pituitary of TSH (thyroid 
stimulating hormone or thyrotropin). TSH is carried in the blood stream 
to th:: thyroid gland and stimulates the output of thyroxine by the gland. 
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The system is subject to negative feedback controls in that high levels of 
hormone in the circulation inhibit the production of TSH by the pituitary 
gland and ma.y inhibit secretion of TRF by the hypothalamus; the evidence 
for the inhibition of ‘TRF release by thyroxine is, however, conflicting”. 

High levels of i 
thyroxine inhibit i 

! 

.- 

TkF in blood 

Thyroid gland 

Organs L1- 
J. 

Thyroxine metabolism 

FIGURE 7. The control of production of thyroxine by the thyroid gland. 

The first mentioned of these factors, namely, neural control of thyroxine 
production, is the most recently established. The main influence of the 
hypothalamus under normal conditions appears to be to regulate the set- 
point of thyroxine production. If the hypothalmic-pituitary link is inter- 
rupted, then thyroxine production continues at a steady but reduced level; 
inhibitory effects of administration of thyroid hormone are more pro- 
nounced under these circumstances”. The detailed mode of action of TRF 
is not understood but it appears that the compound stimulates the release 
of preformed TSH by the pituitary glands9. Administration of sufficiently 
large quantities of thyroxine blocks the effect of TRF; similarly the 
inhibitory effect of thyroxine on TSH secretion can be overcome by 
large amounts of TRF100. TRF is active in vivo at the nanogram level and 
the amount contained in the hypothalamus is correspondingly small. 
This fact made the isolation and characterization of TRF a matter of 
extreme difficulty. This has now been achieved independently by Schallylol 
and Guilleminlo2 and their collaborators; some hundreds of thousands of 
hypothalami were required to provide sufficient material for structural 
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studies. The compound has been shown to be a tripeptide, pyroglutamyl- 
histidinylprolineamide (38). Compound 38 has been synthesized and 
found to be identical with natural TRF in its action. 

(38) 

TSH is a much more complex molecule thaii is TRF. The compound 
has been isolated from human pituitary glandslo3 and shown to be a basic 
glycoprotein with a molecular weight of 28,000. TSH is stored in the 
basophilic cells of the pituitary and its secretion is stimulated by TRF; 
conversely, thyroxine decreases the release of TSH by the pituitary. The 
effects of TSH on the thyroid are complex. TSH administration leads to a 
general increase in the rate of intermediary metabolism in the thyroid"* 
and in particular to increased glucose and protein metabolism. Associated 
with this effect are increases in the rate of formation and release cf 
thyroxine; the connexion between these effects is not well understood. 
TSFI has a stimulatory effect on the transport of iodide ions into the 
thyroidlo5; this effcct seems to be associated with an increase in protein 
synthesis in the gland. Iodination of thyroglobulin is also increased by 
TSH106. This effect may be correlated with increased glucose metabolism 
and a related increase in NADPH production; NADPH stimulates 
iodination reactions in the thyroid by a mechanism which may involve 
reduction of flavoproteins which then react with oxygen to produce 
hydrogen peroxide. The involvement of hydrogen peroxide in iodination 
reactions has been discussed in section 111. C.  2. A possible scheme for 
the role of TSH in iodination can be representeds5 by sequence (1 1). TSM 

Glucose)( NADP P.FADH3 c 0 2 ,  Hz03cOxidized form of I- 

(10 NADPH P.FAD H A  I' 

T 
Metabolites 

Step stimulated by TSH 

also appears to have a stimulatory effect on the coupling reaction. This 
again would be explicable in terms of an increased availability of hydrogen 
peroxide if the reactions shown in sequence (8) are indeed involved in the 
coupling reaction. 
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Proceeding further along the pathway to thyroxine secretion, it has been 
shown that TSH stimulates the proteolysis of iodinated thyroglobulin 
(section 111. C. 3)lo7. The basis of the stimulation of hormone release 
probably results either from an activation of thyroidal proteases or from 
a modification of the thyroglobulin structure which renders the molecule 
more susceptible to proteolysis. Proteolysis liberates mono- and diiodo- 
tyrosines as well as the active hormones (section 111. C.  3). The iodo- 
tyrosines are deiodinated by an enzyme which is dependent on NADPH”. 
TSH administration stimulates the activity of iodotyrosine deiodinase 
initially by raising the level of NADPH; there is evidence, however, that 
prolonged stimulation with TSH results in increased enzyme synthesislog. 
It can be seen from the discussion given above that TSH exerts several 
stimulatt~ry effects on thyroxine production and release. It seems, however, 
that the origins of these effects may reside in a single basic phenomenon, 
namely, tlre stimulation of intermediary metabolism. 

Control of thyroxine biosynthesis by TSH is itself regulated by the level 
of thyroxine in the blood (see Figure 7). The thyroid responds to yet 
another controlling factor, namely the level of thyroxine stored within 
the gland. This autoregulatory mechanism operates to increase iodide 
accumulation when the hormonal store decreases and conversely to 
inhibit accumulation when the gland contains high levels of the hormonelog. 
The mechanism of autoregulation is not known. 

D. Metabolism of Thyroid Hormones 

Thyroxine is metabolized in the peripheral tissues with a half-life of 
about 7 days. The principal route of metabolism seems to be deiodination, 
since in humans after administration of radio-labelled thyroxine, SO-SO% 
of the radioactivity is recovered in the urine as iodide ionslll. Most studies 
of deiodination in vivo and in ziitro have used thyroxine labelled in the 
/?-ring and it is generally agreed that these iodine atoms are removed with 
little or no change of the thyronine moiety112. More recent studies using 
3,5-[1251]-thyroxine have shown that the iodine atoms in the a-ring 
are also removed; the diphenyl ether moiety of the thyroxine structure is 
left intact but the alanine side-chain undergoes partial degradation to the 
acetate analogue. The analogue of thyroxine in which the alanine side- 
chain is replaced by acetate undergoes deiodination after injection in U I ’ U O ~ ~ ~ ,  
but it is not clear whether the natural sequence is side-chain oxidation 
followed by deiodination or vice versa. 
Iodothyronine-deiodinating enzyme systems have been detected in 

homogenates from a wide variety of tissues including liver, kidney, muscle, 
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brain and heart, but in spite of intensive studies very little progress has 
been made in the purification and characterization of the enzyme systems. 
Part of the difficulty may be due to the practice of adding flavine mono- 
nucleotide to assay systems; it is now known that this can lead to photo- 
catalysed non-enzymic deiodination of thyroxine115. In addition, it has 
recently bee2 shown that homogenates of rat liver contain an inhibitor of 
deiodination which can be removed by dialysislle. Problems of this sort 
have impeded progress in the study of deiodinases. 

One of thc most successful studies to date is that of Tatall' who carried 
out a partial purification of a thyroxine deiodinase from the soluble 
fraction of rabbit skeletal muscle homogenates. The enzyme preparation 
was active against thyroxine and triiodothyronine but much less so against 
the iodotyrosines; it is thus clear!y different from the iodotyrosine 
deiodinase (section 111. C. 3). Debromination of bromo analogues of the 
natural substrates was catalysed, but less efficiently. The activity of the 
preparation was enhanced both by FMK and by Fe2f ions but there was 
a difference in the products in the two cases. With Fe2+ in the assay 
system, all the iodine was liberated as iodide ions; with FMN, on the 
other hand, 40% of the iodine was transferred to contaminating proteins. 

It is evident that insufficient information is presently available to allow 
speculation about the mode of action of iodotyrosine and iodothyronine 
deiodinases. An understanding of these enzymes will require their isolation 
in a state of purity and a detailed study of their catalytic properties. 

IV. METABQLJSM AND T O X I C I T Y  O F  S Y N T H E T I C  
HALOGEN-CO NTAl NI NG CQMPO U N D S  

A. introduction 

Carbon-halogen compounds are of limited occurrence in animals. 
Hence it is, perhaps, not surprising that the metabolic interconversions 
of compounds of this type are often such as to leave the carbon-halogen 
bonds intact. A general pattern for the metabolism of compounds such as 
chlorine-containing drugs is introduction into the molecule of reactive 
groups, for example, amino, carboxyl, hydroxyl, followed by conjugation 
of the modified drug and then excretion. The introduction of the reactive 
group necessary for conjugation is usually achieved by oxidation, reduction 
or hydrolysis. These reactions are catalysed by enzymes present in the 
liver; the enzymes appear to be of low specificity and have not bezn well 
characterized. A few examples of these processes will be given118. 
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An example of an oxidative metabolic route is provided by the muscle 
relaxant, chlorobenzoxazolinone (39). This compound rapidly undergoes 
hydroxylation at the 6-position followed by conjugation to the glucuronide 
(reaction 12)l1°. Formation of glucuronides is the most common route of 

(39) 6 H  
conjugation of foreign compounds. The glucuronide moiety is provided by 
uriaine diphosphate glucuronic acid (40) (UDP-Glu) ; with alcohols, the 

8 

product is the corresponding ether (reaction 13). These compounds are 
highly water-soluble and are rapidly excreted In the urine. Other frequently 
encountered conjugates are sulphates and glycinates. 

COOH COOH 

+ ROH __f HO ooR+ UDP (13) 

The hypnotic, chloral hydrate (41), provides an example of reductive 
metabolism. This compound is reduced to trichloroethanol (which may be 
the substance responsible for the action of the drug) and excreted as the 
glucuronide conjugate (reaction 14). A substantial fraction of the drug is 

CI,CCH(OH)z + CI&CHzOH ___f Cl&CHzO-Glu (1 4) 

also excreted as trichloroacetic acid which is derived from oxidation of 
trichloroethanol and directly from chloral hydrate. The fatal dose of the 
drug is about 10 g but its effects are potentiated by simultaneous ingestion 
of ethanol. 

H UDP 
OH 

UDP-GIu 

(41 1 



8 94 Shawn Doonan 

Chloroprocaine (42), a potent local anaesthetic, is metabolized by 
hydrolysis to 2-chloro-4-aminobenzoic acid and N,N-diethylaminoethanol 
(equation 15). The benzoic acid derivative is excreted partly unchanged 
and partly as the glucuronide1*8. 

COOH 

(42) 

The examples so far givcn are of drugs with relatively simple metabolic 
pathways. In some cases, however, the metabolic processes are much more 
complex. For example, the important tranquillizer, chlorpromazine, yields 
over twenty urinary metabolites12a. The structure of chlorpromazine 
(43, R1 -, R2 = H, R3 = R4 = CH,) and its principal metabolites is shown 
in Table 2. The hydroxylated metabolites are excreted both free and 

TABLE 2. Urinary metabolites of chlorpromazine 

!W 
Metabolite R1 R3 R3 R4 

S-Oxide 0 H CH3 CH, 
H M CH3 Monodemethyl - 

H H H Didemethyl - 

Monodemethyl-S-oxide O H  H CH3 
Didemethyl-S-oxide O H  H H 
7-Hydroxy - 
Monodemethyl-7-hydroxy - OH H CH3 
Didemethyl-7-hydroxy - OH H H 

OH CH3 CH3 

7-Hy droxy-S-oxide 0 0I-I  CH3 CH, 

conju2ated with glucuronic acid. Again it can be seen that the chlorine 
atom is retained in the metabolites. Hence it seems that, given a route to 
easily excretable metabolites, there appears to  be Iittle tendency for 
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dechlorination of chlorine-containing compounds to occur. This point 
will be returned to in section IV. B below. 

The same argument does not seem to hold for brornine-containing 
compounds. For example, the hypnotic agent bromvaletoiie (44) appears 

Br 
I 

(CH,),CHCHCONHCONH, 

(44) 

to be completely metabolized in man to yield bromide ions; no metabolites 
of the carbon skeleton have been foundlls. SimilarIy, carbrornal (4s) 
undergoes debromination to yield diethylacetylurea (46ilZ1 and is also 
metabolized to 2-ethyl-2-hydroxybutyric acid (47). Carbromal has a 
relatively low acute toxicity (10-25 g), but prolonged treatment with the 

CPHB F H S  I 
C2H5 
t 

I I I 

(45) (46) (47) 

drug may lead to high levels of bromide ions in the blood (lOOpg/ml) 
with associated psychiatric disturbances. Hence it appears that carbon- 
bromine bonds are more reactive in vivo than zre carbon-chlorine bonds. 
Relatively few drugs contain fluorine and iodine, and the metabolism of 
these has not been studied. lodinated hydrocarbons are metabolized, 
however (see section IV. B), wherezs fluorinated hydrocarbons are probably 
not. Some fluorine-containing compounds are highly toxic; the bio- 
chemistry of these is particularly interesting and will be dealt with in 
section IV. C.  

Br-CCONHCONH2 HCCONHCONH, HOCCOOH 

C2H5 C2H5 C2H5 

B. Halogenated Hydrocarbons 

The metabolism and toxicity of these compounds are of some interest 
due to their use as anaesthetics and their widespread application as 
industrial solventslZ2. Many of these compounds are highly volatile and 
are largely excreted by exhalation. There is evidence, however, that even 
when exhalation is the major route of excretion, some metabolism does 
occur. 

Carbon tetrachloride is of moderate toxicity, the minimum lethal dose 
being 3-5 ml. The compound is rapidly absorbed from the lungs and 
gastro-intestinal tract and to some extent from the skin. Ingestion of 
carbon tetrachloride causes damage to many tissues, particuIarIy the liver 
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and kidneys; these effects are greatly increased when alcohol is taken at 
the same time. The majority of ingested carbon tetrachloride is exhaled 
(80-3074) but the remainder is metabolized. McCollister and coworkers123 
found that 20% of the non-exhaled material was metabolized to carbon 
dioxide and the rest to an unidentified water-soluble metabolite. 

Chloroform is used as a general anaesthetic. A concentration of 2% in 
air is sufficient to induce anaesthesia and the lethal dose is about 10 ml. 
After ingestion of chloroform, 90% of the material is exhaled but small 
amounts can be detected in the blood for up to 8 hours118; there is no 
evidence for the occurrence of dehalogenation of chloroform in man. 

Of the halogenated ethanes, the pentachloro- and 1,1,2,2,-tetrachloro- 
derivatives are not of great industrial importance. Tetrachloroethane is of 
interest, however, in that it is thought to be metabolized to some extent 
to oxalic acid by a process of hydrolysis and oxidation12*. This could 
account in part for the toxicity of the compound; the minimum fatal 
dose is about 3 ml. Of the trichloroethanes, the 1,1,2-isomer is the more 
toxic but is of little industrial importance; there seems to be no evidence 
for its metabolism122. The 1,1,1-isomer is widely used and has to some 
extent displaced carbon tetrachloride as an industrial cleaning agent since 
it is of lower toxicity. The majority of ingested l,l,l-trichloroethane is 
exhaled, but a small amount is converted to trichloroethanol and excreted 
as the glucuronide. Little is known about the metabolism of 1,l-dichloro- 
and 1 ,Z-dichloroethanes except that slow dehalogenation occurs in the 
rabbit125. I t  has been postulatedlzB that metabolism of these compounds 
would Iead to acetic acid and oxalic acid respectively, 5ut this has not been 
verified. Tetrachloroethylene is used industrially as a solvent and them- 
peutically as an antihelmintic agent and in the latter application is to be 
preferred to carbon tetrachloride since it produces less damage to the 
liver. The lethal dose is about 10 g; the compound is slowly metabolized 
to an unknown water-soluble metabolite1l8. 

'Trichloroethylene is very widely used as a solvent and as an anaesthetic. 
Exposure to trichloroethylene vapour over long periods can lead to chronic 
poisoning which may result in permaneat blindness; cases of addiction 
have also occurred1l8. In  contrast to the other chlorinated hydrocarbons, 
excretion of ingested trichloroethylene is not mainly by exhalation. The 
compound is metabolized to chloral hydrate12', which is then further 
metabolized as described in section IV. A. No details are available con- 
cerning the conversion of trichloroethylene to chloral hydrate. 

Of some interest is the metabolism of the monohalogen derivatives of 
the lower hydrocarbons. These compounds are very volatile and are largely 
excreted by exhalation; the residual compounds, however, undergo 
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metabolislrrl to produce the corresponding mercapturic acids. For example, 
Thompson and coworkers128 found that about 1% of ethyl bromide 
administered to animals was excreted as ethylmercapturic acid (50). A 
route to this compound was postulated which involved displacement of 
bromine by the -SH group of glutathione (GSH, y-glutamylcysteinyl- 
glycine, 48) to yield S-ethylglutathione (equation 16). S-Ethylglutathione 

NH2CHCH,CH,CONHCHCONHCH2COOH i- BrCH2CH3 (1 6)  
I I 

COOH CH2 
1 

S H  
(48) 

__3 GS-CH2CH3 3- HBr 

was supposed to undergo hydrolysis mediated by the enzyme glutathionase 
to yield S-ethylcysteine (49) which on acetylation produced ethylmercap- 
turic acid (50) (reaction 17). The nzture of the acetylating agent was n3t 

NHCOCH, 

1 
COOH 

acotylation 1 
NH2 I 

I 
COOH 

CH3CH,SCH,CH + CH3CHZSCHzCH (1 7) 

(49) (50) 

specified. Ethyl iodide also gave rise to ethylmercapturic acid. Similar 
results were obtained with n-propyl chloride, bromide and iodide, 
n-propylmercapturic acid being produced in all three cases12B. It s, -ems 
that this is a common metabolic route for the monohalogenated hydro- 
carbons in animals and may in fact have a wider significance as discussed 
in the next section. 

C. Fluorine-containing Compounds 

1. Fluoroacetic acid 

The toxic properties of fluoroacetic acid may legitimately be described 
in a section devoted to synthetic halogen-containing compounds since the 
substance was first obtained synthetically in 1896130. No report was made 
of its toxicity at that time, but subsequently the compound was found to 
be more toxic than, for example, hydrogen cyanide or phosgene131. In 
1944 the remarkable discovery was made that fluoroacetic acid is the toxic 
principle of the poisonous South African plant Gifblaar (Dichapetalum 
cym0sun2)’~~. This observation led to intensive study of the biochemistry 
and toxicology of this and related compoundslS. A fascinating monograph 
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has been devoted to this subject134 and is recommended for a more detailed 
coverage than is possible here. 

The toxicity of fluoroacetic acid is very high, but there are substantial 
differences in the doses required to kill different animals (Table 3)135. The 

TABLE 3. The toxicity of fluoroacetic 
acid in different species135 

Dog 
Cat 
Rabbit 
Horse 
Man 
Rat 
Frog 
South African clawed toad 

0.06 
0.2G 
0.50 
1.0 

2-1 0 
5 

150 
> 500 

LD,,-dose in mg/kg body weight required to kill 50% of a batch of animals. 

dog is particularly sensitive whereas the frog and toad can tolerate 
relatively large amounts of the compound. Man appears to  be moderately 
sensitive but the figure given in Table 3 must be taken with reserve since 
the data are limited. Fluoroacetic acid does not seem to be toxic to plants 
(see later). The immediate cause of death also varies from species to  
species. In the rabbit injection of fluoroacetic acid results in convulsions 
followed by cardiac arrest, in the dog the effect is mainly on the central 
nervous system whereas in the rat the cause of death is respiratory depres- 
sion; the response in the rhesus monkey and probably in man is a mixture 
of these1%. The high toxicity of fluoroacetic acid has led to its use as a 
r~den t i c ide l~~ .  The compound must, however, be used with considerable 
care due to its toxicity to man and domestic animals. The carcasses of 
animals killed by fluoroacetic acid remain toxic for long periods; for 
example dogs have been killed by eating rats up to 10 weeks after the rats 
had been poisoned by fluoroacetic acid13*. Nevertheless, the substance can 
be used with safety if sufficient care is taken137. 

In spite of the differences in degree of toxicity and in type of response to  
fluoroacetate poisoning encountered with different animals, it appears that 
the biochemical mechanism of toxicity is common in all susceptible 
species. The important observations which led to an understanding of the 
mode of action of fluoroacetic acid were that the compound causes 
accumulation of citric acid in tissues in u i 7 ~ d ~ ~  and that the accumulation 
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of citric acid in a suspension of mitochondria was due to blockage of the 
citric acid cyclelSD. The citric acid cycle is of central importance in the 
metabolic activity of cells (for a discussion see, for example, reference 140); 
consequently a disturbance to this cycle would result in gross malfunction 
of the organism. At the simplest level, the citric acid cycle may be con- 
sidered as a device for the oxidation of acetate to carbon dioxide. Its 
importance transcends this, however, since the cycle represents the meeting 
point of nearly all the metabolic processes occurring in the cell140. Acetate 
eiiicrs the cycle in the form of acetyl coenzyme A (CH,CO-CoA, 51); a 
condensation reaction with oxaloacetic acid (52) occurs catalysed by the 
enzyme citrate synthase to produce citric acid (53, reaction 18). Citric acid 

0 0 CH, 
I I  II I 
I I  I 

HooH CH3 

CHZO POPOCH~CCH(OH)CONHCH~CH~CONHCH,CH2SCOCH3 a) N 

(51 1 
COOH 

I 
CHZ 

I 

I 
CH2 
1 
COOH 

(52) (53) 

CH,COCoA -i- COOH 
I 
co 

I --CoA> 
CHZ 

I 
COOH 

HOOC -C- OH 

COOH COOH 
I I 

CH CHOH 

HOOC-CH (19) 
I /  

> HOOC-C 
I I 

CHZ 
I CH2 

COOH 
I 
COOH 

(W (55) 

COOH 
I 
CHZ 

I 
CHZ 

I 
COOH 

I - H 2 0  +H 0 I 
HOOC-C-OH 

then undergoes dehydration to cis-aconitic acid (54) and the latter is 
rehydrated to yield isocitric acid (55) (reaction 19); both steps are catalysed 
by the enzyme aconitase. A series of reactions then occurs involving two 
decarboxylations and ultimate regeneration of oxaloacetic acid thus com- 
pleting the cyclic process and effecting the oxidation of acetate to carbon 
dioxide140. 
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The build-up of citric acid in  cells poisoned by fiuoroacetic acid would 
suggest that fluoroacetic acid acts by inhibiting the enzyme aconitase. This, 
howzver, is not the case. LiCbecq and Peters139 proposed that fiuoroacetic 
acid is converted by the normal processes of the cell into fluorocitric acid 
and it is this species which is the toxic agent; they termed this metabolic 
conversion of a non-toxic into a toxic species ‘lethal synthesis’. In the 
initial stages of the process, fluoroacetic acid substitutes for acetic acid in 
the acetate thiokinase reaction to yield fluoroacetyl-CoA (56, reaction 20); 
ATP, AMP and PP, are adenosine triphosphate, adenosine monophosphate 

FCH,COOH + ATP + CoA > FCHZCOCoA + AMP + PP, (20) 

(56) 

and pyrophosphate respectively. Fluoroacetyl-CoA and oxaloacetate then 
react in a process analogous to reaction (18) to yield fluorocitric acid. This 
process is catalysed by citrate sycthase, but at a slower rate than the 
reaction of the normal substrates. It has now been fully demonstrated 
that fluorocitric acid is indeed a powerful competitive inhibitor of 
a c o n i t a ~ e ~ ~ . ~ ~ ~ .  Moreover, Peters and colleagues*43 have isolated fluoro- 
citric acid from kidney homogenates poisoned with fluoroacetic acid. 
Hence lethal synthesis as the basis of the toxicity of fluoroacetic acid is 
well established. 

The non-toxicity of fluoroacetic acid to plants is of interest. In this 
context it has been recently shown that lettuce plants can defluorinate the 
compound144. After feeding lettuce plants with fluoro-P4CC]-acetic acid, 
the radioactive products were examined. About 2% of the radioactivity 
was associated with fluorocitric acid, but 50% was accounted for as 
S-carboxymethylglutathione and S-carboxyrnethylcysteine. Hence it seems 
that the lettuce is able to defluorinate fluoroacetic acid by a mechanism 
similar to that by which animals metabolize halogenoalkanes (section hv. 13). 

2. Compounds metabolized to fluoroacetic acid 

Difluoro- and trifluoroacetic acids are not toxic to animals since they 
cannot substitute for the natural substrates in reactions leading to citric 
acid analogues. It is not surprising, on the other hand, that derivatives of 
fluoroacetic acid which can be converted to free fiuoroacetic acid by 
common metabolic operations such 2s oxidation or hydrolysis are com- 
parable in toxicity to fluoroacetic acid itself; some examples are shown in 
Table 4134. It  is also of interest to compare the toxicities of fluorine com- 
pounds forming an homologous series, such as the o-fluorocarboxylic 
acids. Kharasch and colleagues145 initiated the examination of such series 
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by showing that whereas 4-fluorobutyric acid is more toxic than fluoro- 
acetic acid, 3-fluoropropionic acid is non-toxic. A more extensive series of 
such compounds is shown in Table 5I4O. It can readily be seen that in a 

TABLE 4. Toxicity of compounds 
related to fluoroacetic acid 

~~ ~~ ~ ~ -~ 

Compound LD,, (mice) 
(mg/kg) 

FCHzCOOH 6-10 
FCH2CHO 6 
FCH2COOCHs 6-10 

FCHzCOC1 6-10 
(FCS,CO) ?O 6-10 
FCHZCN 25 
FCHZCHZOH 10 

FCH2CONH2 6-10 

TABLE 5. Alternating toxicity 
of w-fluoro carboxylic acids: 

F(CH ,COOH 

Value of n LD,, (mice) 
(mg/kg) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
17 

6 
60 
0.65 

> 100 
1.35 

40 
0-64 

> 100 
1.5 

573 
5.7 

compound F(CHa,COOH, if 12 is odd then the compound is toxic whereas 
if n is even the compound is non-toxic. The same generalization applies to 
compounds F(CH&COX where X is a substituent which can be removed 
metabolically to yield F(CH,),COOH. 

The alternating toxicity of the a-fluorocarboxylic acids can readily be 
understood in terms of the known mechanism of breakdown of fatty acids 



902 Shawn Doonan 

in vivo. The reactions involved in the process are shown in Figure 814'. 
The sequence is initiated by formation of the acyl-CoA derivative catalysed 
by a thiokinase (a). The flavoprotein, acyl dehydrogenase (EFAD, 
reaction b), catalyses cu,/3-dehydrogenation of the CoA-derivative and the 

CH,~~H,),_,CH,CH,COoH 

CoA, ATP 

AMP, PPi 

CH,(CH ) Ci-ICH,COCoA 

OH 
"-3 I 

d/("*"' NADH, H' 

C H, (C H,) ,I --3 C 0 C H C 0 C o A 

I,-CoA 

CH,(CH,),,-,COCOA + CH,COCoA 

FIGURE 8. The /3-oxidation pathway for the metabolism of fatty acids. 

unsaturated species is hydrated by enoylhydratase (reaction c). A second 
reductive reaction (d )  catalysed by the NAD+-dependent enzyme 
j?-hydroxyacyl dehydrogenase produces the /3-ketoacyl-CoA derivative 
which finally undergoes thiolytic cleavage (reaction e) catalysed by 
/3-ketoacyl thiolase to yield acetyl-CoA and the CoA ester of the fatty 
acid two carbon atoms shorter than the original molecule. Obviously if n 
is odd then repeated operation of the cycle resuIts in complete degradation 
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of the fatty acid to (iz+ 1)/2 molecules of acetyl-CoA. If n is even, on the 
other hand, (n/2)-1 molecules of acetyl-CoA and one molecule of 
propionyl-CoA are producsd ; the latter arises from the methyl terminal 
end of the fatty acid. The corresponding w-fluoro fatty acids are able to 
substitute for the normal substrates in these reactions and it is evident 
that the nature of the final fluorine-containing compound will depend on 
whether n in F(CH,),,COOH is odd or even. If n is odd (e.g. 4-fluorobutyric 
acid) then the products are (n- 1)/2 molecules of acetyl-CoA and one 
molecule of Auoroacetyl-CoA; hence the molecule gives rise to a toxic 
product. If n is even (e.g. 5-fluorovaleric acid), then the product- are 
($2) - I molecdes of acetyl-CoA and one molecule of Auoropropionyl- 
CoA; the latter is riot toxic since it cannot give rise to fluoroacetic acid. 
These conclusions are fully supported by the data in Table 5. One point 
which is worthy of comment is that compounds such as Pfluorobutyric 
and 6-fluorohexanoic acid are more toxic than fluoroacetic acid itself. 
This may be due either to higher permeability of cells to the long-chain 
derivatives or to the long-chain derivatives being better substrates for the 
enzymes of the /3-oxidation pathway. 

The alternation of toxicity in homologous series such as the ethyl and 
methyl esters, aldehydes, amides and acylhalides follows the same pattern 
as that of the fluorocarboxylic acidslS4. Other series seem superficially to 
behave differently. For example with the fluoroalcohols F(CH,),OH, 
those members for which iz is even are toxic whereas those where n is odd 
are non-toxic. This is due to the fact that the metabolic transformation is 
such as to oxidize the terminal alcoholic group (equation 21). Thus 

F(CH,),OH ~ z F(CH,),-,COOH (21 1 

fluoroethanof yields fluoroacetic acid. Similar considerations apply in the 
series of halides, methyl ketones, ethers, thiols and a m i n e ~ l ~ ~ .  Hence, in 
general, for a compound F(CHz),CH2CHzX if the mecabolism of group X 
involves a process such as that shown in equation (22) then compounds 

F(CH,),CH,CH,X - F(CH,),CH,COOH (22) 

with n even are toxic whereas if the metabolic conversion is as shown in 
equation (23), then members with n odd are toxic. Hence in order to 

F(CHz),CH,CHzX - F(CH2)nCOOH (23) 

predict the toxicity of o-fluoro compounds it is necessary to know the 
mode of metabolism of that class of compound. 
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3. 5-Fluorouracil 
This compound is of interest sincz it is useful in the treatment of 

colorectal turnours14*. In animals 5-fluorouracil (57) is converted to the 
corresponding deoxyribonucleoside (58) by a process which is not fully 
understood and then to the deoxyribonucleotide (59) by transphosphoryla- 

tion from ATP. In the normal processes of DNA biosynthesis, deoxy- 
uridylic acid (60) is ccjnverted to thymidylic acid (61) by a reaction in 
which a one-carbon fragment is transferred to 60 from SN,loN-methylene- 
tetrahydrofolic acid (reaction 24); this is catalysed by the enzyme thymidy- 
late ~ynthetasel~~.  Compound 59 cannot substitute for 60 in this reaction, 

+ SN,*ON-rnethylene FH. d 

H,03POCH, 

+ FH2 

but it is a powerful inhibitor of thymidylate synthetase and thus prevents 
the synthesis of one of the essential components of DNA. Although 
5-fluorodeoxyuridylic acid prevents the normal processes of DNA replica- 
tion and cell division, it is effective in controlling the rapid cell division 
characteristic of tumours in amounts which are not lethal to the patient. 
It should be noted that there is a dear analogy between the mechanisms of 
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toxicity of 5-fluorouracii and iiuoroacetic acid. In both cases the com- 
pounds them.selves are non-toxic but are transformed into toxic substances 
by the normal processes of the organism; that is. the compounds are able 
to substitute for the normal substrates of some of the enzylncs within the 
organism, but the products of these transformations then act as inhibitors 
of the next enzyme in the metabolic sequence. 

It is interesting that the chloro-, bromo- and iodo-analogues of 59 
behave differently. In these cases the halogenated deoxyuridine is incor- 
porated into DNA in place of thymine, yielding a functionally defective 
nucleic acid. This probably reflects the fact that the higher halogens have 
?ran der Waals radii suEcientIy similar to that of the methyl group to 
ensure that the enzyme system responsible for the synthesis of DNA 
mistakes the halogcn analogues for the natural substrate. In the case of 
fluorodeoxyuridylic acid, the discrepancy in size of the substituent is 
presumably tco great to allow this to happen. 

D. Pesticides 

The metabolic fate of organochlorine insecticides is attracting increasing 
attention8. Although these compounds are considered to be persistent it is 
now apparent that they do undergo slow nietabolism both in insects and 
in higher animals. In view of the discussion given in section IV. A con- 
cerning the metabolic stability of the carbon-chlorine bond, it might be 
expected that the organochlorine insecticides would undergo transforma- 
tion to polar metabolites with chlorine contents identical with those of the 
parent compounds; this is indeed the case with aldrin, TDr example. In 
other cases, however, dechlorination does, in fact, constitute a major 
metabolic route; this presumably reflects the fact that the chlorinated 
structure is not susceptible to modification in v im without previous 
dechlorination. An important example here is DDT. Examples of both of 
these types of process will be discussed below. 

1. Metabolism without dechlorination 

Aldrin (Figure 1) is representative of pesticides of this type. In most 
insects, aldrin is converted into dieldrin by  epoxidation and it  has been 
suggested that the latter is the principal toxic agent150. Epoxidation is also 
the first step in the metabolism of aldrin in animals151; subsequent reactions 
then occur to yield more polar products. In the rabbit, for example, 86% of 
ingested aldrin is excreted in the urine as 6,7-trans-dihydroxydihydroaldrin 
(62), probably formed by hydrolysis of dieldrin (equation 25)152. A major 
metabolite found in the bile of rats was thought to be the glucuronate 
of 62153. 
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The metabolism of endosulfan 63 by mammals does not appear to 
have been studied, but in the locust a series of metabolites have been 
identified, suggesting that the interconversions shown in scheme (26) take 

CI CI 

CI 

place1“. Oxidation to endosulfan sulphate 64 is followed by eliinination 
of the elements of sulphur trioxide to produce the ether 65; this is then 
hydroxylated and oxidized to the lactone 66. 

The metabolism of the important insecticide dichlorvos 67 has been 
studied by Casida and coworkers155. The compound is rapidly hydrolysed 
in mammals by the routes shown in scheme (27). The dichloroacetaldehyde 
formed is reduced t c  dichloroethanol and excreted. 

// 
(3430, 40 

CH~O’ \OH 
P + C1,CHCHO 

.L 
P/ 

HO’ ‘OH 
+ C1,CHCHO 

( 3 3 %  / o  
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This small selection of examples illustrates the principle that metabolism 

of molecules susceptible to oxidative or hydrolytic reactions occurs without 
carbon-chlorine bond cleavage. 

2. Metabolism involving dechlorinatiois 

The most exhaustively examined insecticides in this group are the 
1,2,3,4,5,6-hexachlorocyclohexanes and DDT (1,l , l-ttichloro-2,2-bis- 
(p-chIorophenyl)ethane, Figure 1). Of the former only the y-isomer (68) 

CI 
I CI 

H% H CI 

(68) 

is active as an insecticide; it is aIso known as Iindane gammexane, 666 and 
by several other names. In rats, the compound has an oral LD,, of 
100 mg/kg. DDT is less toxic to animals; the oral LD,, in rats is 200 mg/kg. 
Both lindane and DDT have the disadvantage that they are insoluble in 
water but soluble in non-polar solvents and hence tend to accumulate in 
animal fats; they are metabolized only slowly. 

The metabolism of lindme by insects has been examked extensively8, 
particularly with reference to development of resistance to the insecticide, 
It has been ~laimedl5~ that the major product of metabolism in lindane- 
resistant house flies is pentachlorocyclohexene, but s~bsequent ly l~~ this 
compound was shown to be only a minor metabolite. Experiments using 
iadio-labelled lindane have shown that the majority of the compound when 
administered to house flies is converted into water-soluble metab~l i tes l~~,  
Alkaline hydrolysis of these metabolites gave mainly a mixture of 
dichlorothiophenols. In the case of cattle ticks and locusts the major 
product of metabolism of lindane is S-(2,4-dichlorophenyl)glutatl1ione 
(69)159. Thus the metaboIic process may be represented as shown in 
equation (28). Recently, an enzyme system capable of metabolizing 
lindane has been isolated from house flies. In addition to lindane, the 
enzyme system rapidly metabolized y-1,3,4,5,6-pentachlorocyclohex-l -ene; 

CI "$il + GSH + :l$c: - -3 HCI cl&sG (28) 

CI CI (69) 
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hence this compound may be the intermediats metabolite of lindane in uiuo. 
Enzyme preparations from animal tissues were found to be inactive in 

the metabolism of lindane, but effective in metabolizing y-pentachloio- 
cyclohexenelGO. Experiments with rats have shown that the main urinary 
metabolites of lindane are 2,4-dicl1lorophenylmcrcapturic acid. (701, 2,3,5- 
and 2,4,5-trichlorophenols and sulphate and glucuronide conjugates of 
the phenols1". Available evidence suggests that the main routes of 
metabolism of lindane in rats are as shown in scheme (29) where R is 

--CH,CHCOOH a. 
I 
NHCOCH, 

cl$l = o  -HCI -HCI 
___f _3 

\ CI CI el 
CI CI CI CI 

-HCI RSH I 

The major route of detoxication of DDT in house flies is by dehydro- 
chlorination to yield DDE (71, equation 30); DDE is at least 500 times 
less toxic than DDT. The enzyme catalysing this reaction has beet 

isolated and shown to be dependent on glutathione for activitylG2. 
DDT-resistant flies effect this conversion much more rapidly than 
do DDT-sensitive flieslG3. Recentlyls2 a study has been made of specific 
inhibitors of DDT-dehydrochlorinase; this is of interest in the search 
for effective synergists for DDT in resistant species. TWO compounds 
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which have been found useful in this respect are I, 1-bis(p-chloropheny1)- 
ethanol (72) and N,N-dibutyl-p-chlorobenzenesulphonamide (73). Meta- 
boiites other than DDE are produced by some species. For example, 
Drosophila melanogasier metabolizes DDT by hydroxylation to 2,2-bis- 
( p-chlorophenyl)-2-hydroxy- 1 , 1 , 1 -trichloroethane164. 

The rnetaboiisni of DDT by rabbitslS5, rats160 and in madG7 has been 
shown to produce bis(pch1orophenyljacetic acid (DDA, 74) as the 
principal excretion product. A pathway for the metabolism of DT)T in 
rat has recently been proposed based on analysis of liver and kidney 
tissue after massive DDT administrationlG8; this pathway is shown as 
sequence (31). The first step in this process, that is conversion of DDT 

! 
! * 

CHCH2CI + (31) (.la- 

(CI--CO))-CHCOOH 

(74) 

to DDD (75) has been demonstrated with homogenates of rat 1iverlG9. 
It is possible, however, that there is a route directly from DDT to DDE 
(71) analogous to that occurring in insects. 

Finally, the involvement of glutathione in the detoxication of lindane 
and DDT, at least in insects, shodd be emphasized and compared with 
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the route for metabolism of halogenated alkanes in animals (section IV. B) 
and of fluoroacetic acid in plants (section IV. C. I). This might be taken 
to argue for a common evolutionary origin for the enzyme systems 
catalysing these diverse processes. The extent of the similarity and the  
mode of action of these enzymes will not, however, be understood until 
much more work has been done on their isolation and characterization. 
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1. INTWODUCT26N 

In this chapter recent developments in perhalocarbon* chemistry are 
discussed with emphasis on the novel aspects of the topic and comprehen- 
sive coverage of the literature is not claimed. Where appropriate, com- 
parisons with fluorocarbon analogues are made and the effects of 
perhalogen substitution on the chemical and physical properties of the 
molecule and, in particular, on functional groups within the molecule are 
stressed. Halocarbon chemistry, especially chlorocarbon chemistry, has 
undergone a renaissance in recent years and mention should be made of 
several recent reviews14 and one textg covering certain aspects of the 
subject. The majority of industrial organochlorine compounds are 
aliphatic or aromatic chlorinated hydrocarbons which find use as 
solvents, e.g. carbon tetrachloride, flame retardants, dielectric fluids 
and insulators, and as pesticides, e.g. polychlorobiphenyls. Indeed, the 
contamination of our environment by the widespread use of organo- 
chlorine insecticides has caused considerable concernlo. 

Perhalogenated compounds are good candidates for mass spectroscopic 
studies since chlorine is composed of two isotopes, 35Cl and 37Cl, whose 
relative abundance is ca. 3 : 1 and bromine is composed of two isotopes, 
79Br and slBr, of almost equal abundance. Thus the mass spectra of 
perchloro- and perbromo-carbon derivatives show envelopes of peaks 
whose relative intensities are characteristic of the number of halogens 
present in the fragment ionll. Furthermore, the isotopes 35Cl, 37Cl, 79Br 
and 81Br all have spin values 1 = 8 while lZ7I (100%) has a spin of 9. 
Thus all these isotopes have a quadrupole moment so the rapidly developing 

* The prefix halo- refers only to chlorine, bromine or iodine in this chapter. 
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technique of naslear quadrupole resonance (n.q.r.) spectroscopy can 
give valuable st.ructura1 information for perhalogenated compounds12. 

Properties of halogen atoms which influence the chemical behaviour of 
organic molecules include sizc, electronqptivity and carbon-halogen bond 
energies (Table 1). An outstanding illustration of the steric effect of the 

TABLE 1 .  Some propertics of halogen substituents 
~ ~~ 

Halogen Covalent Van der Waal's Elec tro- Average of 
radius" radi 11s negativity car bon-halogen 

bond energyd 
___ ~- 

F 0.64 1-35 3-98 (4.10) 116 
c1 0.99 1 *so 3.16 (2.S3) 79 
Br 1-14 1 9 5  2.96 (2.74) 66 
I 1.33 2.15 2.66 (2.21) 57 

In A. L. Pauling, The Nature of the Chemicnl Bond, Cornell University Press, 
New York, 3rd ed., 1960, p. 224. 

In A. See above, p. 260. 
Estimaied using Pauling's method by A. L. Allred, J.  Ittorg. Ntici. Chern., 17, 

215 (1961). Values in parentheses are those of A. L. Allred and E. G. Rochow, 
J .  Inorg. Niicl. Citem., 5, 264 (19%). 

In kcal/mole. F. A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, 
Wiley, New York, 2nd ed., 1966, p. 100. 

larger chlorine substituents compared to fluorine is the remarkable inert- 
ness of the perchlorinated carbon radical (C,C15),C- and the related 
carbanion (c&l5)3C- and carbonium ion (C&&),c+ I*. The carbonium 
ion can be isolated as stable dark green crystals of (C,Cl,),C+SbCl~. In 
contrast (C,F,),C+ is unstable relative to the triphenylmethyl cation and 
has only a transient existence in 96% sulphuric acid15. Thus it appears 
that steric shielding rather than electronic effects is responsible for the 
stability of (C,C15),C+, although 1°F n.m.r. data indicate substantial 
deshielding of the p-fluorine atoms in (c,F5),c+ in fluorosulphonic acidl6. 

The effective electronegativities 01 trihalomethyl groups, estimated by 
different me th~ds l~ -?~ ,  follow the expected order CI, < CRr, < CCI, < CF,. 
The oI and crno substituent parameters for CX, (X = F, C1, Br)20" and 
C,X, (X = F, C1)21 groups have been evaluated from 19F n.m.r. data of 
substituted fluorobenzenes. The order of inductive electron withdrawal is 

stituents show an insignificant resonance effect, but for CF, there is net 
charge-transfer from the phenyl T system to the substituent. An electronic 
effect of considerable importance in perhaloaromatic chemistry is the 

CF3 > CCI, > CBr3 21 C G F ~  21 c,c&. The eel,, CBr,, CgF5, cGcl5 sub- 
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interaction of the p electrons of the halogen substituents and the aromatic 
n system. For example, pentafluorophenol @K,= 5-5) is a weaker acid 
than pentachlorophenol (pK, = 5.2) at 2 5 O Z 2 .  It has also been suggested 
that the stability of conjugated chlorocarbons, e.g. the trichlorocyclo- 
propenium ion, is due in part to n interaction between non-bonding pairs 
on chlorine with carbon. 

This chapter begins with a discussion of conjugated cyclic halocarbons, 
followed by a section on perhalo-aromatic and -hetero-aroiiiatic compounds 
and then a section on perhalo-carbonium ions, -carbanions and perhalo- 
carbon radicals. The next section, which precedes the section on 
dihaIocarbenes and perhalo-arynes and -hetarynes, is concerned with 
perhzlocarbon derivatives of metals and metalloids since organometallic 
derivatives are often the most convenient precursors of these short-lived 
intermediates. k final section is devoted to structural and spectroscopic 
studies of perhalocarbon compounds. 

IS. CONJUGATED CYCLIC HALQCAR5QNS 

Within the last eight years important advances have been made in the 
chemistry of cyclic conjugated polyenes (CCl);* and their bromocarbon 
analogues, particularly by West and coworkers2. Before 1964 only hexa- 
chlorobenzene (5) was known, but recently the species C,CIz, C,Br$, C,C$ 

CI 

I 

CI - CI 
c1 CI 
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and C,Cl, have been isolated and good evidence for the existence of 
C,CI,, C,Cli and C,Cl,- has been presented. The species 1, 4, 5, 6 with 
4n + 2 r-electrons are expected to be aromatic and hence stabilized while 
2, 3 and 7 contain 412 r-electrons and are therefore anti aroma ti^'^. 

A. Trichlsuo- and Tritromo-cyclopropenium Ions 

?he tdcEwocyclopropenium ion (I) is conveniently prepared from 
Letr~chlorocycioprope~e~~ and a powerful chloride acceptor Lewis acid, 
e.g. AICI,, 5bC1525. The simple infrared spectrum of 1 is consistent with a 
symeiricaI structure and the C-C stretching force constant is much 
larger than for other aronmtic species, including hexachl~robenzene~~. 
Therefore the C-C bond in I, and probably in other cyclopropenium 
ionszQ, must be shorter and stronger than in any other known aromatic 
compounds. The C-Cl stretching force constant is also abnormally large 
with a partial double-bond character of 0-16 estimated from Ii.q.r. 
measurements of the asymmetry parameter (9 = 0.35) of the W 1  nuclei 
in Iz7. n u s  about half of the positive charge on 1 is delocalizcd through 
the 7r system onto the chlorine atoms. 

Rapid hydrolysis of the tetrachloroaluminate salt of 1 regenerates the 
chlorocarbon tetrachlorocyclopropene, a reaction which is typical of 
chlorocarbon cations (cf. C&l$AlCl, % CJ1J2*. Controlled hydro- 
lysis of 1 leads, via an intermediate aluminium complex, to the dangerously 
explosive dichl~rocyclopropenone~~. Replacement of chlorines in I by aryl 
groups can be achieved by Friedel-Crafts-type condensation with aromatic 
hydrocarbons3*. 

<- HIO A 
CbH5 CI C6H5 CI 

Tetrabromocyclopropene is easily prepared by the halogen exchange 
reaction which occurs when tetrachlorocyclopropene and boron tribronude 
are mixed31. It can be converted to a salt of the tribromocyclopropenium 
ion C,Br$ with aluminium bromide2 and with bromine under ultraviolet 
light it is rapidly converted to hexabromocy~lopropane~~. 
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Br Br Br Br A --%> hv B r A B r  

Br Br Br Br 

E. Tesrachloso- a d  Tetraiodo-cyclobuoadiene 

Scherer and Meyers have reported evidence for tetrachlorocyclo- 
butadiene as a reaction intermediate in the dehydrohalogenation of 
3-H-pentachlorocyclobutene~2. The dime can be trapped stereospecifically 
by styrene or cydohexadiene and, in the absence of a trapping agent, a 
C&I, iscmer is formed (see section 11. F). The easy generation of 2 
suggests stabilization of the butadiene structure by 7r bonding involving 
chlorine p orbitals. Although the bromine and fluorine analogues of 2 are 

unknown, tetraiodobutadiene has recently been trapped as an adduct with 
tetracyanozthylene, following oxidative decomposition of the iron tri- 
carbonyl complex33. 

I I CN 

CN 
I I CN I I 

C. Pentzchlorocyclopentadienide Cation 

Interaction of hexachlorocyclopentadiene with aluminium chloride gives 
a red adduct, C,Cl,AICl,, which is apparently a partially ionic, chlorine- 
bridged compiexZ. This complex is probably an intermediate in the 

C’QI.. CI .. **AI, ,CI 

1 CI - 
CI CI 

well-known dimerization of hexachlorocyclopentadiene to the ‘Prins 
dimer’ (8) C,,Cl,,35. Evidence for the existence of C,Cl$ (3) comes from 
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(8) 

electron spin resonance spectra of solutions of hexachlorocyclopentadiene 
in antimony pentafluoride, which indicate that C,Cl% exists at least in 
part in a triplet state below 77K 3G. Temperature variation experiments 
suggest that the triplet state is the ground state for 33G and as expected 
for an  antiaroniatic system it is highly reactive. 

C,CI: and partially brominated cyclopentadiene cations are undoubtedly 
involved as intermediates in the chlorine-bromine exchange reaction that 
occurs between boron tribromide and hexachlorocyclopentadiene in the 
presence of a trace of aluminium bromide"'. Hexabromocyclopentadiene 
is the final product and it reacts with aluminium bromide to give the 
perbtom*natzd Prim dimer3' or with chloro- or fluoro-sulphonic acid to 
give the chloro- or  fluoro-sulphonate of the Prins dimeP. 

D. Pentachforocyclopentadienide Anion 

True si!ts of C,Cl; (4) with large cations, e.g. n-Bu,N+ have 
recently been isolated and characterized spectroscopically3~~ 40. Although 

+ n-Bu,N+OH- - n-Bu,N+C,CI,- 

ci CI 

the ion 4 has six .rr-electrons and so should be aromatic, these salts 
are thermally unstable. Above - 15" decomposition occurs to give 
decachloro-bis(cyclopentadieny1) and other products40 apparently via 
the pentachlorocyclopentadienyl radicaI4l rather than via the carbene, 
tetrachlorocyclopentadienylide. 

The salts R,N+C,Cl; (R = n-Pr, n-Buy 11-hcptyl), n-Bu,P+C,CI, and 
C5EI,NCH~C,C1~ show the simple infrared spectra expected for an ion 
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of D,= symmetry (i.e. one ring absorption and one C-CI stretching 
absorption). The thallium salt C,CI,TI (prepared from thallium ethoxide 
and pentachlorocyclopentadiene), however, shows enough interaction of 
the cation with the anion to lower the symmetry to CSv. Although all five 
chlorines in 4 are chemically equivalent, in a crystal lattice they could not 
be crystallographically equivalent. Consistent with this prediction, the 
n.q.r. spectra of C,Cl; salts show for it-Bu,P+C,Cl; a 1 : 1 : 1 : 1 : 1 
quintet and for n-Pr,N+C,CI, a 2 : 2 : 1 triplet40. The C-CI stretch- 
ing frequencies for the series GCl;, 735; c6c1@ 694; C,Cl;:, 
657-681 cm-l are in agreement with the predicted C-Ci (T bond 
strengths C&I$ > C,C16 > C,CI, since the positive charge on the ring 
in GCl: would be expected to strengthen and shorten the C-Cl CJ bond, 
polarizing its electron pair towards carbon. 

E.  HeQtachlorotrop).liurra ion 

The C,C1$ ion (6) has been prepared from octachlcrobicyclo- 
he~ tad iene~~ .  43 and aluminium trichloride in the critical temperature 
range 1S0-180°44. Although C,Clj is unlikely to be planar (because of clwc: 150-1 AICI, 80" > C7C17'AI 2 CI 7- H,O '0 

CI - c1 
CI CI CI 
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CI-C1 interactions) it seems to be at least as stable as C&l$, and, like 
C,C13+, it undergoes arylation with aromatic 1iydroca.rbons. Hydrolysis 
converts 6 to octachlorocycloheptatriene (9) which undergoes a number 
of interesting  transformation^^^. Perchlorotropone (lo), the first ku.own 
perhalogenated tropone, has also been prepared photochemically by 
Scheref15. It verjr readily undergoes the well-known tropone to benzoate 
rearrangement. 

Q CI 

B. Octachlsrocydooctatetraene 
Perchlorob~tenyne~~ spontaneously dinierizes above 80” to crystalline 

‘0l’-C&I,, which at higher temperatures or in the presence of Lewis acids 
is rapidly transformed to ‘/?’-c&&, octachlorobenzocyclobutene47. Treat- 
ment with protonic acids converts ‘cu’-C,C18 to a third isomer, ‘y’-C,CI, 48. 

CCI,=CCI -c=cct 

(Y)  

The structure of ‘cu’-C,Cl8 is assigned as octachlorobicyclo-[4.2.0]- 
octatriene-[2.4.7] on the basis of ozonolysis which gives tetrachlorophthalic 
acid anhydride and its n.y.r. spectrum49. The structure shown for ‘/Y-C8Cl8 
was originally suggested on the basis of chemical and spectroscopic 
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evidence46 and is consistent with the observed n.q.r. spectrunP. ‘y’-CeC1, 
shows 1i.q.r. lines which fall close together with frequencies normal for 
vinyl chlorines suggesting that all eight ch!orines have nearly identical 
chemical environments. Furthermore, ‘y’-C8C18 has zero dipole moment 
and an extremely simple infrared spectrum with bands at 1570, 1160, 
900 and 730 cm-l and is therefore identified as octachlorocycloecta- 
t e t r a e ~ i e ~ ~ .  The C&i, isomer obtained from the dimerization of 
tetrachlorocyclobutadiene (see section i1. B) has an infrared spectrum 
quite different from that of ‘yy-C8C18 and it has been suggested that the 
former isomer may be octachf orocubane or octachIorotricyclooctadiene32. 
Indeed, it can be converted to ‘?/’-C8Cl8 on heating5O. 

Octachlorocyclooctatetraene, like octakis(trifluoromethy1)-cyclooctn- 
tetraeneS1, is remarkably inert io electrophilic reagents and oxidizing 
asents. For example, it is inert to bromine, aqueous potassium perman- 
gaiiate and ozone, and even survives boiling with fuming nitric acid. This 
lack of reactivity is attributed KO steric shielding of the double bonds by 
the bulky chlorine atoms. 

Hexachlorodibromocyclooctatetraene has recently been synthesized by 
a route analogous t o  that described for octachlorocyclooctatetraene52. 

Ci 

CC12=CCI--C--CBr ___f 90-110° CI ml: - H+ 

CI 

CI CI CI 

111. PERHALO-AROMATIC AND -WETEWOAWQMATIC 
COMPOUNDS 

A. Hexahafobenzenes 

Hexachloro- and hexabromo-benzene have been known for a long time 
but their substitution reactions have not been the subject of detailed study, 
unlike those of hexafluorobenzene22. In general, hexahalobenzenes are 
readily susceptible to attack by nucleophilic reagents and some typical 
reactions of hexachlorobenzene are shown in Scheme 1. 

In the formation of C,X,(OMe), isomers (X = F, C1, Br) from 
hexahalobenzenes and sodium methoxide significant differences in 
orientation patterns are observed (TabIe 2)53. These results can be 
rationalized ic terms of Burdon’s orientation rules for polyhaloaromatic 
compounds5” in which halogens are considered to be electron-repelling 
in z-systems (I, 59. 
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f p 2  YHOH 

SCHEME 1. The preparation of pentachlorophenyl derivatives via nucleophilic 
reactions of hexachlorobenzene. 

The order of reactivity of aryl halides as leaving groups in aromatic S, 
reactions is usually F-+ C1- =- Br- and in both p ~ l y c h l o r o - ~ ~ ~ ~ ~  and 
polybromo-iluorobenzenes53 
nucleophiles. 

F 

Br*: Br Br 

TABLE 2.  

only the fluorine atoms are replaced by 

Br OMe 
Br 

NaOMe 

Formaxion of C,X,(OMe), _ -  
isomers from COXB and NaOMe 

x o  m p Reference 

F 16 32 52 54 
C1 25 64 6 55 
Br - 100 - 53 
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HexabromoSenzene, unlike its chloto- or fluoro- analogues, undergoes 
protodebrornination when treated with sodium methoxide in methanol 
2nd ethyl methyl ketone to give a mixture of tetrabromobenztnesm. A 
mechanism involving nucleophilic attack on halogen has been suggestgd 
by Bunnett and coworkersG@-G2 to explain the dehalogenation and isomeriza- 
tion in some oligohalobenzenes and this mechanism is likely to apply also 
to reactions of hexabromobenzene. 

In nucieophilic substitution reactions of C,C15X where X is an electron- 
doncr group, e.g. NH2, NHMe, NMe,, OMe, attack is expected to occur 
at the carbon ?tom with the greatest fractional positive charge. 35CI 3.q.r. 
frequencies, which are determined by the degree of deviation from spherical 
symmetry of the electron density around the chlorine atom and hence are 
related to the positive charge on carbon, have been used to correlate the 
observed orientation patterns in nucleophilic substitution reactions of 
c6c&x G3. If X is an electron-acceptor group, e.g. NOz replacement of C1 is 
not observed63. In decachlorobiphenyl, however, nucleophilic substitution 

CI CI 

occurs readily in thep-position@. The 4,4'-dilithio and -diGrignard reagents 
can be prepared in the conventional way from decachlorobiphenyP. 

c l ~ c l + * N -  __f f 2CI' 

c1 CI CI CI CI CI CI CI 
(N = OMe, NCjH,o, H) 

D. n F ~ r ~ h i ~ f ~ - t & ~ ~ e  2nd =~-T!=E= 

Ballester and coworkers have used the powerful nuclear chlorinating 
agent S2C12/S0,C12/AIC13 to prepare perchlorotoluene (11) from 
2,3,5,6-tetrachloro-l-trichloromethylbenzene and perchloro-p-xylene (12) 
from p-bis(tnch10romethyl)benzene~~. Perchlorotoluene is also formed by 
heating octachloroheptatriene to 190"". The high steric strain in 11 
greatly assists both homolytic and heterolytic fission of the a-C-CI bonds 
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so that thermal decomposition occurs below 200" and hydrolysis to give 
peiitachlorobenzoic acid is easily achievedGG. The 'positive halogen' 
reaction of 11 with potassium iodide in aqueous acetic acid produces 
cis- and tr.aiis-perchlorostilbenes in almost equal amounts via the inter- 
mediates, perchlorobenzyl radical and the dimer perchlorobibenzylG6. 

2 c l ~ c c i 3  + 41- _c3 (c,c1,)c1c=cc1(c,;cI,)~2I,$-4cI- 
(ci.s and frans) 

CI c1 
(11) 

In contrast to perchlorotoluene, trans-perchlurostilbene is stable to 400" 
and withstands such reagents as sulphuric acid and fuming nitric acid, 
possibly due to the high carbon(trigonal)-chlorine bond energy. Heating 
either cis or truizs-perchlorostilbene to 400" fails to produce isomeriza- 
tion, a fact which is attributed to steric inhibition of resonance in the 
transition state of the isomerization by the o-chiorine atoms, since 
heating cis-a,2,3,4,5,ar',2',3',4',5'-decachlorostilbene at 260" causes some 
isomerization". 

An extension of the decldorination reaction of 11 to perchlorinated 
aromatics with more than one alkyl side-chain provides a versatile route 
to macromolecular chlorocarbon polymers, if dechloi-inating agents other 
than iodide ion are used67~F8. The chlorocarbon polymer 14 and related 
aacromolecular chlorocarbons exhibit exceptionally high thermal stability 
(up to 500") and chemical inertnessG8. 

c i 3 c ~ c c 1 3  

GI GI \ SnCI, 
or FeCI, 
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C. Pentahalopyridines 

Pentahalopyridines, like hexahalobznzenes, are readily susceptible to 
nucleophilic attack which can occur at the 2(6)- or 4-positions. Whereas 
pentafluoropyridjne is substituted by all nucleophiles exclusively in the 
4-position7@-7S7 pentabromo- and pentachloro-pyridine both give some 
2-substituted product, in addition to Qsubstituted product, with larger 
nucleophiles. The effect is greater for pentabromopyridine due to steric 
‘deflection’ from the 4-position by the larger brominz atoms to the less 
hindered 2-position7*. Indeed in non-polar solvents nucleophilic substitu- 
tion of pentabromo- and pentachloro-pyridine takes place exclusively in 
the 2(6)-position, althcugh in ethanol some 4-substituted product is also 
obiained (Table 3)74. 

TABLE 3. Percentage yields of mono-substituted isomers in the 
reactions of pentabromo- and pentachloro-pyridine with various 

nucleophiks 

Nucleophile Solvent C ,Br 5hT C5ClbN Reference 

4- 2- 4- 2- 

HO- Ethanol 100 - 100 - 75 
M e 0  - Methanol 66 34 85 15 76 
Me,NH Benzene - 100 - 100 77 

Ethanol 15 85 34 66 77 
Z5H:&H Benzene - 100 4 96 77 

Etlianol 15 85 37 63 77 
MeNH, Dioxan 4s 52 68 32 78 

The reduction of pentachloropyridine by lithium aluminium hydride to 
give 2,3,Qtrichloropyridine as the main product has bezn rationalized on 
the basis of the following ~nechanisrn~~:  
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With 3,5-dichloro-2,4,6-trifluoropyridine only the fluorine atoms are 
replaced by an excess of lithium aluminium hydride to give 3,5-dichloro- 
~ y r i d i n e ~ ~ .  

In contrast the reaction of 3-chIoro-2,4,5,6-tet.rafluoropyridine with 
hydrogen over palladized charcoal results in preferential reduction of the 
C-CI bonds0. Pentahalopyridines and related perhalogenated N-hetero- 
aromatic compomds are very weak bases because of the electron- 
withdrawing halogen substituents, and 

F 

Hr, PdlC 
250" ' 

they are therefore resistant to 

F F&H F 

N-oxidation by the usual reagents, e.g. peracetic acids1. A mixture of 
an organic peracid and sulphuric acid, however, gives excellent conversions 
of perhalogen-substituted N-heterocycles to the corresponding N-oxidesa2. 
When pentabromopyridine is oxidized with boiling peroxytrifluoroacetic 
acid, protodebronination, described earlier for polybr~mobenzenes~~, 
occurs to give the three isomeric tetrabromopyridine I-oxides in addition 
to pentabromopyridine 1-0xide~~. The competition between nucleophilic 
substitution on carbon and on halogen is apparently characteristic of 
polybromoaromatic compounds. It is not found in polyfluoro- and 
polychloro-aromatic compounds, but is observed in polyiodo-aromatic 
systems6%. 

D. Miscellaneous Perhalogenated Heterocyclic Compounds 

The review by Holtschmidt and coworkers8 includes polychlorohetero- 
cyclic compounds which can be prepared either by high temperature 
chlorinations3 or by ring-closure reactions. Phosphorus pentachloride is 
often used as the chlorinating agent especially for pentachloropyridine 
which is prepared in 97% yield using a PCI, : C5H,N molar ratio 12 : 1 at 
350" in a rocking autoclave for 14 hoursa4. At lower temperatures consider- 
able amounts of the tetrachloropyridine isomers are obtained in addition 
to pentachloropyridine8. 
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Tetrachloropyrazine (15) is conveniently pxpared by treatment of 
2-chloro- or 2-hydroxy-pyrazine with phosphorus pentachloride under 
autogeneous pressure at 320" for 15 hours, or from 2,5-diketopiperazine 
with the same reagent at 250°80. In  addition to 15, trichloropyrazine is 
also obtained by chlorinatior, of N,N'-bis(chlorccarbonyl)piperazines7~ 88. 

FOCI 

Tetrachloroyyrirnidine (16) has been prepared in moderate yield from 
barbituric acid using a PCI,/POCI, mixturesQ. The chlorination of the 

ieadily available 3,6-dichloropyridazine with phosphorus pentachloride is 
now the preferred route to tetrachloropyridazine (117)OO rcither than the 
earlier synthesis from nialeic hydrazide and phosphorous oxychloridegl. 

F' 
PCI, 

CI G N  300",17h ' 

The preparation of the perchloro-isomers (15-17) has been reinvestigated 
recently, since they were desirable precursors for the perfiuoro-analogues 
via fluorination with potassium fluoride22. Indeed, fluclrination appears to 
be the only reaction of the perchloro-compounds which has been investi- 
gated in detail. In contrast many nucleophilic reactions of the p;srfluoro- 
derivatives have been studied, and extensive use has been made of lgF n.rn.r. 
spectra for the determination of substitution patterns. A comparison has 
been made of the reactions of nucleophiles with cyanuric chloride and 
cyanuric fluoride (Table 4)92. Generally, the chloride is less reactive 
towards nucleophilic reagents and stepwise replacement of chlorines can 
be achieved. 
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TADLE 4. A comparison of the reactions of nucleophilic reagents with cyanuric 

fluoride and cyanuric chloride 

FYN7fF Product from 
No. of 

lents 
Mucleo- equiva- Product from 

NYN NYN Cl 

phile 

F 

NHS Excess 2,4-Diamino-6-fluoro-s- 
triazine (90%) 

Et2NH 7.0 2,4-Bis(diethylamino)- 
6-fluoro-s-triazine 

(1 oo%y 

H2O 5.5 Cyanuric acid (94%) 

CH,OH 3.0 2,4,6-Tris(methoxy)-s- 
triazine (7779 

Mixture of mono- and 
di-substituted 
products 

2,4-Bis(diethylamino)- 
6-chloro-s-triazine 

2,4-Bis(phenylamino)- 
6-chloro-s-triazine 

(100%)" 

(I OO?<) 
Mixture of cyanuric acid 

and cyanuric chloride 
Mixture of di- and tri- 

substituted product 

Heptachlcroquinoline (18) is formed in moderate yieId on high 
temperature chlorination of 1,2,3,4-tetrahydroquinolineg3 or N-chloro- 
carbonyl-N-propylanilines". The latter reaction involves ring closure with 
the formation of a C--C bond as does the cyclization of N-pentachloro- 
phenylpentachloropropionimidoyl chloride at  400" to give 18 in 81% 

I H 

Cocr 

yield". Chlorination of quinoline with phosphorus pentachloride is not a 
practical proposition but direct chlorination of quinoline in the presence 
of aluminium chloride at 140" gives mainly tetrachloroquinoline and then 
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further chlorination with phosphorus pentachloride in an autoclave at 
3 15-330" gives 78% of 18 OG. Similarly, chlorination of isoquinoline at 
150", in the presence of aluminium trichloride, gives hexachloroiso- 
quinoiine (87%) which on further chlorination with phosphorus penta- 
chloride at 270" yields heptachloroisoquinoline (68%)". Like other 
perhalogenated nitrogen heterocyclics, perchloro-quinoline and -iso- 
quinoline show 20 basic properties, although they dissolve in concentrated 
sulphuric acid. They are readily converted to the corresponding perfluoro- 
compounds by rcaction with potassium fluoride at elevated temperaturesDG. 

Hexach1oroquinazolines5 (19) and hexachIoroquinoxalineg7 (20) have 
been prepared by ring-closure reactions. At higher temperatures (600") 

the decomposition of N-pentachlorophenylcyanoformimidoyl chloride 
gives pentachlorobenzonitrile and cyanoger, chloride in high yieldg8. 

Another successful application of PCl, as a chlorinating agent involves 
the preparation of perchloioimidazo [ 1,2-a] pyridineg9. 

Tctrachlornthiophene is readily accessible from the reaction between 
hexachlorobutadiene and sulphur at 
selenium and tellurium analogues have 

elevated temperaturesloO and the 
been prepared similarly101. 

+ TeC14 

2 ccI,=ccI-ccI=ccI, 

20h / (M = Se, Te) + 2 Se,CI, 
4 6Se 2500 
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IIY. PEWHALOCARBON RADICALS, CARBONEWM IONS 
AidD CARBANSONS 

One of the most remarkable features of perhalocarbon chemistry is the 
inertness of the species (C,Cl,j,C+, (c6c&c- and (C6CI5)&'. Compared 
to their hydrocarbon or fluorocarbon analogues they are thermally very 
stable and chenlically ineit, a fact which is attributed to complete steric 
shielding of the central carbcii atom by the o-chlorine atoms. 

A. PerchlorotriphenytcarbrPnium Ion, (C,Cl,),C+ 

Perchlorotripheiijrlcarboiiium hexachloroantimonate (21) has been 
isolated as dark-green crystals after oxidation of the perchlorotriphenyl- 
methyl radical (22) with antimony pentachloride, or from perchloro-3- 
diphenylmethylene cyclohexa-l74-diene (23) and antimony pentachloride 
in sulphuryl chloride'". The unusual hydrolysis product of 21, perchloro- 
a-a-diphenylquinomethane (%), is indicative of the sieric shielding of 
the central carbon atom as is the stability of the ion to water. 

8. Perhalocarbanions 

A large number of perchloro- and perbromo-alkyl derivatives of alkali 
metals have been synthesized1* 'J lo2, e.g. LiCCI,, LiCCI=CCl,, LiC5CI,, 
Na+CBr;, K+CBr; (see also sections 11. D and V. A). Characteristically 
these reagents decompose vigorously at Iow temperatures with elimination 
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of metal halide and they are therefore difficult to handle. In distinct 
contrast, deep-blue solutions of the perclhlorodiphenylcarbanion (25) can 
be kept at 25" for long periods without appreciable decomp~sition~b. 
Under certain conditions, however, 
a,a-decachlorodiphenylmethane are 

perchlorotetraphenylethylene and/or.. 
formed via a 

0, or I2 -c 
carbene me~hanism"~. 

The winc-xd perchlorotriphenylcarbanion (27) can also be obtained by 
C-H heterolysis in the presence of base or by reduction of the corre- 
sponding radical with potassiunP. The ease of C-H heterolysis in the 

(C,CI,),CH (C,CI,),C- .(----_- (C,Cl,),C* 

above reactions has been attributed to (i) accumulated clectron- 
withdrawing effects of the chlorines, (ii) release of B strain when' the 
a-carbon goes from sp3 to sp2 hybridization and (iii) resonance stabiliza- 
tion in the carbanion~l~~.  

Although the potassium salt of (c6c&)&- cannot be isolated, the 
tetraetliylammonium salt (C,Cl,),C-NEt: is obtained as a garnet- 
coloured, crystalline powder on addition of tetraethylammonium bromide 
to a tetrahydrofuran solution of the potassium salt1". The stability of 27 
towards water or ethanol indicates that (C&&)&H is a very strong acid. 
Moreover, the comparable stabilities of (C&&)3c- and (C&I5)3c+ suggest 
that steric shielding of the a-carbon atom rather than electronic effects 
accounts for the stability of these species. 

Ii 

10 

OE- 

(27) (221) 

C. Perchloroarylalky! Radicals 
As indicated in the previous section the perchlorinated carbon radicals, 

perchlorodiphenylmethyl (26) and perchlorotriphenylmethyl (22), iire 
formed by oxidation of the corresponding carbanions, and 22 is also 
obtained by reduction of (C6Clj)3Cf 14. The synthesis of 26 has also been 
achieved by reduction of perchlorodiphenylmethane with tin(@ chloride6', 
or iron(iz) chloridelo3, or by mercury and ultrasonics103. 

(c,cI,)*cclz op Snaa FeC,, > (C,Cl,)~CIC* 

22 is the perchiorinated analogue of Gomberg's radical (C,H,),C', the 
classic example of a 'stable' free radical. Solutions of triphenylmethyl, 
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however, are readily oxidized and concentration of these solutions leads 
to the separation of crystals of the dimer, l-diphenylrnethylene-4- 
tritylcyclohexa-2,5-dienel~~~b9~. In contrast, the perchlorinated radicals 
exhibit exceptional stability both in solution and in the solid state, for 
which magnetic measurements indicate complete dissociation. Dilute 
solutions of 22 show no detectable change over several months and it has 
been concluded that the half-life of this radical is of the order of decadeslo3. 
22 is, however, light sensitive in solution, but this fact can be used to 
advantage in the synthesis of perchlorotriphenylmethane. The less stable 

(C,Ci,),C* + CI2 > (C6Cl,),CCi 

26 has a ha!f-life of 2-3 days in solution in air at  25", but can be kept as 
a solid for years with but little decomposition. The inertness of these 
radicals towards chemical reagents is remarkable in that it is greater than 
most tetravalent carbon compounds. For example 22 is inert towards 
bromine, chlorine or concentrated nitric acid and it has therefore been 
suggested that they should be calied inert free radicals. 

Thc cheinicai inertness of 22 ar?d the siniplicity of the infrared spectrum 
can be zttributed to the high symmetry (C,) of its helicoidal codguration. 
The molecule is propeller-shaped with the a-(tricovalent) carbon protected 
from attacking species by the six o-chlorine atoms. 26 is not so inert 
because of the lesser shielding at  the a-carbon and it undergoes hydrogen 

(c,cI,),CIc' + C6H5CH3 - > (C,CI,),CHCI + C,H5CH; 

(C,Cl,),ClC. + C,H,CH; - (C,C15),CICCH,C6H, 

hv 

--Ha - (C,CI5)2C=CHC,H, 

abstraction with to1uenelo4. The formation from the perchloro-radicals 
of perchloro-carbanions and -carbonium ions is an electron-transfer 
process which does not require formation of a new bond with the a-carbon. 
Therefore, stcric shielding does not prevent these reactions. 

V. CHLBROCARBQN AND BROlMOCARBQN DERIVATIVES 
OF METALS AND METALLOIDS 

Halogen substitution of organic groups attached to a inetal is expected to 
alter (i) the nature of the metal-carbon bond and (ii) the donor or acceptor 
properties of the metal in such derivatives. The possibility of intra- or 
inter-molecular metal-halogen interactions is also of great interest. In 
particular the limiting case, in which such interactions result in metal 
halide eliminations to give synthetically useful transient organic species 
(e.g. dihalocarbenes, tetrahalobenzynes) is of considerable importance. 
While the chemistry of fluorocarbons and their derivatives with metals 
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and metalloids has been a fashionable aiea of research for some timelo5-l10, 
the corresponding chlorocarbon and bromocarboni compounds have 
only recently received attention1. Now that suitable synthetic routes 
to perchloro- and perbromo-lithium and perchlorc- and perbromo- 
magnesium reagents are available, rapid progress in this area of organo- 
metallic chemistry can be expected. 

A. Lithium Derivatives 
I .  Preparation 

Organofithiurn compounds are important reagents for both organic and 
organometallic syntheses and suitable conditions for the preparation of a 
large number of perchloro- and perbromo-carbon lithium reagents by 
either metaliation or metal-halogen exchange have recently been 
discovered (Table 5), 

'TABLE 5. Reaction conditions for the preparation of chioi-ocarbon and bromocarbon 
lithium reagents 

Lithium reagent Method of preparation 
Reaction 

conditions Reference 

CCI ,Li 
CC1,Li 

CBr,Li 

CBr,Li 

CCl,=CCILi 

CCl 2= CClLi 
CCl,=C=CClLi 

ClCECLi 
C,Cl ,Li 
C0C15Li 
CeClsLi 
C,Br,Li 
C6C15Li 
C,Cl,Li 
c bc14N Li 
CsC14NLi 
C,Br4NLi 
C,Cl 3SLi 

CC13X + m-BuLi 
CC1,Br + MeLi 

CBr,H + n-BuLi 

CBr,+KLi (R = Ph, 1z-B~) 

CCl,=CClH+ n-BuLi 

CCl,=CClBr + n-BuLi 
CC1,H-CCl=CHCi + n-BuLi 

frans-CHCi= CHCi + XeLi 
C,Cl,H + n-BuLi 
C,Cl, + n-BuLi 
C6C1, + n-BuLi 
C,Br, + n-BuLi 
C,Cl,H + RLi (R = alkyl) 
c&16 + Li 

CbCl,N + n-BuLi 

C,CI,S + n-BuLi 

C6ClsN 4- n-BuLi 

C6Br,N + n-BuLi 

- 110", THF 
- 115", Ether 

- 1 lo", Trapp 
mixture" 

- 1 lo", Trapp 
mixture 

- 1 lo", Trapp 
mixture 

- 110", Ether 
- 11 0", Trapp 

mixture 
0", Ether 
-8O", THF 
-78", THF 
- lo", Ether 
-75", Ether 
b 

b 

0 

-7O", THF 
-75", Ether 
-25", Ether 

1 1  1-1 13 
I l l ,  112, 
114 
115 

116 

117 

117 
118 

119 
120 
121 
121 
122 
123 
124 
125, 126 
127, 128 
122 
129 

Trapp mixture is THF : diethylether : pentane in 4 : 1 : 1 ratio. 

Solvent dependent. 
* Not specified. 
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2. Reactions of peehalocarbons with lithium metal 

A!thcugh organolithiuni compounds are often prepared by direct 
reaction between an organic halide and lithium metal130, only one 
successful preparation of a halocarbon lithium reagent by this route 
has been reported12*. In  general, the reaction of perhalocarbons with 
lithium metal may lead to the formation of a perhalocarbon lithium 
reagent initirlly, but secoiidary reactions are usually observed. For 
example, the reactioc between lithium metal and tetrachloroethylene in 
tetrahydrofuran a t  - 80" in the presence of triorganosilanes gives com- 
pounds of the type R3SiC=CCI, presumably via lithium ch l~ roace ty l ide~~~ .  

Gilman and coworkers discovered that a variety of halocarbons 
including hexachl~robenzene~~~,  hexachloropropene'= and octachloro- 

on treatment with lithium in tetrahydrofuran in the presence 
of an excess of chlorotrimethylsilane yields tetrakis(trirnethylsily1)allene 
(28). Significantly they have shown that the tetraene (29) is also produced 
in low yield from both aromaticlN and aliphati@ halocarbons. Since 
the tetraene is easily converted to the allene by lithium and chlorotri- 
methylsilane, it is reasomble to  conclude that 29 is an intermediate in 
the formation of 28 from halocarbons and lithium or magnesium metal 

(Me, Si) *C = C = C (S i M e,) - C (S i Me,) = C = C (S i M e,) 

(29) 
Li/Me$3iCI 

(28) 

i 
Z(Me,Si),C=C=C(SiMe& 

in the presence of excess of chlorotrimethylsilane. lndeed the reaction of 
decachlorohexa-1,5-dicnc (synthesized from hexscEloropropene and 
copper bronze)136 with magnesium and chlorotrimethylsilane produces 
the tetraene, 29, whereas in the presence of lithium the allene is formed133. 

Unexpected products are also formed in the reaction of hexachloro- 
butadiene with metals and chlorotrimethylsilane in tetrahydrofuranl33. 
Again the course of the reaction is metal-dependent and, using lithium 
or sodium, hexakis(trimethylsilyl)but-2-yne (30) is formed, whereas 
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magnesium gives bis(trimethylsilyl)buta-l,3-diyne (31). Surprisingly, the 
rzaction of tetrachlorothiophene with lithium. and chlorotrimethylsilane 

(Me,S i),C - C = C - C (Si M eJ3 hl e,S i - C = C - C = C -S i M e, 

(30) (31 1 

in tetrahydrofuran also gives low yields of 305. Possible reaction schemes 
for the remarkable delialogenations of perhalocarbons by metals, 
particularly lithiun, have been discussed in detail5. 

3. Thermal stability 

The thermal stability of perhaloalkyl-lithium reagents is low and 
decomposition, often vigorous, occurs at  low temperatures (ca. - SO") 
by elimination of lithium halide. As a general rule, tetrahydrofuran 
solvent113 has a stabilizing influence corn-pared to diethyl ether on 
pzrhaloalkyl-lithium reagentsxx4 but, in contrast, trichlorovinyl-lithium117, 
pentachlorophenyl-lithium121, tetrachloro-4pyridyl-li thiuni128, and 2-lithio- 
t r ichlor~ihiophene~~~ are appreciably less stable in tetrahydrofuran than 
in diethyl ether solution. The pentahalophenyl-lithium reagents C,X,Li 
(X = F, C1, Br) show greater stability with respect to 'Lithium halide 
elimination than the corresponding o-halophenyl-lithium deri~at ivesl~~,  
probably due to stabilization of the carbanion by electron withdrawal by 
the five halogen atoms. The stability sequence C,CI,Li > C,F,Li > C,Br,Li 
found for the pentahalophenyl-lithium reagents in diethyl ether solution is 
not expected on the basis of the lattice energies of the lithium halides and 
may be due to the insolubility of Lithium Buoride. The thermolysis of 
pentahalophenyl-lithium reagents, e.g. CGC15Li138, provides a good source 
of the extremely reactivc dienophile, tetrachlorobenzyne (see section VI. B). 

The perhalonorbornadienyl-lithium reagents (32) and (33) exhibit much 
greater thermal stability than perhaloalkyl-lithium reagents, since the 
elimination of lithium halide should be energetically unfavourable due to 
the high strain energy of the intermediate 3Q139. 

+ LiX 

[x = C1 (32); X = Br (33)] (34) 



14. Perchloro-, perbromc- and periodo-compounds 94i 
5. Magnesium Derivatives 

The synthesis and reactions of a-haloalkyl-magnesium reagents have 
been reviewed140. In geaeral, perhzlocarbon magnesium reagents are more 
difficult to prepare but thermally more stable than the corresponding 
lithium reagents. Metalation or metal-halogen exchange reactions can 
be used to prepare trichloromethylmagnesiurn chloride, CC1,MgCI 141. 
Perhalo-aryl and -hetaryf Grignard reagents can be prepared from 
magnesium and the appropriate perhaloaromatic compound, if the 
reaction conditions are carefully controlled. The use of solvents such as 
tetrahydrofuran and/or 'entrainers' such as 1,Zdibromoethane are often 
necessary to enable reasonable yields of the reagents to be prepared 
(Table 6). 

TABLE 6. Preparation of Grignard reagents from perhalocarbon compounds 
~ ~~ 

Method of Solvent 
preparation 

~- 

Product" Reference 

CC1,Br + iso-TrlMgC1 
CCl,H 4- iso-PrMgC1 

C,CI,S + M g  
C4CI,S + Mg 

C,Br,S + hlg 

THF, -80" 

- SO" 
THF/HMPA(20%), 

Et20b, reflux 
THF, reflux 
THFb, reflux 
Et,Ob, reflux 
EtzO, reflux 

ElpOb, reflux 
Et20b, reflux 

THF, reflux 
THFb, ambient 

temperature 

THF, -10" 

CCI3MgCl 
CC1,MgCI 

Cr,CIsMgCl(65) 
C6C15MgCI (high)G 
CBBr,MgBr (25) 
4-C,Cl,NMgCl (47) 
4-C5Ci4NMgCi (88) 
4-CSC14NMgCl (SO)  
4-CsBr,NMgBr (43) 
2-CpCI,SMgCl(17) 

2-C,CI,SMgCI (GO) 
2-C4C13SMgCI (98) 

2-C4Br3SMgBr 

141 
141 

142 
143, 144 
145 
146 
I47 
148 
I45 
129, 149 

150 
151 
I52 

150 

% yields in parentheses. 
Using the entrainment technique. 
Accompanied by a little 1,4-CBCI,(MgC~),. 

C. Group I V A Derivatives 

1. Synthesis 

The synthesis of perhalocarbon derivatives of Group IV A elements 
by direct halogenation is useful only for silicon and germanium because 
of facile metal-carbon bond scission by halogens. Perchlorinated alkyls 
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of silicon and germanium can, however, be prepared by chlorination of 
alkylsilicon halides in the presence of ultraviolet light and/or free radical 
initiator~lj3-l~~. The availability of a wide rziige of perhalocarbon-lithium 

> (CCI,SiCI,), 
CI2. U.V. 

(CH2SiCM: Cc,‘ 

AZIB = cup’-Azobis(isobutyronitri1e) 

and -magnesium reagents (see sections V. A and V. B) has opened the 
way for the preparation of perhalocarbon derivatives of Group IV A 
elements by conventional organometallic synthesis1. In fact the prepara- 
tion of a trimethylsilyl derivative has often been used to characterize a 
new perhalocarbon-lithium reagent. 

A number of novel routes to  the formation of perhalocarbon-metal 
bonds have been appiied to germanium, tin and lead. The reaction 
of carbon vapour, generated from a carbon arc, with germaniuni 
tetrachloride gives (Cl,Ge),CCI, as the major product together with 
snialI amounts of CCI,GeCi, I5O. The insertion of germanium dibroinide 
into the C-Br bond of carbon tetrabromide yields tribromomethyl- 
tribroniogermane160. 

GeBr, + C13r4- Br,CGeGr, 

Both Sn--N 161, 163 and Pb-0 bonds react with weakly acidic 
halofofms under mild conditions to givs trilialomethyl-metal compounds, 

R,SnNR; + HCX, ---+ R,SnCX, + R;NH 

(R = Me, Et, n-Bu; R’ = Et; X = CI, 3r )  

(R = R’ = Me; X = Cl) 16’ 

Ph,PbOMe + HCX, > Ph,PbCX, + MeOH 

(X = CI, 6r) 

(Trich1oromethyl)triphenyllead has also been prepared by the reaction 
of triphenyllead methoxide with hexachloroacetone163, or by the addition 
of triphenylplumbyl-lithium to an excess of carbon tetrachloride at 

is formedlG4. 
Diels-Alder reactions between hexachlorocyclopentadiene and tri- 

methyltinacetylenes yield polychloronorbornadienyl derivatives of tinlG5. 

- 600 1Gs. , at room temperature the disxbstituted product, (Ph,Pb),CCl,, 
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CI CI 

CI 

3 1  
e3 CI 

(R = Me, Ph) 

943 

When 5,5-dirnethoxytetrachlorocyclopentadiene is used, however, aroma- 
tization of the adduct occurs to give I ,2-bis(trimethyitin):etrachIorobenzene 
as the main p rod t~c t l~~ .  

2. Reactions 

A characteristic reaction of perhaloalkyl Group IV A metal compounds 
is the migration of chlorine from the organic side-chain to the metal under 
the influence of heat. Thus both CCi,SiCI, IGG and trimethyl(trihalomethy1)- 
tin compounds167 have been investigated as sources of dihalocarbenes, but 
they are inferior to trihalomethylinercury compounds for this purpose (see 
section ?‘I. A). A second method for generating dihalocarbenes, which 
requires milder conditions than the thermolytic process, is the sodium 
iodide p r o c e d ~ r e ~ ~ - ~ ~ ~ .  This reaction OCCUiS via nucleopKlic displacement 
at tin of CCI; iorr by iodide ion. 

(55%) 

The silicon-perhalocarbon bond is quite polar due to the relatively high 
electronegativity of perhalocarbon groups and i t  is thus susceptible to 
hydrolysis by dilute aqueous alkali. This reaction has been used to provide 
structural evidence for both silicon-perchloroalkyl and -perchloroaryl 
compounds, for example the formation of methylene chloride on hydrolysis 
of ~zrchloro-1,3,5-trisila~yclohexane~~~. Similarly, alkaline hydrolysis of 

the Si-CGCl, bond gives pentachlorobenzene and this reactivity detracts 
from the otherwise promising properties of silicone polymers containing 
chlorinated phenyI groiips, namely improved lubricating properties, 
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greater resistance to acid cleavage and higher thermal stability than 
hydrocarbon analogues. Pentahnlophenyltin compound., are even niore 
susceptible to nucleophilic-assisted hydrolysis and both Me,SnC,CI, and. 
MqSnC,F,, although stable in aqueous ethanol, are converted to the 
corresponding pentahalobenzene on addition of a trace of fluoride 

Me,SnC,X, t C,X,H + Me,SnOH 
F-IEtOHI 

(X = CI. F) 

ion161* I71. The Sn-C,Cl, lG1 or Sn-C,F, 171 bond is readily cleaved by 
electrophilic reagedts, e.g. boron trichloride, but, in contrast, a methyl 
group is cleaved from tin in Me,SnCCi, by boron trichloride161. 

Rlie,SnCCI, + BCI, ___j Me,Sn(CCI,)CI 4- MsBCI, 

Fentachlorophenylsilicor, compounds undergo metal-halogen exchange 
in preference to Si-C,Cl, cleavage with rc-butyl-lithium at low tempera- 
tures. With Me3SiC,Cl,, exchange takes place mainly in the p-position 
although some m-substitution also occurs as determined by alkaline 
hydroly~is l~~.  In contrast, the lability of the C,Cl,-Si bond is demon- 

H H 

strated by the observation that cleavage of the silicon-carbon bond 
occurs in preference to Si--H metalation in the reaction of organo- 
lithium reagents with pentachlorophenyIsi!anes of the type (C,CI,)R,SiH 
(R = Me, Ph)172.173. Addition of Me,SiC,Cl5 to the carbonyl group of 

C,CI,SiMe, + R,R'SiH (1)R'Li 
(C6WRZSiH (2)bleasi& 

(R' = Me, Ph) 
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beilzaldehyde is reminiscent of the reaction of Grignard or  lithium 
reagents with carbonyl compounds174. 

C,X,SiMe, + PhCHO - (C,X,)PhCHOSiMe, 
1 

(X = CI, F) 

D. Derivatives of Transition Metak 

1 .  o-Bonded derivatives 

The product obtained from the reaction of tetrakis(tri;>henylphosphine)- 
platinum with carbon tetrachloride is thought to be a mixture of cis- and 
trans-(Ph3P),Pt(CC13))C! 175, but the oiily examples of well-characterized 
perhaloalkyl-transition metal compounds zre the XCCo,(CO), types 
(X = C1, Br) prepared from carbon tetrahalides and Co,(CO), 176s177,  or 
by treatment of the anion [Co(CO),]- with carbon tetracl~loridr?-~~. Many 
metal carbonyls are oxidized by carbon tetrahalides and spectroscopic 
measurements obtained in such solutions are often irreprod~ciblel~~. For 
example, solutions of tungsten hexacarbonyl in carbon tetrachloride yield 
phosgene by a process which apparently involves reversible reaction 
between 'W(CO), and O,, rather than the primary intermediacy of 
W(CO), 180. In contrast, under suitable conditions molybdenum hexa- 
czrbonyl is oxidized by certain halogen compounds, e.g. CCI, with 

production of free radicals such as dC1, which are capable of initiating 
the poIymerization of vinyl monomersla1. The initial step in the thermal 
reaction between Mo(CO), and CCI, in a dor -x  solvent such as ethyl 
acetate is ligand exchange leading to Mo(CO),EtOAc; the latter is then 

oxidized by the halide to a derivative of MoI with formation of 6C13 
radicals. Secondary, relatively slow oxidation of the MoI species produces 
a derivative of MoVI8,. With carbon tetrabromide the oxidation of 

Mo(CO), f EtOAc > Mo(CO),EtOAc f CO 

Mo(CO),EtOAc + CCI, > Mol + 
Mo(CO), in ethyl acetate at 80" proceeds rapidly by a chain process 
which is inhibited by olefinic speciesls3. 

Tne first pentachlorophenyl transition metal compounds to be prepared 
were derivatives of iron, cobalt and nicl<e1184~1e5. More recently a wide 

(PhEt,P),CoCI, 4- 2 C,CI,MgCI ---+ (PhEt,P),Co(C,Ci,), 4- 2 MgCl, 
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range of nickel derivatives and some palladium compounds have been 
reported186-168. Compared to phenyl-metal compounds, the pentachloro- 
phenyl derivatives exhibit enhanced thermal and oxidative stabilities 
attributed to the steric and electronic properties of the C,Cl, group. 
Chatt and Shaw suggested that the electronegative chlorine atoms make 
an important contribution to stability by withdrawing electrons from the 
metal atom into the aromatic system, so increasing metal-carbon 
r-bondinglE4. At the same time the energy gap between the highest 
occupied bonding orbital and the lowest unoccupied orbital of the meta!.- 
carboil bond will increase with the result that the M-C bond will have 
greater stability with respect to homolytic dissociation. It has been found, 
however, that the Ni- Aryl boad lengths in (r-C,H5)Ph,PNiAryl 
[la919 +0.013 A (Aryl = C6H5); 1-91440.014 A (Aryl= CGH,)] are 
indisdnguishable within experimental error, indicating that although 
the Ni-C bond order is greater than unity, n-bonding is not more 
important for the C,F, d e r i v a t i ~ e ~ ~ ~ - ~ ~ ~ .  It is noteworthy, therefore, that 
a single crystal X-ray diffraction study of trans-(PPh,Me),Ni(C,F,)(C,Cl,) 
shows the Ni-C,CI, distance (1.905 i-0.010 A) to be significantly shorter 
than the Ni--C,F5 distance (1.978 +0.009 A) lg2. It  is unlikely that the 
diffsrences in Ni-C,CI, and Ni-C,F, bond lengths are steric in origin, 
but possible reasons for the shorter and therefore stronger Ni--G,Cl, 
bond include (i) the trans-efkct of a C,C& ligand being greater than that 
of L: C,F, ligand, @)the Ni--C,CI, u bond being stronger than the 
Ni-C,F, bond, or (iii) increased dr-pr  metal +ligand back-donation 
for the Ni-C,C15 bond relative to the Ni-C6F5 bond. 

Some trichloro-Z-thienyl derivatives of nickel, iron and manganese 
have been prepared from Z-lithiotrichIorothiophene129. Like the penta- 
chlorophenyl compounds, the rrichloro-2-thienyl-metal complexes show 
greater stability towards heat and aerial oxidation than their hydrocarbon 
analogues. 

There has been considerable interest recently in the use of organocopper 
compounds in organic synthesis. Gilman and coworkers have prepared 
pentachlorophenylcopper (35) from C,CI,Li or C,CI,MgCI and copper@ 
iodide, or from lithium dimethylcopper and h e x a c h l o r ~ b e n z e n e ~ ~ ~ ~ ~ ~ .  
(2,3,5,6-Tetrachloro-4-pyridyl)copper, trichloro-2-thienylcopper and 3,4- 
dichloro-Z,5-dicopper thiophene have also been reportedlo'. Like penta- 
Auorophenylcopper197-zm, 35 is thermally more stable than phenylcopper2*l, 
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which is highly reactive and difficult to handle. Tne ;ow reactivity of 35 is 
indicated by the 1 ~ c k  of reaction with chlorosilanes, but with acid chlorides 
pentachlorophenyl ketones are formed exothermically. 

C,CI,Cu + CH,COBr - C,CI,COCH, + CuBr 

(35) 

2 C,CI,CU + (COCI), - f c,cI,cococ,cI, + 2 CUCl 

(35) 

2. x-Bonded derivatives 

The reactions of perhaloolefins with zero-valer?t complexes of 
,03, palladium204 and 205 have been studied, but 

rr-perhaloolefin complexes have been isolated only for platinum. Both 
nickel and palladium form trihaiovinyl-metal halides, possibly via 
isomerization of an intermediate tetrahaloolefin -rr-complex. 

rr-Complexes of platinum with tetrachloroethylene can be prepared by 
treating the olefin with (Ph,P),Pt in benzene at 105°175 or with cis- 
PtCl,(PPhJ, and hydrazine hydrate under mild conditions205. In polar 
solvents the olefin complex Pt(CCl,=CCI&(PPh,), isomerizes to give 
PtCI(C@l=CCI,)(PPhJ, ,06. Kinetic studies of this rearrangement in 
hydroxylic solvents indicate that the rate-dztermining step is close to 
the S,l (lim.) solvolysis of the tetrachloroethylene ligand which involves 
an ionic intermediate [Pt(CCl=CCI,)(PFh,),]+ 207. Pt(CF,=CFCI)(PPh,), 
has been observed to undergo a similar rearrangeilient to give trans- 
PtCI(CF=CF&PPh.J, on heating20E. Apzrt from the ease of isomerization, 
Pt(CCI,=CCI&?Ph,)2 was found to be mole stable than other 
Pt(olefin)(PPh,), complexes and, for example, tctrachloroethylene readily 
displaces either stilbene or diphenylacetylene from their complexes with 
~latinurnl’~. 

Perhalometallocenes are expected to have considerable theoretical as 
well as practical importance. Perchloroferrocene (Xi), the first example 
of such compounds, has been prepared from 1,l‘-dichloroferrocene by a 
sequence of reactions involving metalation with n-butyl-lithium followed 
by exchange chlorination with hexachloroethane209. Unlike any other 
meiallocene, 36 is unaffected by heating with concentrated nitric acid. It 
undergoes metal-halogen exchange with n-butyl-lithium at low tempera- 
tures to give a dilithio derivative which can be carbonated or iodinated. 
The 35C1 n.q.r. spectrum of perchlororuthenocene Ru(C5C15), shows the 
expected three-line patiern of intensity 2 : 2 : 1, but the frequencies are 
shifted > 3  MHz upfield from those of C&, close to those of C,CI,40. 

32 
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Fe 
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The raising of the frequency of Ru(C,C1J2 is prcbably caused by repulsion 
of the pB lone pairs on chlorine by the adjacent chlorine on the other ring 
or by filled metal orbitals. Thc X-ray crystal structure shows that the 
chlorine atoms are bent away from the metal, as expected for this repul- 
sion, and. the molecule is eclipsed with nearly perfect DSh symmetry2l*. 

E. Mercury Derivatives 

The preparation of compounds of the type PhHgCC1,Br3-, (n = 0-3) 
is easily accomplished by the reaction of phenylmercuric chloride with the 
appropriate haloform in the presence of the t-butauol monosolvate of 
commercial, unsolvated potassium t-butoxide". Best results are obtained 
if the reactants are mixed in a molar ratio 1 : 1.5 : 1-4 in tetrahydrofuran 
at -25". The available evidence indicates that this reaction proceeds by 

-25O 
PhHgCl + CHX, + t-BuOK PhHgCX, -I- KCI + f-BuOH 

(X = CI, Br) 

nucleophilic displacement of halide ion from mercury by the trihalomethyl 
anion, and not by dihalocarbene insertion into the mercury-halogen 
bond212, since only PhHgCCI, was obtained from phenylmercuric 
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bromide and chloroform in the presence of potassium t-butoxide2I3. 
Other preparations of trihalomethylmercury compounds include photo- 
chemical reactions214* 216, the use of trichloromethyl-lithium216, and 

CC1,Br + Hg u'v. > CC1,HgBr 

2 CCI,Li -:- HgCI, ___- > (CCI,),Hg + 2 LiCl 

2 CX,COOFJa + HgY, - (CX,),Hg + 2 CO, + 2 Nay 

(X = CI, Br; Y = CI, OAc) 

decarbo~ylations~1~-~~~- Phenyl(triha1omethyl)mercury compounds are 
excellent diahalocarbene transfer agents (see section VI. A). 

A number of different procedures have been used in the synthesis of 
pentachlorophenylmercury compounds. These include the use of 
C,CI,MgC! 220 or C6CI,Li reagents, mercuration of pentachloro- 
benzene221, and decarboxylation of mercury salts of pentachlorobenzoic 
acid222. The lattcr route is particularly useful for the synthesis of mixed 
aryl pentachlorophenylrnercury compounds. Bisfpentachloropheny1)- 
cadmium has been prepared by decarboxylation of Cd(00CC6C1,), 223. 

C,CI,CO,HgPh - C,CI,HgPh + CO, 

Pentachlorophenylmercury compounds are characterized by their high 
mellicg poiiits, thermal stability and low solubility. An electronegative 
group attached to mercury increases the acceptor properties of the metal 
and complexes between (C,F,),Hg 224 or (C,F4N),Hg 225 and, for example, 
2,2'-bipyridyl can be isolated. Acceptor compkxes of this type are not 
famed by (C&Ic),Hg 22G or (C,Cl,N),Hg 12G. The lack of complex forrna- 
tion is probably not due to diffcrences in electronegativity, since c&15 
and C,F, exert a similar inductive electron-withdrawing effect2'. 

A few comparisons have been made between the reactivity of 
pentachlorophenylmercury derivatives and other organomercury com- 
pounds. The ease of cleavage of groups from mercury by hydrogen 

C,CI,HgC,F, + HCI - C,CI,HgCI + C,F,H 

chloride follows the order C,H, > CGF, > C,CI, > CH, 2201 225* 227. In contrast 
to its pentafluorophenyl analogue, bis(pentachloropheny1)mercury is not 
rapidly cleaved by iodide in although this reagent, and other 
halides, cause pentachlorophenylmercuric chloride to di~proportionate"~. 

2 C,CI,HgCI + 4 X- > (C,CI,),Hg + HgX:- + 2 CI- 

(X = CI, Br, I) 
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On the other hand, pentachlorophenylmercuric bromide is cleaved to 
pentachloroiodobenzene by iodine in dimethylformamide or by tri-iodide 
ion in various solvents2W. The reaction with iodine follows first-order 
kinetics and that with tri-iodide follows second-order kinetics. The 
suggested mechanisms involve nucleophilic catalysis by the solvent and 
by tri-iodide, respectiveiy. 

Vi. DIHAABCARBENES, TETRAHALBBENZYNES AND 
PERHALOWETARYNES 

A. 7Pikalomethylmeiacury Compounds as Dihakcarbene Precursors 

The early development of dihalocarbene chemistry has been documented 
in two books2S1s2332. Much of the recent work has been focused on 
investigations of the extremely versatile dihalocarbene transfer reagents, 
PhHgCX, (X = F, C! or Br), by Seyferth and coworkers. One aspect 
of this work which has been reviewed by Seyferth is the preparation of 
gem-dihalocyclopropanes". Some indication of the wide scope of dichloro- 
carbene transfer reactions of PhHgCC1,Br is given in Scheme 2. They 

Ph,C=S R,SnSnR; 
Ph&--CCI2 - PhHgCCi,Br ____1c+ R,SnCCI,SnR; 

ArC=Ckr' 

'd 
,CH3 II  

PhCR, CHClp 0 

SCHEME 2. Dichlorocarbene transfer reactions of PhHgCCI,Br. 

include addition to d ia ry lace ty lene~~~. '~~ ,  to tke C=N236, C=S a6, and 
C=G2379238 bonds; insertions into the C--M the Si-H 
bond243-245, the Ge-H bond=, and Si-Hg and Ge-Hg 
bondsu7, the Sn-X bond", and B-C bond249, and into HC1250. 
Dichiorocarbene insertions (via PhHgCCI&) into Si-C and Ge-C 
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bonds of silacycIobutane251, 1,3-di~~!acyclobutane~~~ and germacyclo- 
butane2s2 ring systems with consequent ring enlargement have also been 
observed. Miscellaneous reactions include those with diazoalltanes 
(R,CN,+ R2C=CX&253, the one-pot Wittig reaction with triphenyl- 
phosphine and carboilyl compoundszG4, and deoxygenatioii of pyridine 
N - o ~ i d e ~ ~ ~ .  

Dihalocarbenes are generated from phenyl(trihalomethy1)mercuq 
compounds either by thermolysis (e.g. at 80" in benzene for PhHgCC1,Br) 
or, particularly fcr the more stable compounds such 2s PhNgCCI, and 
PhMgCCI,F, by the sodium iodide proceduref7** 251i. It is generally agreed 

PhHyCCI, 4- N a I  ' > mC: f PhHgI 4- NaCl 

that the Doering-Hoffman procedure2j7 for transfer of CX, to olefins 
involves free dihalocarbene as an i n t e r ~ ~ e d i a i e ~ ~ ~ .  2329 25G* 25g. However, not 
all thermal reactions of PhHgCC!,Br prcceed by a free carbene 
mechanism. For PhHgCCl,Br-olefii? reactions, kinetic studies support 
a mechanism irwolving free CC122G0-262. Since the reaction rates are insensi- 
tive to electronic factors for ArEgCCI,Br cornpounds (Ar = p-XC,H,; 

k,(slow) 

L,(fast) 
PhHgCCI,Br 7- - PhHgBr 4- CCI, 

X = H, CI, F, Me, MeO) s? concerted CCI, extrusion process via a cyclic 
transition state is envisaged and explains the preference for PhHgBr 
elimination over PhHgC1263. A free CCl, intermediate is also involved in 

... Br 
Ph-Hg ... i 

c-CI 
I 
Ci 

the reaction of PhHgCC1,Br with organosilicnn h y d r i d e ~ ~ ~ ~ ,  but reactions 
of PhHgCX, compounds with substrates containing atoms with lone pair 
electrons, e.g. N,P, probably occur via initial attack by nitrogen cr 
phosphorus at r n e r c ~ r y ~ ~ . ~ ~ ~ ~ . ~ .  
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B. Tetrahalobenmynes 

A classical rout;: to arynes involves the elinlination of metal halide 
from o-haloaryl derivativzs of metals2G5. Pentahalophenyl-lithium and 

(X = halogen) 

-magnesium reagents are thus potential precursors of tetrahalobeuzynes. 
Heaney and coworkers demonstrated that tetrachlorobenzyne can be 
conveniently generated by heating pentachlorophenyl-lithium266; like 
tetraflu~robenzyne~~~, tetrachlorobenzyne is an extremely reactive dieno- 
phile and can be trapped by aromatic hydrocarbons, e.g. mesitylene2'j8, or 
with furaPS.  Tetrachlorobenzylze can also be generated from the Grignard 

reagent, C6Cl,n/fgC1, or by thz aprotic diazotization of tetrachloroanthra- 
nilic acid266. In contrast to pentachlorophenyl-lithium, C,CI,MgCl is stable 
in rei'iuxing benzene but gives tetrachlorobenzyne adducts when heated 
with mesitylene or p-xylerle at reflux. Tetrabromobenzyne, gexrated from 
pentabromophenyl-lithium, gave low yle!ds of the expected adducts with 
aromatic hydrocarbons and with furan122. The lithium reagents 37 and 
33 derived from decachlorobiphenyl yield mono- and di-arynes which 
have been trapped with i ,2,4,5-tetramethylben~ene~~. 

Li 

wLi 

CI CI CI CI 
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C. Perhalohetaryms 

The position of metal-halogen exchange between ir-butyl-lithium and 
pcatxhloropyridiiie is solvent-depeodmi and either of the lithium 
reagents (39) or (40) may result125* 12G. Thus, in principle, either trichioro- 

cl&:; CI :;I& ::&I :)Qic, 
(39) (4% (4%) (42) 

2-pyridyne (41) or trichloro-3-pyridyne (42) could be generated by elimina- 
tion of lithium chloride from the lithium reagents 39 and 40, respec- 
tively. It has been possible to trap 42, generated in this way, with 
aromatic kydro~ar ' oons~~~ ,  but attempts to generate 41 were unsuccessful. 

Tribromo-3-pyridyne, generated from tetrabromo-4-pyridyl-magnesium 
bromide, gave the expected adducts with aromatic hydrocarbons in better 
yields than when the corresponding lithium reagent was used, probably 
due to the higher reaction temperatures necessary for decomposition of 
the Grignard reagent122. 

Pyrolysis of 3-lithioheptachloro-4,4'-bipyridyl 27c (43) and other 
4-substituted trichloro-3-pyridyl-lithium compounds251, provides a source 
of the elusive 2-pyridynes. 

(43) 

Attempts to generate dichloro-zthiophyne from trichloro-2-thienyl- 
lithium have been unsuccessful, but heating bis(trich1oro-2-thieny1)- 
mercury with tetraphenylcyclopentadienone gave the expected adduct of 
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dichior0-2-thi~phyne~~~. The formation of the adduct does not, however, 
necessarily imply the intermediacy of the hetaryne, since it could be 
formed by addition-elimination sequences265. 

P h  Dh 

VIE. SYRUCTWWAL AND SPECTROSCOPIC STUQOES 

A. X-ray Studies 

A number of X-ray diffraction studies have been reported which 
establish unambiguously the structure of certain perchlorocarbons. The 
large size of chlorine, relative to hydrogen, often results in molecular 
distortion due to C1-CI repulsions, although in a number of examples 
the intramolecular CI-Cl distances are considerably shorter than the 
sum of two chlorine van der Wad's radii (3-60 A)27s275. An X-ray study 
of the deep-violet octachloropentafulvalene (44)27s shows that the central 
C=C bond adopts a length of 1.49 8, which is considerably longer than 

CI CI 

(4.4) 

a double bond. The two halves of the molecule are twisted through an 
angle of 41", thus limiting conjugation. In contrast to hexachlorobenzzne, 
which possesses a centre of symmetry implying that the chlorine atoms 
lie alternately above and below the plane of carbon atoms277, the two 
chlorine atoms on one side of the ring in 44 both lie below the plane 
of carbon atoms and the two chlorine atoms on the other side lie above 
this plane. 

Perchloroheptafulvalene (45), prepared from octachlorocyclohepta- 
trienez78, has a 14~electron system and has therefore sometimes been 
classed as aromatic, although theoretical studies suggest that it shouid 
contain localized single and double bonds27g. The structure of 45 is 
decidedly non-pianar with strongly alternating bond lengths which 
correspond weJi with those expected for Iocalized double bonds and 
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CI 
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a-C, 'C I ,* 270 z 

CI CI 

333O . 
-a, ,- CI 

Cl CI 

-0 c& ocl  
CI CI CI CI 

(45) (46) 

spz-sp2 single bonds276. The bond alternation is more marked than in 
the parent hydrocarbonmD. On heating to 350', 45 loses chlorine to give 
the known decachlorophenanthrene (46) in high yield281. 

The structure of perchloro[4]radialene (49, prepared by thermal 
dimerization of perchIorobutatriene282, is expected to be non-planar 
because of steric repulsions between the chlorine atoms (C1.- C1 contacts 
would be 2-69 A in e planar molecule). The molecule is indeed found to 

be highly non-planar and conforms very closely to molecular Dzd 
symmetry272. Deformation of the molecule from a planar geometry is 
achieved largely by bending of the four-membered ring to a dihedral 
angle of 153.5'. As a resuit the intramolecular Cl-.. C1 contacts are 
increased to values > 3.30 A. The C-C distances in the ring are normal 
for single bonds between sp2 carbons, and the exocyclic C=C distacces 
compare closely to the values found for tetrachloroethyleneCw. The bond 
distances, therefore, give no evidence for conjugation in 47, although a 
simple Hiickel calculation predicts an appreciable amouut of conjugation 
in planar tetramethylenecy~lobutane~~. 

The pyrolytic reaction of pel-chlorc.-(3,4-dimethylenecyclobuiene) (48) 
gives a t  Ieast four isomeric compounds of formula C&II,285. The 
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structures of two of these isomers have been established a s  perchloro- 
(3,4,7,8-tetramethylenetricyclo[4.2.0.0]octane) (49)273 and perchloro- 
(4,8-dimethylcnetricyclo[3.3.2.0]deca-2,6-diene (§O)2i4. The three four- 
membered rings in 49 adopt an unexpectedly simpfe chair-like configura- 
tion and, in spite of the relatively small intramolecular C1 ... C1 contacts, 
the two dichloromethylenc groups in the same conjugated system are 
nearly coplanar. As a result the molecule has approximate C2,, symmetry. 
Two of the C-C distances of the central four-memberzd ring are some- 
what longer than the mrnial single-bond distance, but this is also found 
in octachlorocycIobutane2s6. 

The third of the C,,Cl,, isomers derived from the thermal decomposition 
of 48 is thought to be perchIoro-(3,4,7,8-tetramethylenecycIoocta-1,5-diene) 
(51) since an X-ray analysis of the dichloride of 51 reveals it to have the 
structure §2275. The cyclooctatriene (52) has a symmetry of C ,  with the ring 

in a somewhat distorted tub form compared to that or cyciooctatetraene. 
The fourth isomer (53) is thought to have the same twc-dimensional struc- 
ture as 51 but a dicerent conformation. The X-my analysis of the two 
G,CI,, isomers 49 and 50 and of the dichloride 52 has made possible 
an explanation of the isomerization reactions of the pyrolysis products 
of 48. 

(48) A (49) O-OO” > (51) + (53) e600 (50) 

Several complexes of tetrahalomethanes with aromatic and heterocyclic 
mo!ecules have: been r e p ~ r t e d ~ ~ ’ - ~ ~ l ,  and a crystalline complex of carbon 
tetrabromide with 1,4-diazabicyclo-[2.2.2]octane has been isolatedzg2. The 
crystal structure of the p-xyleile carbon tetrabromide compound has been 
determined,”, and the most interesting feature of the structure is the 
packing arrangement of the molecules. Half of the bromine atoms are each 
directed toward the centre of a benzene ring at a distance of 3.34 A from 
that centre (0-2 A less than the sum of the van der Waal’s radii). Each 
benzene ring has such a bromine atom on each side, giving rise to a zigzag 
chain of molecules. There is no evidence of bonding from one chain to 
another. This arrangement suggests interaction of the broniine atoms with 
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the 7r-clectroris of the ring and it is reasonable to classify this as a charge- 
transfer complex. 

A complete single crystal X-ray analysis shows that perchlorotropone294, 
in contrast t3 t r ~ p o n e ~ ~ ~ ,  is non-planar with a boat-shaped ring. The avail- 
able data indicate thzt the C-C1 distames in compounds containing 
orfho-chlorine atoms, e.g. pentachloropheno1296, tetrachlorophthalic 
anhydride2”, are close to 1-709 A, while isolated C-Cl distances (even 
when para to each other) are close to 1.737 A 298. 

B. Nuclear QsladrupoEe Resonance (n.q.r.1 Spectra 

All the haIogens, except fluorine, have commonly occurring isotopes 
with a quadrupole moment, so that perhalo-organic compoiinds are wcll 
suited to n.q.r. studies (see section I)12. For the 35Cl, 37Cl, 79Br and 81Br 
nuclei with spin 9, only one transition is observed in the n.q.r. spectrum 
with frequency Y = (e2 Qq/2h)(l +-:q2)f where eQ = quadrupole moment 
of the nucleus, q = field gradient, r )  = asymmetry parameter. 

For even quite large values of r ) ,  however, this is almost indistinguishable 
from e2Qq 2nd SG,  for i? given nucleus, the n.q.r. frequency is determined 
by the ficld gradient at the nucleus produced by the electron distribution 
in the mo!ecule. In such cases, the asymmetry parameter r )  can only be 
determined by observation of the n.q.r. Zeeman effect. If chlorine is 
attached to an unsaturated carbon atom then the lone pair electrons 
participate in bonding and give rise to resonance forms of the type: 

c=c-CI f > c--C=CI+ 

which contribute to the ground state of the molecule. The loss of cylindrical 
symmetry about the C--@l bond, arising from the partial double-bond 
character, gives rise to an asymmetry parameter. The extent of carbon- 
halogen 7r-bonding can be estimated quantitatively from values of r)299. 
N.q.r. spectra must be obtained in the solid state and so multiple lines in 
the spectrum can arise h r n  chemically equivalent atoms in a molecule 
occupying non-equivalent positions in the crystal fzttice of the solid as well 
as from chemically non-equiva!ent atoms in the molecule. For example, 
the n.q.r. spectrum of carbon tetrachloride shows sixteen separate 
resonances3oo. In general, however, the frequency difference for lines 
resulting from non-equivalent lattice positions is small compared to the 
differences encountered for chemically non-equivale_n_t nuclei in a molecule. 
35Cl n.q.r. frequencies are largely determined by electron distribution 
around the chlorine atom, which is spherically symmetrical for C1-. T’he 
n.q.r. frequency thus gives a measure of the degree of deviation from 
spherical symmetry of the electron density around the chlorine atom. 
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West and ccworkers have used n.q.r. spectra extensively to obtain 
structural information in their studies of perchlorocarbon compounds, 
e.g. tetrachlorocyclopropene~7, octachlorocycloheptatrienea, octachloro- 
cyclooctatetraene and other C,CI, isomers", triclilorocyclopropenium 
ion301, pentachlcrocyclopentadienide and perchlororuthen~cene~~. 
In perchlorimted four-, five-, six- and seven-membered rings the vinyl 
halogens resonate at lower frequencies than the geminal chlorines, 
e-g. in hexachlorccyclopentadiene the vinyl halogens are observed at  
36.9-37-5 M i z  while the geminal chlorines are found at 38.1-39-1 MHz 302. 

However, in cycloyropenes the order is in fact reversed and the vinyl 
halogens resonate at higher frequencies2?, consequently an earlier assign- 
ment of the n.q.r. spectrum of tetrachlorocyclopropene was incorrect301. 

A more recent study of hexachlorocyclopentadiene revealed two 
distinguishable n.q.r. spectra3o3, one of which was in agreement with 
the previously reported spectrum302. The spectra clearly arise from two 
distinct solid phases of C,CI, and explain its complicated freezing 
behaviouP*. In the n.q.r. spectrum of octachloropefitafulvalene (44) the 
four chlorine atoms :i)rttzo' to the central C=C bond resonate at higher 
frequencies than the other four chlorine atoms due to strong non-covalent, 
rcpulsivc interactions which decrease the ionic character of the C-CI 

This interpretation is in agreement with the X-ray structure of 
44 described in scction VII. A276. 

N.q.r. spectra played a major role in the elucidation of the structures 
of the ~ o C I , o  isomers 54 and 55 obtained from the chlorinatiori s f  44325. 

Three other qoCllo isomers (§6-58) are formed from 54 and 55 either 
under the influence of heat or in the presenct of Lewis acid catalysts. 
Structures were assigned on the basis of n.q.r., ultraviolet and mass 
spectram5. 
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The thermal isomerization of decachlorobi-2,4-cyclopentadien-l-yl (59) 
also gives a mixture of chlorocarbons of which 56-58 are the major 
constituentsSoG. The chlorination of 59 gives a C,,Cl,, isomer for which 

structure 60 has been proposed, in disagreement with an  earlier 
s u g g e s t i ~ n ~ ~ ~ ~ ~ ~ ~ ,  on the basis of infrared, I3C n.m.r. and 35CC1 n.y.r. spectra. 

I,EG) 

Under mild conditions 60 is transformed by ahminiurn chloride to the 
isomeric cage chlorocarbon (61). Two other ~ , C l , ,  isomers formed as 
minor products in the light-catalysed chlorination of 59 are shown to 
be the endo and exo iscmers of a methanoindene chlorocarbon, 62 and 63. 

The light-catalysed chlorination of 56, 57 and 58 yields a C;,Cl,, 
chlorocarbon as the major product, which is assigned structure 64, on 
the basis of its I3C n.m.r. spectrum, which shows five peaks of equal 
intensity, ultraviolet spectrum and chemiczl behnviou?OG *. 

* References 305 and 306 illustrate well the application of s5Cl n.q.r., 
13C n.m.r., mass and other spectroscopic techniques to the determination of 
structures of isomeric perchlorocarbons. 
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The 81Br n.q.r. spectrum of the p-xylene-CBr, complex309 shows two 
lines as expected from its known structure (see section VII. A> which 
reveals only two crystallographically inequivalent bromine atonis in the 
unit and the benzene-CBr, spectrum is similar. However, the 
spectra of the a-xylene, mesitylene and 2,4,6-collidine complexes all show 
three linesN9. The structural features responsible for the additional line 
are not known. 

C. Mass Spectra 

Mass spectrometry is a very useful technique for studying perchloro- or 
perbromo-carbon compounds since chlorine is composed of two isotopes, 
35C1 and 37Cl, whose relative abundance is approximately 3 : 1 and bromine 
is composed of two isotopes, 'WB~ and *lBr, which are almost equally 
abundant. Thus positively charged ions which contain several chlorine 
and/or bromine atoms give rise to envelopes of peaks with relative 
intensities characteristic of the number of chlorine and/or bromine atoms 
in the fragment ion (Table 7). 

The fragmentation patterns of a number of perchloroaryf organometallic 
compounds (C6C15),P 310, Me3SiC6C1, 310, 0- and p-(Ivle,Sn),C,CI, 3f1, 

C,Cl,HgCI 312 and (C,Cl,},Hg 312 have been studied. No metastable ions 
were observed in the mass spectrum of (C&I5)3P but the presence of peaks 
corresponding to (c&&p+, (C,C14),+ and Pclz indicate elimination of 
PC1, or C1, followed by P. The removal of successive chlorine atoms from 
the molecular ion is more prevalent than is the corresponding removal of 
fluorine or hydrogen from (C6F5),P or (CGH5)3P. When only one penta- 
chlorophenyl group is attached to a metalloid atom, as in iMe3SiC6C15, no 
ions corresponding to (C6c14); are found although fragments which 
indicate halogen abstraction by silicon are observed. Pentachlorophenyl- 
mercury chloride yields c6cia as the most intense ion, formed by prefer- 
ential elimination of HgCI,. Fragmentation by elimination of HgCI, is 

C,Cll -HsCI* C,CI,HgCI+ 

less important for bis(pentachlor~phenyl)mercury~~~. The observation that 
ions which result from migration of chlorine to tin, e.g. (CH?),SnCl+, 

P 
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TABLE 7. Relative probabilities of occurrence of peaks at masses M, (Nl + 2), (M + 4), 
etc., in the spectra of molecules containing various numbers of atoms of chlorine and 
bromine where M is the mass corrcsponding to molecules containing only 36Cl and 
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Atoms 
present 

Br 
Br, 
3r3 
Br, 
Br 
Br, 
Br, 
Br8 
Ci 
ClBr 
ClBr, 
CIBr, 
ClBr, 
ClBr, 
ClBr,, 
ClBr, 
C12 
C1 ,Br 
Cl,Br2 
C1 ,Br, 
CI,Br, 
CI,Br, 
C1 2BrS 
a 3  
C1 ,Br 
CI,Br, 
Cl,Br, 
Cl,Br, 
Cl,BrS 
C1* 
C1,Br 
CI,Br, 
CI,Br, 
CI;Br, 
c 1 5  
CI,Br 
CI,Br, 
C16Br, 
ClS 
C1,Br 
CI,Br, 
C1, 
CI,Br 
CIS 

- -  
7DBr atoms 

Relative probabiiity of occurrence of peaks at masses 

M 

0.5057 
0.2557 
0.1293 
0.0654 
0.033 1 
0.0 157 
0.0085 
0.0043 
0.7540 
0.38 13 
0.1928 
0.0975 
0.0493 
0.0249 
0.0126 
0.0064 
0.5685 
0-2875 
0.1454 
0-0736 
0-0372 
0-0:88 
0-0095 
0-4287 
0-2168 
0.1096 
0.0554 
0-0280 
0.0142 
0.3232 
0.1634 
0-0827 
0.04 i 8 
9.021 z 
0.2437 
0.1232 
0.0623 
0.03 15 
0-1838 
0-0929 
0.0470 
0.1386 
0.0701 
0- 1045 

M + 2  

0.4943 
0.4999 
03392 
0.2557 
0.1616 
0498 1 
0.0579 
0.0335 
0.2460 
0-4971 
0.4399 
0.3177 
0.2089 
0.1300 
0.078 1 
0.0457 
0.3710 
0.4686 
0-3791 
0.2636 
0.1696 
0.1042 
0.0620 
0.41 96 
0.4241 
0.321 6 
0.2168 
0.1370 
0.0832 
0-42 1 8 
0.373 1 
0-2694 
0.1771 
0.1 102 
0.3976 
0.3215 
0-2235 
0.1438 
0.3597 
0.2727 
0.1839 
0.3 1 64 
0.2285 
0.2727 

M + 4  

0-2443 
0.3707 
0.3749 
0.3 160 
0.2397 
0.1697 
0.1 144 

0.1216 
0,3072 
0.3728 
0.3458 
0.2780 
G-2049 
0.1422 
0.0605 
0-2140 
0.3398 
0.3592 
0.3120 
0-24 16 
0.1737 
0.1369 
0.2766 
0.3495 
0.3357 
0.2769 
0.2078 
0.2064 
0.3 129 
0.3426 
0.3065 
0-2425 
0.2594 
0.3277 
0.324.6 
0.2746 
0.2934 
0-3262 
0.2998 
0.3097 
0.3 130 
0.3 1 14 

M + 6  

0.1 208 
0.2443 
0.3089 
0.3 124 
0.2765 
0,2237 

0.9601 
0.1823 
0.2764 
0.3 106 
0-2945 
0.2502 

0.0299 
0.1209 
0-229 1 
0.2934 
0.3026 
0.2724 
0-0 149 
0.0752 
0.1748 
0.261 1 
0.2950 
0.2876 
D.0449 
D. 1247 
0.2177 
0.2795 
3.2928 
3.0846 
3.1710 
3.2485 
3.2861 
3.1276 
3.2096 
3.2672 
3.1 684 
3.2383 
3.2032 

M+8 

0.0597 
0.1510 
0.2290 
0.2702 
0.2733 

0.0297 
0.1051 
0.1898 
0.2495 
0.271 8 

0-0148 
0.0672 
0.1473 
0.2195 
0.2606 

0.0074 
0.0409 
0-1071 
0.1832 
0.2400 
0.0037 
0.0240 
0.0738 
D.1450 
0.21 15 
0.0138 
D.0488 
D* 1092 
D.1780 
D.03 12 
D.0789 
D.1435 
D.0549 
3.1110 
3-0829 

M + l C  

0.0295 
0.0895 
0.1585 
0.2 137 

0.0147 
0.0594 
0-1239 
0.1860 

0.0073 
0.0369 
0.0915 
0.1548 

0.0036 
0.0221 
D.Ob41 
0.1230 

3.001 8 
3.0128 
3.0430 
3.0934 
3.0009 
3.0073 
3-0278 
3.068 1 
3.0041 
3.0175 
3.0478 
1-01 08 
1.0326 
3.021 6 

M + 1 1  

0.0 146 
0-05 16 
0- 1 C44 

0.0073 
0.0330 
0.0779 

0.0036 
0.0201 
0.0554 

0.001 8 
0.01 18 
0.0376 

043009 
0.0068 
0.0247 

0.0004 
0.0038 
0.0157 
0*0002 
0.0021 
0.0097 
0.0012 
0.0059 
0.0035 

M+ l f  

0.0072 
0.0292 

0.0036 
0.0181 

0.001 8 
0.01 08 

0.0009 
34063 

0.0004 
0.0036 

0.0002 
0*0020 

0*0001 
0.001 1 
0.0001 
0.0006 
0-0003 

M + 1 6  

0.0036 

0401 8 

0.0009 

0.0034 

0.0002 

0*0001 

0~0001 

- 
(Reproduced from Mass Spectroinofry atid its AppIica!ions to Orgatiic Chemistry, by 

J. H. Beynon, Elsevier, Amsterdam, 1960, p. 298, with permission from the publishers 
and the author.) 
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CH,SnCli- and SnCl+, are more abundant in the mass spectra of 
perchloroaryl-tin compounds than the corresponding fluorine-containing 
ions in the mass spectra of perfluoroaryl- t k  compounds is indicative of 
the weakness of C-CI bonds relative to C-F bonds3I1. 

Mass spectra have been particularly useful in identifying the chloro- 
carbon products formed in the reactions of carbon vapour with covalent 
chlorides. The following compounds, formed in very low yields, were 
identified solely on the basis of their mass spectra, CCI,=CCIGeCl,, 
CCI,(PCl,., and CCl,=CClPCl, 15'. 

D. Electron Spin Resonance (e.s.r.1 Spectra 

The e.s.r. spectra of a number of perchlorinated radicals including 
perchlorodiphenylmethyl (26) and perchlorotriphenylmethyl (22)313, 
t r ich l~romethyl~~~,  pentachlorocyclopenCadieny1315, bis(trichlorometky1)- 
nitroxide316, and a,~-dichloro-N-dichloromelhylnitrone317 have been 
reported. 

In solution, 22 showed only one peak with g = 2.0030, a normal value 
for trivalent carbon radicals. The iinewidth of - 4 MHz was attributed 
to unresolved ring chlorine splittings. 26 shows a quadruplet due to 
coupling with the a-chlorine nucleus with hyperfine splitting - 6 MHz. 
The g value for 26 and related perchlorinated radicals is -2,005010z, 
higher than that for the free electron. Except for band broadening 
( N 5 MHz), there is no evidence of interaction with the aromatic chlorines. 
Apparzntly stabilization by resonance plays a minor role in 26 and 22 
and related radicals and their inertness to chemical attack at ring carbon 
atoms is probably due to low spin delocalization on them103. 

A ten-linc e.s.r. spectrum with intensities appropriate for interaction 
with three nuclei of spin 2 has been observed in the photolysis of carbon 
tetrachloride in the presence of di-t-butyl peroxide and trialkylsilanes and 
is attributed to the trichloromethjrl radica1314. The g factor is 2.0091. 

The e.s.r. spectrum of the pentachlorocyclopentadienyl radical, prepared 
by photolysis of hexachlorocyclopentadiene, has been reported3l6. The 
isotropic g value (g = 2.008 +O.OOl) and the chlorine splittings are con- 
sistent with D,, symmetry. Trapping of the radical by matrix techniques 
indicates that it has a good thermodynamic stability. 

The reaction of nitrosyl chloride with sodium trichloromethylsulphinate 
below 0" provides an improved synthesis of trichloronitro~oniethane~~~. 

CCI,SO,Na + NOCl - CCI,NO + SO, + NaCl 

Trichloronitrosornethane prepared in this way exhibits an e.s.r. spectrum 
consistent with the presence of small amounts of bis(trichloromethy1) 
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nitroxide31G. Interaction of the unpaired clectron with the 14N nucleus 
gives rise to a triplet with a splitting larger than that observed 
for bis(trifluoromethy1) nitroxide3l9~ 320 but smaller than in dialkyl 
n i t r o x i d e ~ ~ ~ ~ .  Bis(trichloromethy1) nitroxide is less stable than the 
fluorinated analogue310* 322, and the e.s.r. signal decays to one-half of 
its original intensity in 7 h. 

n,cu-Dichloro-(N-trichloromethyl)nitr.one (69, prepared by the thermal 
decomposition of liquid trichloronitrosomethane323, is attacked by 
chlorine atoms or phenyl radicals and the a,&-dichloro-(N-dich1oromethjd)- 
nitrone radical (66) is Extensive delocalization of the unpaired 

CI' + CCl,fN(O)CCI, - 'CCI,N+(O)=CCI, + CI, 
(65) (66) 

electron in 66 is indicated by the low value of the nitrogen hyperfine 
coupling compared to the value for bis(tri~h1oromethyl)nitroxide~~~. 

E. Infrared Spectra 
Carbon-halogen stretching frequencies appear as stro:ig characteristic 

absorptions in the range 900-650 cm-l (C--1) and 650-500 cm-l (C-Br). 
For example, at 810-700 cni-l and at 621-605 cm-l for CCI, and CBr, 
derivatives (Sn, Pb, Hg), respectively1. I n  C,CI,-metal compounds v(C-CI) 
is observed at 698-670 cm-I In1. 19G, 222, 324. C-CI and C-Br bending modes 
are expected to fall below 250 cm-', e.g. at 200 cm-' in C3C$ 25. Perhalogen 
sabstitution is expected to cause shifts in the characteristic vibrational 
frequencies of other functional groups in the =olecule. For exampie, in 
perchlorinated benzene derivatives the C=C skeletal in-plane vibration, 
normally located around 1500 cm-l, is found at  1350 cm-16*. 

F. Ultraviolet Spectra 
Ballester and coworkers have used ultraviolet spectroscopy extensively 

in their studies of perchlorinated aromatic compounds 6Gp 88* 103*325, which 
show the essential features found in other benzene derivatives except that 
the E band is shifted bathochromically and its usual fine structure is 
diminished. In particular compounds having trichloromethyl  TOU UPS 
flanked by two ortho-chlorine atoms show an abnormally large shift of 
the B band to higher wavelengths and the fine structure is lost. The effect 
is especially pronounced for perchloro-p-xylene (A = 365 nm) and is due 
to molecular distortion caused by the interaction of the bulky trichloro- 
methyl group with two ortho-chlorine atoms (Table 8)325. The large 
bathochromic shift in the E band observed for (p-C,CI,-SiMe,OSiMe,-), 
also suggests either deformation of the aromatic fiuclei and/or some trans- 
annular interaction between the two aromatic rings, as has been found for 
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compoundsa, 
TABLE 8. Ultraviolet spectra of perchlorinated aromatic 

i 
Compound A,,, (nm) E x Reference 

C,CI,CCI, 
p-ccI3cocI~ccI3 

298 
289 
298 
29 I 
30 1 
292 
305 
296 
318 
31 1 
308 
312 
317 
293 
286 
305 
297 
319 
365 

0.39 
0.37 
0-23 
0.25 
0.39 
0.37 
2.66 
0.55 
3.07 
2-60 
4-5 1 
9.5 

14.05 
0.1’7 
0.21 
1-12 
0.9s 
1.42 
3.00 

325 

325 

161 

161 

326 

3 27 
327 
327 
325 

325 

325 
325 

a In cyclohexane. 
The higher intensity E band at 220-240 nIn is present in all compounds. 

paracyc l~phanes~~~.  The molar absorptivities of the B band for the series 
(C,C&PPh,_, (n  = 1,2,3) increase additively, indicating that there is 
no interaction between pentachlorophenyl 

&. Dipsle Moments 
It  has recently been emphasized that the possibility of complex 

formation must be considered when determining dipole moments of 
chiorocarbon compounds in solution329. Octachloropentafulvalene (44) 
in solution has a significant dipole moment 0.40 D (cyclohexane), 0.95 D 
(benzene), 1-58 D (mesitylene). These values are clearly consistent with 
the formation of a molecular complex with the solvent. Hexachloropenta- 
fulvene (67) has a dipole moment of 1.00 D (cyclohexane) significantly 
higher than that found for the parent hycirocarbon 0.49 D (gas phase)33o 
indicating a certain contribution from a dipolar structure to the ground 
state of 67. It is noteworthy that the lower reactivity of 67, for which an 
improved preparatim was reported, compared to hexachlorocyclo- 
pentadiene has been attributed to stabilization from the dipolar resonance 
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forms1. Alonlic polarizations were neglected in the dipole moment 
determinations, although it has not been established that this is justifiable 
fm c ~ o r ~ c a r b o n s ~ ~ ~ .  

#. Electrochemical Studies 

Polarographic studies of carbon tetrahalides in acetonitrile or dimethyl 
formamide point to the formation of dihalocarbenes as intermediates in 
the electrochemical reciucti01P3~. In aqueous eihenol the reduction of 
hexachlorobutadiene at a dropping mercury electrode takes place in 
several steps which can be represented by the overall reaction333: 

CCI,=CCI-CCI=CCI, + 8 e- + 4 H+ ___j- CHCI=CW-CH=CHCI + 4 CI- 

Tbe polarograrhic reduction of octachlorocyclopentene and hexachloro- 
cyclopentadiene in neutral or weakly basic solutions proceeds via the peilta- 
chlorocyclopentadienide ion (section 11. D), which is adsorbed on the 
mercury surface, thus hindering further r e d ~ i c t i o n ~ ~ .  The polarographic 
method can be used for the quantitative determination of these two 
perch lo roc arb on^^^. Octachlorostyrene is reduced electrochemically at a 
lead cathode in 1 : 1 methanol : dimethoxyethane containing 5% water to 
give pentachloroethynylbenzene as the major product together with 
@,2,3,4,5,6-hepiachlorostyrene and 2,3,5,6-tetrachloroethynylben~ene~3~. 
The initial step is probably cleavage of the a-C-CI bond Ieading to an 
anion which, after @-elimination of chloride, gives a chloroacetylene 
analogous to the primary product proposed in the electrolytic reduction 

C,CI,C=GCI + CI- 

.t 
C,CI,CH=CCI, 
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of hexachl~iobutadicne~~~.  The reduction of heplachloro-2- and -3-vinyl- 
pyridine follows a similar course giving ethynyltetrachloropyridines as the 
major products335. 

Pb cathoda 

f. Miscellaneous Siudies 

The first ionization potentials of chloroethylenes, measured by 
photoelectron spectros~opy”~, decrease with increase in chlorine 
substitution showing that conjugating effects outweigh the inductive 
effect. As a consequence of the greater inductive effect of fluorine, the 
first ionization potential of tetrafluoroetliylene is lower than that of 
tetrachloroethylene. Other recent detailed structural studies of perhalo- 
ethylenes include electron diffraction (CB:,=CBr& 337, ultraviolet spectrum 
(CCl,==CCIa xw, and vibrational spectra (CX,==CX,; X = F, C1, Br, I) 339. 

Two groups of workers3401341 have concluded from X-ray studies that 
hexachlorobenzene is planar and has normal bond lengths and this was 
confirmed by an electron diffraction studyN2. On the other hand, 
Strandm7. 343 assigned S6- symmetry to hexabromobenzene, with alternate 
bromine atoms lying above and below the plane of the ring, as judged 
from the Br ..- Br separation of ortho substituents. This distance, determined 
by X-ray studies, is 3.28A in hexabromobenzeneW and 3.26 A in 
pen tab rom~to luene~ .~~~  significantly shorter than twice the van der Waal’s 
radius of bromine, 3-9 A. 
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I. INTRODUCTION 

The field of organic electrochemistry has experienced a most dramatic 
growth during the past decade1-ls. One of the strongest driving forces in 
this development has been the hope that judicious selection of reaction 
conditions (e.g. electrode material, electrode potential, solvent, supporting 
electrolyte) would permit selective oxidation or reduction of functional 
groupings in organic molecules. These expectations have been met by 
success in so many cases that by now electrochemical methods of synthesis 
should be standard tools for the orgacic chemist. This review will treat the 
electrochemistry of the carbon-fialogen bond, a subject of considerable 
importance due to the central position occupied by halogen compounds in 
organic chemistry. 

While numerous sources3~ 6e lM0 have reviewed the literature of polaro- 
graphy of organic halides, the preparative aspects have been neglected to a 
large extent. Thus a survey of the current literature dealing with the electro- 
chemical reactions of the carbon-halogen bond and their synthetic 
applications is appropriate at this time. It will be the objective to provide a 
reasonably complete, critical treatise of reductive and oxidative reactions 
of the carbon-halogen bond. It will not, however, be our purpose to 
chronicle the vast literature of organic polarography, a task which has been 
to a large measure accomplished in the articles referred to abovz. Po!aro- 
graphic data (of which i?n excellent compilation3 is available) will be 
introduced to the extent necessary to clarify the problem under considera- 
tion. Nor shall we deal with the important areas of electrochemical 
halogeaation1br6 and electroreductive coupling21 invoIving halogc,er- 
containing compounds, except as such coupling may result directly from 
carbon-halogen bond reduction22. Finally, since there are so many 
textbooks and reviews which treat electrochemical techniqces and their 
application in organic chemistry2- 33 9-12, there is no need to include such 
background material here. A knowledge of the most elementary principles 
of electrochemistry will be sufficient to follow the treatment in this chapter. 

11. GENERAL WEACTOON TYPES 

For the purposes of the present discussion, electrochemical reactions of the 
carbon-halogen bond will be divided according to whether the electro- 
chemical step is reductive or oxidative in nature. Oxidative reactions of 
organic halides are limited in example and are as yet largely unexplored. 
The vast majority of work so fzr deals with electroreduction of halides and 
this latter topic will be considered first. 
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A. Cathodic Reactions 

A geaeral formulation of the several possible steps in the electroreduction 
of a carbon-halogen o bond is shown in Scheme 1. The many questions that 

+e R-X- R-X: 

+ X- 

RH 
SCHEME 1 

can arise regarding the mechanism of this reduction are apparent from an 
inspection of Scheme 1. The orientation of the carbon-halogen bond 
relative to the electrode surface, the possibly concerted nature of the first 
electron transfer and carbon-halogen bond rupture steps, the stereo- 
chemical fate of the carbanionic intermediate, and the origin of the coiipling 
product (radical-radical coupling versus SN2 displacement) are a few such 
questiow. Moreover, the role of the electrode material and its possible 
participation in the reaction (via adczrption and/or formation of organo- 
metallic species), which is not explicitly stated in Scheme 1 , is obviously also 
a very important and complicated problem. Since electrolytic fission of the 
carbon-halogen bond is an irreversible process and usually requires a 
strongly negaiive cathcdic potential, systematic examination of many of 
these questions has been hampered by the difficulty in applying conventional 
electroanalytical approaches. As a consequence the answer to most of the 
above questions is obscured by a body of conflicting results. A detailed 
examination of studies which bear on each of these questions is presented 
in section 111. 

B. Anodic Reactions 

Oxidation reactions of organic halides in which the halogen atom is 
involved are almost completely confined to iodo compounds, since the 
more electronegative halogens either make the appropriate compounds so 
difficulty oxidizable that they Kdl outside the zccessible range of anodic 
potentials or cause the reactions of interest to take ?lace in other parts of 
the molecule (e.g. oxidation of iodobenzene in acetic acid/0.5~ sodium 
acetate largely gives compounds formed by a change of the valence state of 
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the iodine atom, whereas under identical conditions the other halo- 
benzenes give nuclear acetoxylation products23). Oxidation of iodo 
compounds occurs so as to produce products which appear to arise from 
carbonium ion intermediates if the substrate is derived frcm an aliphatic 
system. In contrast, aromatic iodides couple to produce iodonium salts 
(Scheme 2). The meagre literature on this topic is considered in detail in 
section IV. 

-e  Aliphatic R 
R - I  _3 R--I+ - + Rf f 112 12 

Aromatic ftlzf. 
R-I+- Ar R-S + H+ 

SCHEME 2. 

Ill. CATHODIC REACTIONS 

A. Ease of Reduction by Halogen Types 

With the exception of a few special cases of mixed halogen compounds 
in which the halogens are conjugated with each other (section 111. B. 1. d), 
ths ease of reduction of carbon-halogen bonds follows the expected order, 
1 > Br > C l r  F. The isolated C-F bond cannot be electrochemically 
reduced below the solvent cut-cff limit. However, when the C-F function- 
ality is adjacent to an aromatic or carbonyl moiety, reduction has been 
reported to occur (section 111. B. 2). Table 1 shows i; typical array of 
reduction potentials for simple halomethanes which illustrates the trend in 
ease of reduction. Table 2 shows further examp!es of similar trends in other 

TABLE 1. Half-wave potentials (El in 
volts) for reduction of halomethanes"* * 
versus the saturated calomel electrode 

(see)*' 

Compound -Ei for X = 

CI Br I 

CHJX 2.23 1-63 1-63 
CH,X, 2.33 1.48 1.12 

1.67 0.64 0.49 
cx4 0.78 0-3 - c=, 

a The parent compound, methane, is not reducible under the conditions employed. 
In 75% dioxan-water with 0.05~ tetraethylammonium bromide as supporting 

efectzoiyte. 
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series of halides. I t  should be noticed that only the reduction of the C-F 
bond seems to he dependent on the pH of the solution. Thus, the half-wave 
potential for reduction of phenacyl fluoride25 nioves to less cathodic values 

TABLE 2. Half-wave potentials for reduction of RX (due 
to the differing reaction conditions, these values are only 

strictly comparable within each series) 

R -Ei for X = 
- - 

F c1 Br I 

1.64' 0.55' 0.16" 
1.13' 0.35" 0.14" 

CHZ=CH-CCH; - 2*13h 1*2gh 0.23" 

HOCOCH, - 
CH,COCH, - 
PhCOCH, I *G2d* ' 0.55' 0.20' - 

- 1.7' 1 -2' CNCH,CH; - 

Reference 26. f Reference 29. 
Reference 27. 9 Reference 30. 
Reference 25. Ib Reference 24. 
Reference 25. Reference 3 1. 
pH-independent value (above pH = 6). 

as the pH decreases, which has been zscribed to assistance by a proton in 
the rate-determining step (formation of the rather weak acid, hydrogen 
fluoride). 

I t  is instructive to compare the cathodic reduction of carbon-halogen 
bonds with the reduction of other types of single bonds. Table 3 shows 

TABLE 3. Half-wave potentials for reduction 
of phenacyl derivatives, PhCOCH,X, to 
acetophenone (values taken in the pH- 

independent region, if required) 

X - Ei versus sce pK of HX 

HO" 
iwloa A. 

PhS" 
CH,COO" 
PhCOO" 
Fb 
ONO, a 

c1= 
BrC 

1.41 
i -22 
1 -22 
1.30 
1 *27 
I a 0 2  
0 4 6  
@55 
0.20 

14 
10 
6.5 
4-8 
4-4 
3-2 

- 1.4 
-7  
- 8  

a Reference 29. Reference 25. " Eeference 30. 
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Ei data on the reduction of phenacyl derivatives, all of which have been 
shown to give acetophenone on controlled potential electrolysis (cpe). 
Figure 1 demonstrates that these half-wave potentials correlate reasonably 

> 
c .- 

N 

G' 

2.0 

4.0 

0.0 I 

-10 0 4 0  

p K  of HX 

FIGURE 1.  Plot - Ei for phenacyl derivatives, PhCOCH2X, versus pK of the 
corresponding acid, HX (see Table 3). 

well with the leaving group tendencies of the X groups, as expressed by the 
pKs of the corresponding acids HX. 

8. Ease of Reduction by Organic Moiety 

It is helpful further to subdivide consideraticln of organic halides 
according to the nature of the organic fragment, inasmuch as this factor 
appeais to have a large effect on both the ease of reduction and the nature 
of the products. 

1. Monohalides 
Most monohalides (except fluorides and often simple alkyl chlorides) 

can be reduced at a mercury electrode in readily available aprotic solvents 
such as N,N-dimethylformamide (DMF932 or zce t~ni t r i le~ .  Bromides are 
most often employed as substrates since they are usually chemically stable, 
easily prepared and reduced at potentials which are less cathodic than for 
chloro compounds. The products are those of reduction, either a 2e/ 
molecule reduction in which the halogen atom is ieplaced by a hydrogen 
atom, or a ? e/molecu!e reduction in which a coupling product (R-R from 
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R-X) is formed. The latter product tends to predominate in systems for 
which the stability of the corresponding radical/carbaricn is relatively high 
due to conjugative stabilization. Occasionally, intermediate radicals can 
react with the electrode material and form organometdlic compounds 
(section 111.9). In general, the current efficiency of the reduction is 
moderate to low, particularly with isolated monohalides for which so 
negative a potential is required that reduction of the solvent and/or 
supporting electrolyte becomes a significant competing reaction. 
a. Coinpounds with isolated C-Hal bonds. Saturated aliphatic and alicyclic 

monobromides are reduced in the range of -(2-1-2.5)V versus sce in 
DMF/O.OI M tztraethylzmmonium bromide3446* 13’, as can be seen from the 
half-wave potentials listed in Table 4. This is a seemingly narrow potential. 

TABLE 4. Half-wave potentials for aliphatic, mono- and 
bicyclic bromides in DMF/O.O~M tetraethylammonium 

bromide 

R in R-Br -EA,  V versus sce Reference 

Et 
Pr 
i-Pr 
Bu 
i-Bu 
t-Bu 
Pentyl 
Neopentyl 
Hexyl 
Decyi 
Cycloprapyl 
Cyclo bu t yl 
Cyclopen tyl 
Cyclohexyl 
1 -Bicyclo [2.2.2]octyl 
1 -Adamantyl 
endo-Norbornyl 
exo-Norbornyl 
trans-4-t-Butylcyclohexyl 
cis-4-r-Butylcyclohexyl 

2-17 
2.22 
2-27 
2-24 
2.34 
2.19 
2.27 
2-46 
2-29 
2.29 
2.36 
2.36 
2-19 
2.29 
2.48 
2.38 
2.43 
2-34 
2-45 
2.37, 

137 
137 
I37 
137 
137 
137 
137 
137 
137 
137 
35 
35 
35 
35 
36 
36 
36 
36 
36 
36 

range, but it should then be kept in mind that the maximum diEerence, 
0.31 V, between two compounds in the table (ethyl bromide and I-bromo- 
bicyclo~2.2.2]-octane) corresponds to a maximum ratio between two rate 
constants of roughly lo1* (for a 2e-process). I t  is, of course, not necessary 
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that this difference entirc:y reflects ratios between rate constants, but we 
think it is importallt to emphasize this point in view of the mechanistic 
conclusions that havc been drawn on the basis of these arid similar results 
(for a further discussion, see section Ill.  B. 6.  c). 

For the few reported cases in which th? p:‘oduct(s) of satuiated aliphatic 
or alicyclic halides have been isolated and identified, they appear to be 
simple reduction p r o d ~ c t s ~ ~ * ~ ~ ~  3730. Horner and KOdeP7 report a 77% 
yield of adaniantane from the reduction of 1 -bromoadamantane (equation 
I)  and similarly high yields for the reduction of I-bromonorcamphor and 

77% 

1 -brolnotriptycene were obtained. Ethane is the principal product of the 
reduction of ethyl bromide (equation 2)08. The substituted cyclopropyl 
bromide (1) cleanly gives the corresponding hyd.rocarbon (2) (equation 3) 

Pb cathode 
EtBr A C,H, 4- C,H, + n-C,H,, 

(3) 
ph&Br Hg cathod: 

cpe at -2.1 V (sco) 
MeCN 

P h  CH, Bu,NBr P h  CH, 
(1) 93:; 

(2) 

in excellent yield39. 1,5-Dibromopentane, in which the two reducible 
groups are remote from each other, reduces in high yield to peritane 
(equation 4)3C. 

€Ig cathode 
ccc at 0.3-0.5 miD* 

Bu.NC10. 
(4) 

6. Conjugated halides. The denotation ‘conjugated’ is here used in its 
formal sense, i.e. the carbon-halogen bond is said to be conjugated with s 
double bond; using it in its theoretical sense, as is commoniy done 
nowadays, it should be taken to denote halides in which the corresponding 
radical and carbanion are stabilized by conjugation with an appropriate 
functional group, e.g. the carbonyl or nitro group. 

Br(CH,),Br CH,(CH,),CH, 

* Cce is the abbreviation for constant current eIectrolysis. 
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The effect of conjugation of the carbon-halogen bond with any other 
functinnai group is to render the reduction potential more positive (see 
Table 2). The same result is encountered when a good leaving group (i.e. 
another halogen atom) is placed on a ,$-carbon atom (see section 111. €3. 3). 
A most dramatic example of the conjugative effect can be seen in the 
reduction of w-bromoacet~phenone~~, which undergoes 2e-reduction at 
-0.05 V versus the normal calomel electrode (nce) to f'orm acetophenone. 
Similarly, Elving and Van Atta2* have observed relatively positive potentials 
for the series of haloacetones (cf. Table 2). The effect of conjugation with 
the nitro group is very Iarge, Armand40,41 reporting that bromonitro- 
methane reduces very easily at - 0 4 5  V versus sce (equation 5).  

Chloronitromethane is also reduced very easily at - 0.45 V versus sce. 
Although these studies were principally polarographic in nature, cpe 
experiments in several cases showed that halide reduction occurs at a less 
cathodic potential than nitro group reduction, in spite of the fact that the 
ritro group is considered to be the most easily reduced among all functional 
groupings. This is presumably due to the combination of halogen being a 
much better leaving group than the nitro group and the nitro group a much 
bettzr coiijuga,tive group than halogen, thus rendering splitting of the 
C.--Hal bond the favoured reaction mode (equation 5) .  

Ehing and coworkers have examined extensively the effect of a geminal 
carboxyl group on the polarographic behaviour of halides27* 424, and 
although their efforts were largely directed towards studying the influence 
of pH on reduction potential and elucidation of zechanism, it is apparent 
from their data that for the carboxyl group, even at high pH when the 
carbmyl group is present completely in the carboxylate anion form, the 
effect on the first transition state for reduction i s  a stabilizing one (equation 

The stabilizing effect is even more pronounced at lower pH42, and 

tTn cathodc 
E & = - 1% V (see) 

BrCHzCo' ~ H 1 0 . H . 0  ' CH,CO; 

C ~ o c h r a l s k a ~ ~  reported the reduction of 3 to occur in good yield at a very 
positive potential for a carbon-chlorine bond (equation 7). An interesting 

CO,H CO,H 
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effect was noticed by Smirnov and h l a r k ~ v a ~ ~  in the reduction of alkyl 
chloroacetates, in that the half-wave potential changed to less cathodic 
values with increasing chain length of the alkyl group, e.g. from - 1-55 to 
-1.SSV (versus sce in 50% ethanol-water/KCI) for methyl and nonyl 
chloroacetate, respectively. This phenomenon is possibly due to an 
increase in adsorbability of the ester with increasing chain length. Since no 
such change is observed for n-bromoalkanes (Table 4) this interpretation 
should be treated with reserve until further data have accumulated. 

Conjugation of the carboz.-halogen bond with carbon-carbon double 
bonds (Table 2) or arene rings exerts a similar stabilizing effect. Benzyl 
bromide is reduced at - 1-22 V versus sce4’, about 1.0 Y more positive than 
an isolated carbon-bromine bond (Tabk 1) (equation 8). The presence of 

Eig cathode 

PhCH, 
PhCH2Br E+= -1.23 V (sce) 

DXR ’ 
ring substitnents in benzylic halides, regardless of their nature and orienia- 
tion, appears to render reduction more facile48> ‘*O, aithough significant 
disagreement on this question is to be f o ~ n d ~ ~ o ~ l .  The details of this 
problem are examined in section 11. B. 6. c. 

c. VinyJ halides. Vinyl halides are reduced at potentials which are more 
positive than the reduction potential of the corresponding olefinic hydro- 
carbon. As a consequence, two polarographic waves are usually observed 
for the reduction of vinyl halides, and it is often possible to isolate the 
intermediate olefinic h y d r ~ c a r b o n ~ ~  by cpe around E; (equation 9). For 

\ > 

G ,c=c: \ / ,c=c, x .:-Pe H -X-, +H+ 

example, bromotriphenylethylene (5) can be reduced at a controlled 
potential to produce an excellent yield of the corresponding oiefinic 
h y d r ~ c a r b o n ~ ~  (equation 10). There is agreement that reduction of vinyl 

Re cathode Ph,C=CPhBr (:mat -l .BV(sca) - Ph,C=CHPh 

(5) 93% 

broinides proceeds by initial addition of an electron to the lowest vacant 
T molecular orbitals3 to produce a radical anion of significant lifetime and 
that the radical anion is then protonated to forni a neutral radical of 
likewise significant lifetime. The neutral mdical is then reduced in a second 
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1e-transfer to a carbanion which gives the final product in a second 
protonation step. If the vinyl halide is suitably substituted, equilibration of 
stereoisomers can in principle take place at any of these intcrnizdiate 
stages. Thus Ehing and coworkerss4 found that fumarate ester was 
produced from the reduction of both isomeric bromo diesters (6) and (7) 
(equation 11). 

BrxCozR +H+ ' HxC02R ' +H+ RozCxBr (I?) 
+2e, -Br- 

RO,C H 
+2e, -Br- 

H COZR 3 CO,R 

(6) (71 

Fry and MitnickS5 observed that the major product of the reduction of 
both trans- (8) and cis-3-iodo-3-hexene (9) was trans-3-hexene, formed in 
distinctly higher yields from the trans-isomer (8) (Scheme 3). They found 

Hg cathode, DMF 
€4 = -1.35 V (Ag!AgCI) 

H E t H H  

from 8, 70 : 30 
from 9, 94 : 6 

H Et Overall yicid 89-92% 

SCHEME 3 
(9) 

that the addition of phenol did not alter the product ratio in either case, as 
could be expected if phenol served as a good carbanion trapping agent in 
DMF. As a consequence, these authors proposed that partial equilibration 
of isomers at the radical stage 2nd none at the carbanion stage was occurring 
(Scheme 4). This was considered evidence for le  reduction by the 
authors. However, subsequent investigation by the same research 
has dearly shown that phenol is not always a good proton source for 
electrochemically generated carbanions, probably because it is not 
incorporated in the electrode double layer. Consequently the validity of the 
earlier claim is doubtful. In view of the demonstrated configurational 
stability of vinyl  radical^^^^^* it is doubtful whether a concerted 22 
addition, with elimination of halide ion, occurs in these cases. The more 
plausible scquence is that indicated below : consecuiive 1 e reductions, 
with an interspersed chemical step (Scheme 5). Elvjng and coworkerssa 
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“d 
H I  H Et 

e-, - I -  I 8- ,  - I -  1 
H H Et 

\’ l o -  c- 

EtXEt H H  H Et 

\ eN \ /  
Step3. ,C=$ -I- e ,C=c- 

\ \ 0  
Step4. ,C=C’+SH ,C=C, i- S- 

H ..- 
SCHEME 5 

reported the formation of some coupling products, in addition to carbon- 
halogen reduction product, during the cathodic reaction of bromomaleic 
acid, but not during the similar reaction of bromofumaric acid. Miller and 



15. Electrochemistry of the carbon-halogan bond 991 

RiekenzP reported dimer formation in that reduction as well (equation 12). 
Such a dimer could arise by bimolecular reaction of either the radical or the 

anion with unreacted bromoolefin (Scheme 6). A polarographic of 
the reduction of a series of substituted br :>moethylenes established the 

'c' 

/!= 

li 

'c/ 
5- 
I1 

+ 

+ 

'C/ 

/c\ 
I1 

Br 

\C' 
I1 
C 
/ \. 

Br 

__3 

-> 

\./ \e/ 

7 - v  
I1 1 

\d' \;/ 

/ C T B r  
I1 I 2 -Br- 

\c/ \c/ 
/c-c I1 I1 

\ 

SCHEME 6 

stepwise nature of the reduction sequence (i.e. that the bromoolefin is more 
easily reduced than the corresponding olefin; see Table 5) and the influence 

TABLE 5. Half-wave potentials for 
bromoolefins, R1R2C=CRSUr in 75% 

dioxan-water/Bu,NI (sce) 63 

R1 R2 R3 

Ph Ph Ph 
AnC Ph Ph 
Ph Ph Anc 
Ph Ph H 
R H Ph 
Ph H H 
H H 1-1 
Me H H 
Ph&= CHPh 
Ph2C= CHAn 

-Ea" (1) 

1 *60 
1 -63 
1.66 
1-80 
1-86 
1.98 
2.46 

1 -97 
2.05 

> 2.6 

- Ebb (2) 

1 a99 
2404 
2.09 
2.C8 
2.3 1 
2.33 

a First two-electron wave. 

ep-AnisyL 
Second two-electron wave. 
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of the substituuiits on thc ease of reduction. Although an aryl group in any 
position exerts a stabilizing effect on the intermediate, the effect of an 
a-aryl group is much more pronounced. Replacement of a phenyl by an 
anisyl group at either etiiyleric carbon exhibits a small but perceptible 
destabilizing effect. Perhaps this observation speaks for the anionic nature 
of the transition state for the rate-controlling step. The pronounced 
stabilizing influence of a- compared to #I-phenyl substitution may be taken 
as evidence for an intermediate radical (cf. Scheme 5, steps 2 and 3). 

d. AryZ halides. Aryl halides have been reduced by a number of 
investigators, aryl iodides being the most studied of this class of halides. 
Here Lingane and coworkers59 have reported a now classical example of 
the utility of the electrochemical method in organic synthesis. Controlled 
potential reduction of the iodophenylcarbazole 10 gave two two-electron 
reduction steps, producing first the dihydroaryl iodide 11 and then the 
halogen-free product 12 (equation 1 3)so. Since the reduction potential of 

the two steps differed by several tenths of a volt, it was possible to select a 
controlled potential such that the first step proceeded completely to the 
exclusion of the second. It is noteworthy that both products could be 
isolated in excellent yield-a result that was not possible in this system by 
purely chemical reduction. Several other successful selective reductions of 
polyfunctional molecules were recently described by Fry and coworkersGo, 
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the most notable one being the cathodic reduction of p-bromo-y-chloro- 
butyrophenone to form y-chlorobutyrophenone. 

An extensive study on the polarographic behaviour of aromatic halides 
has been published receat1y5O. Table 6 shows some of these results, as well 

TABLE 6. Half-wave potentials of substituted phenyl 
halides 

Subst i tuen t - E& for 

Ar-I", b Ar-Br Ar-Ci 

m-NMe: 
p-NMei 0.9 1 
p-CN 
m-CN 
P-CF, 1.01 
p-COMe 1 -04 
p-COCeH, 0.96 
rn-CF3 1 -00 
m-Br 0.96 
rn-COMe 
m-CI 0.98 (1-56) 
m-I 0.92 
ni-F 
P-1 1.91 
p-Br 1-08 (1.61) 
p-c1 1.06 (1.61) 
p-CHO 0.96 
in-OMe 1-19 (1.64) 
P-F (0.72, 1.66)" 
EI-CGHS 1.15 
j3-naphthyl 1-16 
P-NHCOMP, (1.66) 
H 1.21 (1.68) 
p-C& 1.16 (1.68) 
m-Me 1-22 (1.71) 
p-Me 1 -23 (1 -74) 
rn-NMe, 

p-OMe 1-25 (1-75) 

p-NMe, 1.35 
p-NE, (1 -76) 

p-OEt (1.75) 

P-OCBH~ 

1-34 
1.26 1.36 
1 a29 
1.53 
1.15 
1-06 
1 -52 
1 -45 
1-19 
1-53 

1.54 
1-61 1.85 

1-20 
1 -76 

1.58 
1.47 
1.88 2.09 
1.81 2-13 
1.56 
1-85 2-16 
; -:< 2-16 

2.8? 
J i24 2.15 
1 *73 
1.97 
1.96 

C - i ;  -, 

The first set of vaiueP refers to the system DMF/O*O~M Et,NBr (versus Ag/AgBr 

Values in paranthesesG1 were riieasured in 90% ethznol-H,O at p H  7 (versus sce). 
Two  2c-waves were observed. 

reference e!ectrode). 



994 Joseph Casanova and Lentiart Eberson 

as some earlier results on aryl iodides obtained by Colichman and LiuG1. 
Reasonably good correlations between E+ and u (or o-) values were 
obtained. As can be seen from Table 6, the variation of E, is rather small 
for a wide rsnge of substituents (o-values for chloro, bromo and iodo 
derivatives being - 1-15, - 1-66 and. -2.0, respectively). Nevertheless, the 
results clearly indicate that the carbon of the carbon-halogen bond is 
becoming negative as the system moves into the transition state of the 
potential-determining step. Values for the half-wave potentials for the 
reduction of iodobenzoic acidse1. G3 corroborate this conclusion. 

The work of Colichman and LiuG1 provides another interesting 
insight into the effect of conjugation on reduction potential. Whereas 
aryl monofluorides fail to be reduced at all in the available potential 
region, p-fluoroiodobenzene reduces at a remarkably anodic potential 
(E+ = -0.72 Y) yielding iodo- rather than fluorobenzene as the product 
(equation 14). At a potential normal for reduction of an aryl-I bond 

(cf. Table 6) a second 2e-reduction occurs. The effect of the p-iodo 
substituent in facilitating the reduction of the C-F bond, may be viewed 
8 s  conjugative (Scheme 7). 

SCHEME 7 
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during the reduction of highly 
fluorinated beiizoic acids. Thus the g-fluorine atcjm of pentafluorobenzoic 
acid was reduced to form 2,3,5,6-tetrafluorobensoic acid at a cathode 
potenlid (Hg versus sce) of -1.2OV in 20% sulphuric acid, whereas at 
more negative potentials 2,3,5.6-tetrafluorobenzyl alcohol 2nd penta- 
fluorobenzyl alcohol were the principal products. Generally, cathodic 
reduction apFears to be very useful for highly fluorinated compounds, as 
for example in the formation of polyfluorobenzenes from polyfluoro-l,3- 
and -1 ,4-cyclohexadienesG5, e.g. hexafluorobenzene from octafluoro-l,3- 
cyclohexadiene. Other easily reducible fluorides include trifluoromethyl- 
substituted aromatic compoundso0* 67, which in certain cases are reduced in 
one single 6e-step (see section 111. B. 2). 

This same conjugative effect c m  be observed during the reduction of a 
series of polyiodophthalic acids” and their saltsG3. The first iodine atom is 
readily removed from the tetraiodo derivative and from the values of E, it 
appears to be removed most easily from position 4 or 5. The second iodine 
atom may be removed from position 4 in the 3,4,6-triiodo conpound. 
Electroreduction of iodoaromatics in the presence of deuterium oxide 
has recently been described as an excellent method for the preparation of 
labelled materials of very high isotopic purity in small quantities2”. 

but in view of the ease of reducibility of the nitro group itselfI5, it is 
dficult to evaluate the results in these cases. Dependence of E+ on pH has 
been reported for i odopheno l~~~  and i~doani l ines~~.  

Diphenyliodonium salts have been investigated in detail Yith regard to 
their polarographic b e h a ~ i o u r ~ ~ .  Cpe at - 1-6 V versus sce of diphenyl- 
iodonium hydroxide and its p,p’-dimethyl and p,p’-dimethoxy derivatives 
at a mercury cathode gave fair yields of the corresponding diarylrnerc~ry~~. 

Among other unsaturated halogen compounds, monohalopyridines have 
been the most extensively studied. Earlier polarographic studies by 
Holubek and V01ke~~ demonstrated that the isomeric iodo- aud bromo- 
pyridines (P3,14,15; X = I, Br) could be reduced at a mercury electrode in 

A similar eITect has been 

The reduction of a nuniber of nitroaryl halides has been 

(13) (14) (1 5) 

* Values reported for iodinated phthalic ‘anhydrides’ in this paper must 
actually refer to either those of the acids or the sodium or ammonium salts (in 
some cases, even the corresponding phthalamic acids), since this type of 
anhydride hydrolyses very quickly in aqueous solution68, 
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acid solution to give each a single two-electron wave, the ‘height of which 
decreased’ with increasing pN. 4-Chloropyridine could not be reduced 
below the solvent limit. Subsequently, Evilia and DiefenderfeP” re- 
examiued the polarographic characteristics of monohalopyridines and 
determined that E* increased linearly with increasing pH. They concluded 
that the mechanism is composed of two one-electron steps at low pH 
(equation 15), but is different at high pH. It is possible that the ifitermediate 

- 
X X’ 

draws some stabilization from structures such as 17 and 18 in equation (16). 
However, the observation by Evilia and Diefenderfei that the three 
isomcric iodopyridines (13, 14, 15; X = I) are all reduced at  the same 

potentiaf suggests that in these cases at least stabilization occurs before the 
loss of halogen from the ring. Ti;orofled70 hadearlier reported the reduction 
of halopyiidines as well. 

Fuginaka and  coworker^'^ showed that 6-chloroquinohe could be 
reduced to quinoline and a few halopyrimidines have been reported to 
reduce to the corresponding pyrimidines. Sugino and Shirai79*.*0 reported 
the high yield reduction of 2-amino-4-chloropyrimidine and of the 6-methyl 
homologue. Czochralskaal has also reported the electrochemical reduction 
of some halopyrimidines and a recent reviewa2 gives additionai examples of 
the reduction of heterocyclic halogen compounds. 

2. Geminal polyhalides 
A number of investigations concerning the ease of reduction of geminal 

di- and trihalides has established that the presence of more than one 
Bdogen atom lowers the potential at  which reduction of‘the first carbon- 
halogen bonds occurs. As early as 1939 it was reportecP that electro- 
reduction of the trichloromethyl derivative 19 Ied to a 50% yield of the 
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dichlorornethyl compound (20) (equation 17). Subsequently Elving and 
Bennettw reported that a related compound, 2,2,2-trichloroethanol, was 
reduced readily in a two-electron process, but then could not be reduced 

(17) 
QCH,CHC,,, -CI-, +20 +H+ QL CHJHCHCI, 

I 
OH 

(1 9) 50% 
(20) 

I 
OH 

further. Significantly, they could not reduce the corresponding di- or 
monochloroethancl and hence proposed that the reduction of 2,2,2-tri- 
chIoroethano1 was a single C-Cl bond reduction (equation 18). 

In another study Elving and coworkers2' examined the polarographic 
characteristics of a series of haloacetic acids at different values of pH. 
Bromoacetk acid gave one two-electron wave in the pH range 1-12, 
whereas di- and tribromoacetic acid gave two and three distinct reduction 
waves, respectively (see Table 7). Although all three acids gave pH- 
dependent half-wave potentials which rose sharply (in the negative 

TABLE 7. Half-wave potentials for rcduction cf 
bromoacetic acids2' 

Compound -El  (1)" -E l  ( 2 ) b  -E* (3)" 
__  

Br,CCO,H 0.32 0.4 1 1-31 
Br,CHC02H 0.41 1.31 - 
BrCHZCO2H 1-30 - - 

a First two-electron wave. 
0 Second two-electron wave. 
C Third two-electron wave. 

direction) at the pK, of the acid, they a11 gave distinctly different reduction 
potmtiak at pH values high enough for the acids to be fully ionized 
(cf. Table 7), suggesting they could be selectively reduced under properly 
controlled preparative conditions. Elving and Tanp2 observed a similar 
result studying the chloroacetic acids (Table 8). Again, the identity of the 
potential for the single two-electron reduction of dichloroacetic acid with 
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that of the second wave for the reduction of trichloroacetic acid strongly 
implicates the former as an intermediate in the reduction of the latter. 
Indeed Meites and Meitesss have developed. a method for the precise 

TABLE 8. Half-wave potentials for reduction 
of chloroacetic acids at pH values between 6.8 

and 8-2 

Compound - E* (1)" - Bh (2)* pH 

CI ,CCO zH 0.84 1 *57 8.19 
C1,CHCOzH 1.57 - 8.1 9 
ClCH,CO,H > 2.0 - 6.8-8.8 
CHSCOOH >2*0 - 6.8-8.8 

" First two-electron wave. 
Second two-electron wave. 

quantitative determination of trichloroacetate in the presence of a large 
excess of dichloroacetate, based on controlled potential coulometry at  a 
mercury cathode at - 0.8 V (sce). Another analytical application has been 
found in the determination of the active components in dieldrin and aldrin 
(21 and 22). Here it has been shown 

CI 

cly$yJo c1 

dl 
(21 1 

almost exclusively with replacement 
1,4-methane bridge by hydrogen6'j. 

by cpe that reduction can take place 

of one of the chlorine atoms on the 
However, stepwise replecement by 

hydrogen of 4-5 chlorine atoms of these molecules has also been achieveds7. 
Preparative applications include the very interesting possibility of 

reducing aliphatic trichloromethyl compounds, readily available by 
telomerization reaction of olefins with carbon tetrachloride or chloroform, 
selectively to dichloromethyl and chloromethyl compoundsaa. An example 
is given in equation (19). Waste liquors from the chlorination of acetic acid, 
containing predominantly di- and trichloroacetic acid, can be reduced to 
chloroacetic acid on a magnetite electrodess. 

The reduction of several dihalides, including 1,l-dibromo- and l-bromo- 
I-chlorocyclopropyl derivatives has been studied in some detaiW 91, as has 
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the reduction of several geminal 2,2-dihalonorbornyl  derivative^^^. The 
nature of these studies is such as to call for their inclusion in other sections 
of this chapter (section 111. B. 7. a and c, respectively). 

Me,NCI 
Hg cathode 1 90% MeOH CI(CH2),C1 (90%) 

CI(CH,),CCI, 

A very interesting situation prevails with respect to the reduction of 
several gem-trifluoromethyl compounds. Elving and Leone25 first reported 
in 1957 the reduction of phenacyl fluoride to acetophenone (equation ZO), 

0 0 

;L reduction facilitated by tFe a-carbonyl group (cf. section 111. B. I. b). 
Lundg2 later reported the sirprising observation that several appropriately 
substituted trifluoromethylaryl halides were polarographically reduced in a 
six-electron process, as if lustrated in equation (21), to give the corresponding 

ArCF, + 6 e + 3H20- ArCH, + 3F- + 3 0 H -  (21 1 

t oliiene derivative. Whereas he reported that t ri fl uororne thy1 benzene, 
3-triffuoroniethylaniline and 3-trifluoromethyl-4-sulphamidoaniline (23) 
were not reduced below - 2-0 V (sce) at a mercury electrode in aqueous 
methanol, he noted that benzothiadiazine (24) and 5-trifluoromethyl-2,4- 
disulphamidoaniline (25) were both reduced at  N - 1.7 V (sce), consuming 
six electrons. Cohen and coworkerse7 zxtended the work of Lund to include 

.. 
(23) (24) (25) 

the polarographic behaviour of a large number of other trifluoromethyl- 
benzene derivatives. They established that in aqueous solutions all three 
fluorine atoms were removed simultaneously, while in DMF the reduction 
occurred in one, two or three two-electron steps, depending on the nature 
of the substituents present on the aryI ring. Substituents which were 
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electron-withdrawing by inductive and resonance effects, located para to 
the trifluoromethyl group, facilitated direct six-electron reduction of the 
-CF3 group. This unusual reduction behaviour has been confirmed in 
recent preparative work by Colernali and coworkers66. Stocker and 
Jeneveing3 have reported a similarly facile six-electron reduction of 
cu,a,a-trifluoroacetophenone on attempts to form the corresponding piiiacol 
(equation 22). Some a-fluoroacetophenone could, however, be isolated 

during conditions of short electrolysis time. Stocker and coworkers04 later 
encountered the same problem in the attempted electropinacolization of 
p-trifluoromethylacetophenone by cpe in acetonitrile/Et,NBr. Under these 
conditions predominant dehalogenation took place, whereas the desired 
pinacol was obtained in 87% yield in 80% ethanol-wa.ter. 

Wawzcnek and Dcty reported the polarographic behaviour of a large 
number of chlorocarbons in DMF or acetonitrile solvents96 and included 
the noteworthy observation that reduction of carbon tetrachloride 
appeared to generate dichlorocarbene (equation 23). When carbon 

tetrachloride was reduced at a mercury pool in acetonitrile containing 
tetrabutylammonium bromide at - 20" in the presence of tetramethylethy- 
Iene, an undetermined quantity of product which exhibited the same gas 
chromatographic behaviour as authentic 26 was obtained. Although the 
possible formation of carbenes in other gem-polyhalo compounds has so 
far remained unexplored, strong evidence for the intermediacy of an 
electrochemically generated carbene has been reported in at  least one other 
cases6 (equation 24). 

x 
X = CI, Br 

20-60% 
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3. 1,2-Dihalides 
A considerable body of data regarding the electroreduction of 1,Z- 

dihalides has accumulated, establishing the generality of the reaction 
expressed by equztion (25). Von Stackelberg and S t i a ~ k e ~ ~  established 

X 
I +‘‘e,-2x- \ / -c-c- > c=c 

I / \  
X 

early that electroreduction of 1 ,Zdihalides afforded olefink hydrocarbons 
in a two-electron process. ZAvada and coworkersgG found a marked 
dependence of the polarographic half-wave potential of the dihedral angle 
between the C-Br bonds. For a series of 21 1,Zdibromides studied, E* 
varied between -0-82 V and - 1-67 V (sce). The less positive potential was 
obtained for those dibmmides for which the trans coplanar arrangement of 
C-Br bonds was ccnformationally favoured or fixed by a rigid structure. 
Table 9 illustrates the range of half-wave potentials observed and Figure 2 
shows the relation between E,  and dihedral angIe. The Iarge difference in 
ease of reduction between two isomeric 3,4-dibromo-t-butyIcyclohexanes 
(34 arid 35) is particularly dramatic and supports the contention that the 

2-00, 

> 
c .- 
&? 
I 

t \ 34 27 

I 1  I I I I 1 1_ 

0 30 60 90 1 20 150 180 

Di hedral angle 

FIGURE 2. Plot of - Ei of vicinal dibromides versus dihedral angle between 
:he carbon-bromine bonds (Table 9). 
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TAELE 9. Half-wave potentials for reduction of 1 ,2-dibromideso6 

No. Compound -Ei  Dihedral angle 
between C-Br 

bonds 
_- 

BuBr 
BrCI-I &H,Br 

Br h 
exo-cis-2,3-Dibromo- 

erzdo-cis-2,3-Di bromo- 

tra?~s-2,3-Dibromo- 

cis-2,3-Dibroino- 

trarzs-2,3-Dibromo- 

Irans-1 ,2-Dibromo- 

bicyclo[2.2.l]heptane 

bicyclo[2.2. llheptane 

bicyclo[2.2.1 lheptane 

bicyclo[2.2.2]octane 

bicyclo[2.2.2]octane 

cyclopentane 

X *er Br 

1 -90 
1.23 

0.82 

1.53 

1.21 

1.56 

1.28 

1 -34 

0.94 

0.86 

1 a67 

180" 

0" 

0" 

129O 

10" 

130" 

150" 

165" 

65" 

X stands for a t-butyl group in ihe last two compounds. 

elimination mechanism is probably a concerted one. Recent studies by 
Koch and McKeong7 and Butin and coworkers9* corroborate this finding. 
It should be kept in mind, though, that the large difference between 28 and 
29 indicates that other factors must be taken into account". It may be that 
different products are formed in the two cases, so that different transition 
states must be considered. Hence product studies are desirable in many of 
these cases. Preliminary product studies of the controlled potential 

* Polarographic data for a number of Diels-Alder adducts of dichloromaleic 
anhydride which all have rigid cis geometry around the C1-C-C-Cl bond 
system, also show a large spread in the Eh values"@. 
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reduction of tneso- and dl-2,3-dibromobutane support the polarographic 
data of Zavada and coworkers*6. At E = - 1-30 V (versus s.c.e.) the 
meso-isomer gave a quantitative yield of exclusively trarzs-2-butene, and 
the dl-isomer gave exc!usively cis-Zbutene. This result suggests that at  
low potential reduction occurs exclusively from the twns-coplanar con- 
formation, and promises to introduce a new method for the stereospecific 
reduction of I ,2-dihalides202. 

Elving, Rosen.tha1 and Martin reported that reduction of both meso- (36) 
and dl-2,3-dibromosuccinic esters (37) gave diethyl fumarate as the only 
product1", whereas reduction of the mso- (38) and dl-2,3-dibromo- 
succinic acids <39) gave diEerenc products depending on pH. T ie  nzeso- 
diacid gave only fumaric acid over the entire pH range, but the dl-diacid 
gave maleic acid at intermediate pH range, with a maximum yield at 
pHz4 .  These results are shown in Scheme 8 and can be rationalized by a 
combination of steric and electronic factors. The rationale is shown in 
Scheme 9. The meso-diester (36), diacid (38) and dianion (38-dianion) all 

possess a configuration which is both sterically favourable and electronic- 
ally well suited for concerted reductive elimination in the trans bromide 
orientation. Of the conformations possible for the dl system, that which 
produces trans coplanar C-Br bonds is sterically unfavourable for both 
the diester (37) and the dianion (37-dianion), in the latter due to charge 
repulsion. In these cases elimination probably occurs in the cis C-Er 
orientation. However, in the intermediate pH region diacid 39 probably 
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COOEt COOEt 

H -2Br- H'COOEt H Br 
COOEt COOEt 

EtOOC H -2Er- +2e '@ 
(37) 

Br*Br +2a 
(36) 

(3bmonoanion)  

coo- coo- 
(38-dianion) (3kdianion) 

SCHEME 9 

exists as its internally hydrogen-bonded monoanion (39-m0noanion)~~~, 
from which facile reductive elimination can occur to give maleic acid. At 
very low pH any maleic acid formed is probably isomerized readily to 
fumaric acid. 

Rifi102 has reported the polarographic behaviour of the cis- and trans- 
[2.2]paracyclophane dibromides (40 and 41), results which are in agreement 
with those of Zhvada and coworkers for the 2,3-dibromonorbornanes. 
Again it is apparent that factors other than the C-Br torsional angle are 
operating to influence the reduction potential. 
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Feoktistw and coworkerslog. lM have conducted preparative studies on 
reductive elimination reactions of I ,2-dihalides. Particularly thcy have 
shown'" th-nt the elimination reaction can be generalized to mixed 

E; = -1.12 V (sce) E+ -1.4 V ( s c ~ )  

(40) (41 1 

halides, such a5 iodochlorides (equation 26) and bromofluoridzs (equation 
27). The e2se of electroreductive 1,2-eiimination has very recently been 
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being formed during the first reduction wave of 43-46. In similar systems it 
has sometimes been possible to estimate ratios between different con- 
formers from polarographic dat2lo6. 

Several reports of the reduction of 1 ,2-dihaloethylenes have appeared. 
Feoktistov and collaborators105 have carried oat the reduction of a series of 
1 ,2-dihalogenonialeic and fumaric acids and have concluded that acetylenes 
are formed in these cases. Mairanovskii 21ld Bergc!sonlo7 had earlier 
reported the reduction of 1 ,2-dihaloolefinsY and a polarographic study by 
Jura and GauPo8 led to some interesting conclusions. These latter authors 
studied the behaviour o f a  series of halogen-substitrrted acrylonitriles. From 
the values of E& for the severa! stages of reduction of each compound, it was 
proposed that cis- and irans-2,3-dichloroacrylonitrile (47 and 48) are 
reduced by different mechanisms. This claim is supported by the isolation 
of 2-chloroacrylonitrile (49) from one isomer (Scheme 10). It is noteworthy 

# C H & H,C N 

+2e +2H+ T 
I 

2e w” -CI- -F2c + H C r C C N  4 CH,=CHCN 
+2Ht H CI 

(48) 

SCHEME 10 

that this mechanism also requires that the intermediate vinyl carbanions 
undergo proton capture at  a rate which greatly exceeds their rate of 
equilibration. Sterecelectronically, the authors justify their ElcB 
mechanism for 48 and not for 47 on the basis that the trans-coplanar 
orientation of the departing chlorine atom in 48 is more favourable for 
elimination than proton capture. The ciaim receives some support from the 
reduction sequence for 2,2,3,3-tetrachloropropionitrile (50), which 
undergoes a series of two-electron reductions, the first to produce 48, and 
the remaining ones identical to those for 48 in Scheme 10 (equation 28). 
Rosenthal and coworkerslo9 had earlier speculated on a similar reduction 
sequence for the first step in the reduction of 1 , I ,  1,2-tetrachloro-2,2- 
bis(pchtoropheny1)ethane (51) (equation 29). 
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Comparatively little work has been reported on the reduction of 
polyhalobenzenes. Wawzonek and Wagenknecht1l0 reported that whereas 
meta- and para-dihalobenzenes displayed two two-electron polarographic 

waves, ortho-dibromobenzene (52) produced a single two-electron wave. 
The assumption that reductive elimination leading to benzyne took place 
was corroborated by the isolation of a-naphthol from the reduction of 52 
i c  the presence of furan, albeit in only 1% yield. A probable mechanism for 
its formation involves benzyne (Scheme 11). The observation that reduction 

SCHEME 11 

of 52 in the absence of a trapping agent in DMF/aceto&rile gives one 
four-electron polarographic wave was rationalized by a mechanism in 
which the second electrochemical step occurs with a rate constant greater 
than the first (equation 30). 

4. I,w-Dihalides 

The report by ZBvada and coworkersgG that 1,3-dibromopropane is 
reduced in a single two-electron process led these authors to speculate that 
'1,3-dibromopropane reduces in one two-electron step followed by a fast 
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non-electrode prczess'. Their speculation that this non-electrode process 
was ring closure to cyclopropane (equation 3 1) was convincingly demon- 
strated and extended to several other 1,3-dibromides by Rifi479102*111. A 

carbanion intermediate for this displacement has been demonstiatedlll by 
the reduction of 3-bromopropyltriethylammonium bromide (53), a 
reaction which occurs at a very anodic potential [E* = - 1.34 V (sce)] 
(equation 32). The reduction of 1,3-dibromidcs occurs in good yields, 

Br-CH, CH2NEi3Br -- :CH; CH,NEt,Br- (32) 
- FH2, 4 ,CH2, + 

(53) / 

+ NEt3 + Br- 

without interference from a simple reduction reaction and appears to be a 
general synthetic method. Of particular interest is the use of this reaction to 
form bicyclobutyl systems (cf. Table 10, compounds 54 and 56). Rifi has 

TABLE 10. Cathodic reduction of 1 ,w-dihalides 

No. Compound Products, yield - Eb a Reference 

(53) BrCH, /CH,, CH,~; ~ t , i r  

B r C H ," CH,Br 

,CHOH, 
BrCH, CH,Br 

CH,Br /CH,, BrCHPh 

CH,-CH, 
I I 

BrCH, CH,Br 

c H ,J 2,c H 
I l 2  

BrCH, CH,Br 

'poor'; 60% 

CH,-CH, CH,-CH, 
I I I 1  
C!-i2-CH2, CH3 CH, 

1 3 

C H ,(C H ),C H 3, 80% 

1 -34 I l l b  

1.93 1 1 1 1  
1.65 96c 

1.90 102, 113d 

- 113" 

1.95-1-99 1 1 1 b  
1 -65 96= 
1.75, 2.03 112 

2.14, 2-20 l l l b  
1.72, 1.79 96" 
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TABLE 10 (con?.) 

No. Compound Products, yield - Eia Reference 

1009 

Mc'o:h Br 
Me-+Me 55-94% 

(cis and frans) 
M+-F/if2 

Br 
6 : 2 : 1  

Me Me 

(mixture of 
diasterorners) 

BrCH,, ,CH2Br 

/ \  
BrZH, CH2Br 

C 'good' ~ ~ $ ~ g  - 

1 1 1 "  

1 1 1 h  

l l l b  

40b 

4w 

l l l b  

a Half-wave potential in wlts versus sce. 
Hg cathode, DMF, Bu,NC1Ov 
Hg cathode, 95% DMF/S% HzO, 0 . 0 3 ~  Me,NBr. 
Hg cathode, acetonitrile, Et,NBr. 
Hg cathode, DMF, LiBr. 

f Hg cathode, hexamethylphosphoramide, Bu4NCI04. 
0 At -1.4 V. 

argued that the differences observed in reduction potential between 
ammonium salt (53) and 1,3-dibromopropane, on the one hand, and Iong- 
chain dibromides (e.g. Br(CH&,Br, E, = -2.14 V and Br(CH&Br, 
E+ = -2.13 V), on the other hand, can be taken as evidence of the 
concerted nature of 1,3-eliminations (equation 33). Although the difference 

rH\ (33) * Br- i- CH,-CH, f NEt, 
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is convincingly large in the case of compound 53, differences of 0.1-0-2 V 
in the latter cases should be viewed with caution. Fry arid BrittonlD9 have 
provided clear evidence refuting the possibility of concerted ring closure 
for 1,3-dibromopropanes, The mixture of cis- and t;.ans-1,2-dimethyl- 
cyclopropanes formed duringgelectroreduction of nzeso- and dl-dibromo- 
pentanes was essentially the same (trans : cis = 45 : 41) regardless of the 
identity of the starLing material. Concerted reductive ring closure, as 
proposed by Rifi, wmld demand siereospecificity, and such was not 
observed by these authors. Moreover, the fact that cyclopropanes are the 
sole products even in the presence of water may only attest to the relative 
absence of water in the electrode double IayeF anc? not to the concerted 
nature of the reduction reaction. Furthermore, the presence of the positive 
charge in 53 may have a favourable orientating influence with respect to 
the negatively charged cathode surface and so even this result should be 
interpreted with caution. Whichever interpretation one chooses to favour, 
the general method represents a contribution to synthetic chemistry which 
merits special attention. Although the optimum orientational relationship 
for 1.3-elimination in dihalides has been systematically examined with 
regard to chemical reducing agentsu4, data are yet unavailable regarding 
the stereochemical requirements for electroreduction. 

Electroreduction of a,d-dihaioketones (60) has been reportedlls to 
proceed through an unidentified reactive intermediate which reacted with 
protonic nucleoyhile sour-ces to produce compounds 61 (Scheme 12). 

0 Hg calhode 
Br&Br E: = -0.4 V 

DMF, -2e 
-2Sr-, +SH 

(61 1 (60) 

1 
0 I 

,&,& [intermediate] 

SCHEME 12 

Evidence for a reactive intermediate rests on the success of the reaction 
when electroreduction was carried out at low temperature in the absence of 
SH, followed by the addition of SH and warming. Of the several structures 
possible for the intermediate (e.g. 62-64), product evidence predicates in 
favour of 64 and its 0-protonated form. A new dimension to this problem 
has recently been advanced by Fry and ScogginsZo0, who claim 
spectroscopic evidence for the presence of a cyclopropano ne from 
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2,4-dibromo-2-1nethyl-3-pentanone, and have isolated the methyl 
hemiketal of 60 in 90% yield by electroreduction of 60 in methanol. 

(62) (63) (6J) 

Several interesting cases of the reduction of bridgehead bicyclic dihalides 
have been reported. Such reactions represent a possible route to highly 
strained tricycIic compounds. The ease of reduction appears to be refated 
to the ring size and not to the stability of intermediate anions (compare 66 
and 68 in Table 11). Yet the fragmentation which occurs in 67 takes place 

TABLE 1 1 .  Cathodic reduction of bridgehead bicyclic dihalides 

No. Dihalide 
~~~~ 

Product - E* Reference 

6 Br 

Adamantane 

Br 

2-28 102 

1 39 116 

2-2 102 

2-47 102 

I -97 102 

a Haif-wave potential at a mercury cathode versus sce. 
34 
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a t  a surpisingly unfavourable potential for a potentially concerted 
reaction and is, surprisingly, absent in 66. Obviously these results suggest 
fertile ground for further investigations. 

5. Vinylogs of vieinal 1,2-dihalides 

A very interesting and potentially useful example of eleztroreductive 
elimination is produced by the case of ortho- or  para-bishalomethyl- 
benzenes. Gilch117 reported that controlled potential reduction of several 
1,4-dihalornethylbenzenes gave polymers (equation 34). A summary of his 

data (Table 12) shows that the yield of polymers is generally good and that 
some of them, particularly such as the polymer derived from 75, could be 

TABLE 12. Cathodic reduction of p-bis(hal~methyl)benzenes~~' 
~~~~ 

KO. Compound Product - E a  Yield rk) 

Ci ci 

c i  C i  

a Cpe (V versus sce> using dioxan-water-EC1. 
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of commercial interest. Covitzlls reported in the following year similar 
results for the electroreduction of 1,4-bishalomethylbenzenes which 
included a number of half-wave potential measurements (Table 13), and 

TABLE 13. Cathodic reduction of different bis(halomethyl)benzenesll* 

No. Compound 

Benzyi bromide 
p-Bis( bromomethyl) benzene 
m-Bis( bromomethy1)benzene 
o-Bis(bromornethy1)benzene 

2-Ghloro- 1 ,Chis( bromomethy1)benzene 
2,5-Dichloro- 1,4-bis(bromornethyl)- 

ber.ze=e 

1 -22" 
3.80 
1.32 
0.6 1 

0.79 

0.61 
0-45 

1-13 

- 
1-72 

1-58 
- 

1 -72 

1-59 
1-36 

Half-wave potential in volts, versus sce using DMF, for the first two-electron 
wave. Sc: reference 95. 

* Half-wave potential in volts for the second one-electron wave. 
Included for comparison purposes. 

the idetitification of [2.2]paracyc!ophane (82) among the products, a result 
which provides some insight regarding the mechanism of the reaction. The 
considerably more anodic reduction potential for the first wave of ortho- 
and para-dihalomethyl compounds compared to the meta derivative, and to 
benzyl bromide itself, suggests a concerted process such as is found in 
vicinal lY2-dihalides (cf. section 111. B. 3. a). Coulometrically this wave 
corresponds to a two-electron transfer. The obtention of a favourable 
potential from triethylamnonium salr (78) is analogous to Rifi's results 
(cf. Table :O, compound 53). Furthermore [2.2]paracyclophane was 
obtained in 5-10% yield from the reduction of the para-dibromide (71). 
This suggests that y-xylylene (87) may be an intern?ediate in the reaction 
(equation 35). That the formation of 82 does not proceed via 80, formed 
from a carbanioii in a nucleophilic process (Scheme 13), is clearly demon- 
strated by the highly negative reduction potential of 80 itself (cf. Table 13), 
and by the fact that Gilch117 found that high yields of polymer were ob- 
tzined even in acid solution and that the intermediate was not diverted to 83 
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J 

Br C H z a - C H 3  

(83) 

SCHEME 13 

-an observation which is not consistent with carbanion formation. Indeed, 
when the reduction of 72 (Table 12) was carried out at - lo", a p-xylylene 
(84) could be isolated (equation 36). The above data suggest that reduction 

(84) 

proceeds via a concerted mechanism to produce a xylylene intermediate, 
which can then dimerize or polymerize, and that carbanions or radicals are 
very likely not involved in the reaction (cf. equation 34). This conclusion is 
supported by the appearance of an unexpected second reduction wave in 
the case of orrho- and para-xylylene dihalides (cf. Table 13) which the 
author attributes to a reduction of the intermediate xylylene system. 
meta-Substituted compounds, for which such a structure is not possible, 
do not show this second wave. 
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6. Mechanisms 

The very large effort which has been expended towards elucidation of the 
detailed mechanism of reduction, particularly of saturated monohalides, 
has failed to produce a commensurate clarification. Problems of mechanism, 
such ;is described earlier (section 11. A) and outlined in Scheme I are 
discussed separately below. For the most part the discussion will be limited 
to monohalides attached to tetracoordinate carbon, inasmuch as the 
evidence for the concerted nature of dihalide reduction mechanisms is 
rather strong. 
a. Sequence of electron-transfers and cheinicaf steps. In principle 

several possible sequences of electron addition and bond cleavage exist, and 
these are illustrated in Scheme 14. There have been but few claims that two 

Path 1 +e  

R-X R' -I- X- + R 7 4 - X -  Path 2 

Path 3 

+e 

+2e 

SCHEME 14 

separate one-electron addition steps have been observed in saturated 
systems. Feoktistov and Zhdanov3l> 119 have observed two one-electron 
waves during the reduction of /3-halopropionitriles, but most other such 
observations are limited to unsaturated systems77* lZo. While there is a 
paucity of evidence for discrete one-electron transfer steps, a lack of such 
evidence does not necessarily imply the contrary, since coulometrically 
only the total number of electrons transferred is observed and polaro- 
graphically several combinations of mechanisms and rate constants can be 
conceived that would mask the observation of individual steps. While no 
serious support exists for the presence of dianions (Scheme 14, path l), a 
number of investigators favour formation of the radical anion, a proposal 
advanced by Streitwieser and Perrin48. Fukui and collaborators131 later 
have shown that good qualitative correlations exist between the half-wave 
potential and the calculated LCAO-MO energy level of the lowest 
unoccupied u orbital for a series of saturated aliphatic halides and, 
somewhat surprisingly, also with the lowest unoccupied u level of 
conjugated halides (vinyl and aryl systems). The assumption that the 
radical anion, (R*-X)-, is a discrete intermediate in the electrode process 
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is strongly supported by the fact that this species has a finite lifetime when 
generated in homogeneous solution by reaction of a halide molecule with a 
hydrated electron (eLq)lZ3. Generally, there seems to be a parallelism 
between the electrochemical reactivity of halides and their reactivity 
towards e,. 

Direct observations of anion radicals of halogen-substituted organic 
compounds by e.s.r. are limited to a few fluorine-containing der i~at ivesl~~.  
Greig and Rogers1% studied the electrochemical behaviour of 0- and 
m-trifluoromethylnitrobenzene and found that a stable anion radical 
(observable by e.s.r.) is formed in the first pofarographic step; the second 
step is considered to be addition of a second electron to form a dianion. 
This would seem to contradict the statement made above regarding the 
possible role of dianions, but in this particular case it does not, since the 
further reactions of the dianion take place at nitrogen. Anion radicals of a 
number of fiuoronitrobenzenes have been generated (non-e!ectro- 
chemicaIly) and studied by e.s.r.125. Obviously, direct observation is 
possible only in very favourable cases (strong stabilization by another 
functional group ; inefficient leaving group). 

On the other hand, it has sometimes been postulated that addition 
of one or two electroiis to the lowest unoccupied u orbital would occur 
synchronously with C-X bond cleavage (although it is somewhat 
difficult to reconcile such a mechanism with the Franck-Condon principle). 
HushlZG calculated standard potentials for half-reactions of methyl halides 
as depicted in equation (37), and used these values for the calculation of the 

CH,X + e- CH; + X- 

X = C1, Br, I 

(37) 

heterogeneous rate constants of this process. Grabowski and coworkers127 
postulated a similar mechanism involving two electrons to explain the 
stereochemistry of halide reduction (see below). 

Beyond this, direct evidence has been sought but not found for the 
intermediacy of neutral radicals. Indirect evidence is, however, available 
from product studies (e.g. fcrmation of coupling products), although 
inferences from such investigations are not wholly unambiguous. 
Carbanions have been trapped in some cases. Each of these lines of 
evidence will be examined in detail in section 111. B. 6. d. 

b. Analogy to classical chemical mechanisms. Researchers in the field 
have frequently drawn direct analogies between the mechanism of carbon- 
halogen bond reduction and classical displacement mechanisms, and most 
variants of the S,l and SN2 reaction have been proposed at some time. 
Elving has devoted attention to summary and classification of reaction 



15. Electrocheniistry of the carbon-halogen bond 1017 

mechanisms on many occasions1g* 20* 431128. Elving and postulated 
a stereochernical rc!le for the electrode surface in S,l-like and SN2-like 
reactions. For the former, the strong potential field gradient (ca. lo7 V/cm 
in the vicinity of the electrode surface) would induce ionization of the 
C-X bond. Reduction of the carbonium ion follows (Scheme 15). Such a 

electrode 
SCHEME 15 

scheme requires alignment of the C-X dipole at the electrode surcace. The 
scheme was discussed as a possibility also in earlier studies by P e a r ~ o n l ~ ~ .  
Lambert and coworkers36 sought to establish the validity of this mechanism 
by examination of the reduction potentials of bridgehead bicyclic bromides. 
If the C-X bond alignment in Scheme 15 is required, then the ability of a 
bicyclic system to apprsscli cioseiy to the electrode surface is decreased, 
and the reduction potential should be higher. Data of these authors, of 
ZAvada, Krupieka and SicheF (cf. Table 4) and of Sease, Chang and 
Groth130 concur that such is not the case. Bridgehead bicyclic halides 
reduce with about the same ease as saturated aliphatic halides [compare 
1-adarnantyl bromide (I?* = -2.02, V) and ethyl bromide (E* = -2-22 V), 
sce]. Just as convincing is the fact that equally excellent yields of hydro- 
carbons were obtained from the electroreduction of bridgehead bromides 
derived from 1-adamantyl (equation l), I-norcamphyl(85) and 9-triptycyl 
(86) bromides at normal C-Br reduction  potential^^^. The facile reduction 

1.96 1 .go 1 *96 (versus Ag/AgCl) - - & 
Yield (%) 77 77 67 
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of 85 strongly suggests that no carbonium ion could be involved. Sease130 
and Z a k h a r k i ~ ~ l ~ ~  have given good arguments for the position that C-X 
bond scission cannot occur until after electron addition. 

Equally unconvincing is the postulate that electroreduction occurs by an 
SX2-like path, such as illustrated in Scheme 16. In such a mechanism the 

SCHEME 16 

electrode surface plays the role of a nucleophile in the conventional SN2 
reaction, with an electron pair displacing the halide ion from tht: backside. 
Lanibcrt and K ~ b a y a s h i ~ ~  compared half-wave potentials measured in 
DMF/Et,NBr with the relative rate of SN2 displacement by lithium iodide 
in acetone f G i  a seiies of alkyl and cycloslkyl bromides. In this study 8 
maximum span in half-wave potentials of 0.24 V was found for bromides 
whose SX2 reactivities cover a range of more than 10'. It was considered 
that this difference was too small to he compatible with the SN2 reactivity 
difference, thus it was concluded that electroreduction is far less sensitive 
to steric hindrance than is the SN2 reaction. However, as mentioned in the 
beginning of this review, 0.24 V is really equivalent to a rate constant ratio 
of lo8, provided the whole potentiel difference reflects a ratio between rate 
coilstants. Of course this need not be the case, since e.g. adsorption might 
play an important role in determining half-wave p o t e n t i a l ~ ~ ~ a ~ ~ ~ ~  but it 
must be emphasized that conclusions based on considerations of E4 values 
are less certain in this respect. KrupiCka, Zhvada and Sicheria have 
collected data regarding E,, SNl and SN2 reactivity of a series of alkyl and 
cycloalkyl halides, and have shown that such cannot provide a unique test 
for anaiogy of the electrode reaction with a classical mechanism. These 
authors are supported in this conclusion by more general reports of 
Feok t i~ tov l~~  and B a ~ e r l ~ ~ .  In later work Lambert13' has modified his 
original proposal and favours a mechanism of stepwise electron addition 
to the C-X bond while it is perpendicular to the electrode surface. This 
aspect of the mechanism is discussed in section 111. B. 7. a. 

c. Linear free energy correZntioitP. Correlations between E+ and u 
values have already been touched upon in the case of aromatic halides 
(section III. A. 1. d). Generally, these correlations have been rxoderately 
successful138. 
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Three reports of correlations of aliphatic halide reduction potentials 
with Taft substituent parameteis have been noted. C i ~ 5 k l ~ ~  noted a correla- 
tion of il$ with o*, Zuman140 has reported a similar correlation, and 
Lambert13' obtained a good correlation for 24 alkyl bromides using the 
extended Taft equation (equation 38). 

E+ (V) = 0.32~*+0.12E,-2.16 (38) 
Two views exist regarding the effect of substituents on the half-wave 

potential of substituted benzyl halides. IUopman4' examined the E+ of a 
series of par@-wbstituted benzyl halides, and observed that all substituents 
(p-OCH3, CH,, Br, CO,Me, Nod led to an anodic shift in E* relative to the 
unsubstituted compound. They concluded that this behaviour suggested 
radical character in the transition state for the rate-determining step and 
proposed Scheme 17 to ICCOUE~ for the result. These results were cor- 
roborated by Streitwieser and P e r r i r ~ ~ ~  who found no satisfactory correla- 
tion for En versus o using a series of substituted benzyl chlorides. The latter 

slow fast 
+e +e ArCH,Br - B r >  ArCH,. .__t ArCH,? 

( ArCH,), ArCH, 

SCHEME 17 

authors have interpreted their results ilr terms of the radical stabilizing 
effect of substituents. More recent results of Grimshaw and Ramsey51 
using the same systems lead to a satisfactory Hammett u plot, with 
p = +0-31 V. However, the value for the 9-nitro compound deviates 
greatly from the line in either a u or u- plot and was not included by the 
authors. In the same year Sease and coworkers50 pub!ished a similar 
finding for substituted benzyl bromides and calculated a positive value for 
p. These authors conclude that the results suggest a negatively charged 
potential-determining transition state. 

d. Evidence for carbaition and radical iiitennediates. There have been 
many reports of the trapping of carbanions in the electroreduction of 
halides. Wawzonek and collaboratorslU identified phenylacetic acid from 
the reduction of benzyl chloride in the presence of carbon dioxide 
(equation 39), a strong indication that the toluenide ion was present. 

PhCH,CO,H (39) 
PhCH,CI* PhCH; coz n+ z 
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Benzoic acid and benzaldehyde have been reported142 to form in the reduc- 
tion of bromobenzene in DMF with carbon dioxide present (equation 40). 
Moreover, the nature of the most commonly isolated product from 

0 
II 

/--+ 

(40) 

HCNMc= UCH0 
@r _+B:e_> 0; acooH 

electroreductions of halides, the hydrocarbon, is itself a strong indication 
of the intermediacy of carbanions, particularly in view of the powerful 
proton-donating effect of trialkylammonium salts in these reactionss0 
(see Scheme 1). Recent studies by Baizer and ChrumalD8 provide strong 
evidence for the formation of carbanions in a host of systems in which the 
resulting carbanion would be relatively stable, and the subsequent addition, 
Michael-wise, of these carbanions to a large number of +unsaturated 
Michael acceptors. The yields of Michael products are good to quantitative, 
thus providing a powerful new synthetic method for the formation of 
carbon-carbon bonds. 

However, the fact that one can infer the intermediacy of carbanions 
from such product studies has no bearing on the question of whether or 
not radicals are present as distinct detectable species, since anions are 
the ultimate result whether the reduction proceeds stepwise cr in ii 

concerted manner. Attempts to detect radicals direstly have not been very 
fruitful. Baizer and Petrovich22 have questioned claims of Feoktistov and 
Zhdanov3l. 119 regarding the observation of two one-electron reduction 
waves from p-halopropionitrile reduction (cf. section 111. B. 6. a). The 
validity of the observation notwithstanding, the latter workers reported 
that radicals could not be detected by means of triangular voltage pulses, 
even at rates as high as 200 V/second, indicating a very high dimerization 
rate. The two waves became more separated at higher substrate concentra- 
tion, a fact which the authors attribute to a difference in order for the two 
possible reaction paths for the radical (equation 41). Elving and Van Atta143 
have also discimed stepwise addition of electrons in the reduction process. 

R' (41) 

Second-order 
in R* 

+e 
R - X  --X-t 

\ +e >RT First-order 
in R 

Step 1 Step 2 
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Peterson and have sought to observe ni trobenzyl 
radicals from the electroredmtion of the corresponding halide by e.s.r. 
Reduction of the para isomers gave a solution which exhibited the e.s.r. 
spectrum of the p-nitrobenzaldehyde anion radical, even with the strictest 
possible exclusion of oxygen (equation 42). The authors indicate that a very 

O C H 0 2  ' 02N 

Pt cathode 
E = -1.6 V (sce) 02NecH2x +e, DMForCH,CN -X- 

X = Ci, Br, I 

small amount isolated 

weak signal is detected from the meta isomer due to the benzyl radical, but 
also detect two other oxy radicals (equation 43). m-Nitrotoluene was 
isolated in 40-50% yield from this reaction. The unusual results in this 
study raise interesting questions which bear further experimentaticn. 

X = Br, CI 
(43) 

02N' 

Although direct evidence for the presence of radicals in these reactions is 
lacking, possibly due to their absorbed nature on the electrcde surface, a 
surfeit of indirect evidence exists. The reduction potential of substituted 
benzyl h a l i d e ~ ~ ~ l ~ ~  lends support to the presence of radicals in the potential- 
determining step. The order of ease of reduction of methyl substituted 
bromoacetic acidsM is the same order as the stability of the free radical in 

Br Br Br 
1 I I 

Me,CCO,H < MeCHC0,H c CH,CO,H 

these systems. Many reports of the formation of dimers from halide 
reduction appear in th: literature, and occasionally they constitute the 
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predominant product49* 519 145-151. 4,4’-Dinitrobibenzyl(87) is the sole major 
product from the reduction of p-nitrobenzyl bromide at more negative 
potentiaW. 61 (equation 44). However, in all these cases, particularly where 

(87) 

primary Gr benzylic halides are involved, dimer formation can be explained 
equally well as arising from SN2 displacement of a carbanion intermediate 
on iinreacted starting material (cf. Scheme 1). In one case152, the obtention 
of low but reproducible yields of 1,  I ’-biadamantyl (88) from the reduction 
of I-bromoadaniantane (the main product is adamantane) can only be 
attributed to radical coupling, since S,2 reaction in this system is not 
feasible (cquation 45). Rearrangement has been observed153 during the 

(88) 
Yield 

Hg cathode 1% 
Al cathode2X 

electroreduction of neophyl chloride (89), a system known to undergo free 
radical rearrangement easilyi54 (equation 46). A constant product ratio with 

PhCMe,CH*CI +&. > PhCMe, + PhCH,CHMe, + (PhCMe,CH,), (46) 
Hn cathode 

DUT, HIO 

(89) 94% 6.3% - 0.3% 
viryjlng water concentration, and a neophyl chloride rearrangement rate 
which is much too slow to account for the formation of isobutylbenzene by 
rearrangement followed by reduction (equation 47), are arguments which 

PhCMe,CH,CI .--+I-+> CICMe,CH,Ph Me,CHCH,Ph (47) 
-!- H+ 

implicate a radical in the rearrangement step. Hence a radical pathway 
(Scheme 14, Path 2), probably via the initial formation of the radical anion 
of the halide, appears to be the view most consistent with experimental 
details. There is yet, however, little evidence that intermediate radicals are 
‘free’. Indeed, high yields of dimer in systems which fail tc  display an e.s.r. 
spectrum suggest that the radicals are adsorbed at the eIectrode surface. 
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7. Ste  reochernistry166 

In the last years several reports regarding the stereochemical result of 
electroreduction of carbon-halogen bonds in optically active compounds 
have appeared. However, a number of features of this question remain 
obscure as a result of conflicting evidence. This section is divided into three 
parts : aliphatic and alicyclic monohalides, cyclopropyl monohalides and 
cyclopropyl dihalides, because of the large difference in stereochemical 
behaviour, particularly of ~arbanions l~~,  in these three systems. The usual 
classical study of the stereochemical course of a reaction is greatly 
complicated in the present case by the role of the electrode. The electrode 
surface, proximal to an criented reactive species, may provide a chiral 
featdre to the reaction, as would a reagent molecule in homogeneous 
reactions. Hence, the orientation of the reacting substrate with respect to 
the electrode surface will have major stereochemical consequences, 
particularly if the lifetinie of the reactive intermediate is short or if that 
species remains adsorbed on the surface of the electrode. Interpretation of 
stereochemical data is further complicated by the presence of the electrical 
double layer, the composition of which most certainly differs from that of 
the bulk solvent56. The crucizl question of the concentration and nature of 
proton-donating species in the vicinity of the electrode surface, where the 
reactive intermediate is formed, is still unexplored, yet the answer to this 
question is important to an understanding of the stcreochemistry of 
carbon-halogen bond reduction. 

The other aspect of the stereochemical problem regards whether the 
stereochemical result is determined largeIy by the behaviour of the radical 
or of the carbanion. The question is illustrated in Scheme 18 in detail. If the 
radical is long-lived and unoriented, racemization can occur via path 
aefk. If the carbanion is formed by C-X scission with retention and is 

SCHEME 18 
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long-lived and unoriented, racemization can occur (path bdk). There is 
some support127 for the notion that the carbanion is developed with 
inverted configuration, due to filling of the C-X u* orbital. Such a 
pathway can lead to inversion of configuration (path ij) or racemization 
(path ildk). A short-lived or oriented radical would produce a carbanion of 
retained configuration, which can lead to overall retention (path ach), 
racemization (path acdk) or inversion (path acg). On the other hand, if the 
developing carbanion is oriented or short-lived, retention (path bh) or 
inversion (path bg), depending on the orientation, can result. Add to this 
the possibility that organometallic species may intervene (section 111. 9) in 
the reaction sequence, and it becomes fair to say that any single investiga- 
tion cannot clarify the ambiguities inherent in the problem. 

Hush and Sega1157 have examined the relative stabilities of RX and RX' 
for various halogen atoms and predicted a trend in the modes of de- 
composition of the radical ion. Based on semi-empirical SZF-MO 
calculations, they predict that the stability of the molecular negative ion 
will increase with increasing atomic number of the halogen atom. Consicier- 
ing only two possible modes of decompositicn of the radical anion, the 
radical 2zt2 (Sz5:emc IS, path aefk) and the sN2 path (Scheme 18, path ij), 
their stability order of the radical ion predicts that the relative rates of these 
two reactions will vary with atomic number of X, so as to favour a higher 
proportion of inversion mechanism (Scheme 18, path ij) with increasing 
atomic number. The authors propose an experimental test for this theory 
via stereochemical experiments. This prediction suffers from the fact that 
several reasonabIe decomposition routes are igrored by the authors in 
favour of the rather improbable (uide infra) SN2 mechanism. It is by no 
means clear that the non-radical pathway will lead to inversion. 

a. Aliphatic and alicyclic monohalides. Polarographic examination of 
24 alkyl halides led Lambert137 to conclude that the reduction proceeds via 
electron transfer parallel to the C-X bond in the Potential-detPr~inicg 
step (cf. section 111. B. 6. c). This author fitted his data to the modised 
Taft equation (cf. equation 37) successfully, but the steric parameter 
(E, = 0.12) indicates that the orientational preference may not be important. 
A comparison of three tertiary bromides of very different bulk shows this 
to be true (Table 14). However, the greater ease of reduction of benzyl 
halides (of which 86 is an example)130 subjects this comparison to 
some question. Zakharkin and Okhlobystin131 apparently concur with 
Lambert in his view. Wilson and Allinger15* examined the polarographic 
behaviour of a series of a-haloketones (Table 15) and found a certain 
orientational preference for the C-CI bond (AE,,,, = 0.15 V). This result 
is consistent with a mechanism involving rate-controlling electron transfer 
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TABU 14. Half-wave potentials for 
reduction of bromides of different 

bulk 

1625 

Compound - Eh 

MesCBr 2-19" 
1-Bromoadarnantane 2.02b 
9-Bromotriptycene (86) 2.02" 

a Reference 34. 
* Reference 96. 

CaIciiIated from Reference 37. 

TABLE 15. Half-wave potentials for 
reduction of a-chloroketones168 

No. Compound -E&a 

F 

1.39 

1-57 

1 *42 

1-45 

2.08 

1-86 

~~ 

a Half-wave potential in volts versus sce, using DMF, 0 . 1 ~  Bu,NBr, at a Hg 
cathode. 

to the carbonyl group, followed by rapid protonation) equation 48)159. 
Kabasakalian and McGlottenlG0 examined the polarography of twelve 
a-halosteroids and claimed that differences in Eh for chloro derivatives 
permitted the dishction between axial and equatorial isomers (see 96, for 
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2e 

x 
example). Also in the series of a-brominated ketosteroidslsl there appears 
to be a difference in E,  between axial and equatorial C-Br bonds, and 
again the axial C-Hal bond is easier to reduce. 

NO. X Y -Ea 

(96a) 'iI Cl 1-12 
(96b) C1 H 0-74 

Grabowski and coworkerd2' have proposed an interesting mechanistic 
possibility: since the electrons enter the lowest unoccupied u* orbital of the 
substrate molecule, it is possible that electron addition-bond cleavage, 
with an electron pair in the U* orbital, could lead to iizuersion at the reactiori 
centre (Scheme 19). The obtention of a product of retained stereochemistry 
in at least one case182 suggests, however, a deficiency in the scheme. The 
former authors note that irrespective of the valid.ity of Scheme 19, the 

- Rl 
H+ @&@ - l'% 

R2 R3 R2 

SCHEME 19 

theory does not bear on the question of orientation of the substrate 
molecule with respect to the electrode surface. 

Only two results have been published45* 12'9 162 which deal directly with 
the stereochemical fate of an aliphatic carbon centre during electro- 
reduction of the carbon-halogen bond and there is good reason to believe 
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that one of these resuits may represent a special case of the problem. 
Czochralska&> 12'* x3 reported the reduction of optically active 2-chloro-2- 
phenylpropionic acid (97) to hydratropic acid (98) (equation 49) to 

Me H 
I I 

I 
Me 

I 
CI 

(97) (981 

H g  cathode 

(49) 
E&= -1.05 V (dB/AgCI) 

Ph-C-CO,H 
Ph-c-co2H Q6% EtOH. Et'NCl. HOAZ 

+Ze. -Cl-. +H+ 

proceed with 77-92% inversion of configuration. The author establishedls3 
that at this potential C-Cl clezvage must be the primary process by 
comparing the reduction potential of !Y7 with niandelic acid (99) 2nd 98 
(cf. Table 16). Clearly, further reduction occurs at the more negative 

TABLE 16. Half-wave potentials 
for reduction of compounds of 

the type PhC(CH$COOH 
I 
X 

97 c1 1 -02 1*9Sc 
98 H 1 -96 
99 OH i-81 - 

- 

~~ 

O Half-wave potentisl in volts, versus Ag/AgCl, using 96% EtOH, Et,NCl, for the 
h t  two-clcctron wave. 

Half-wave potential of the second twwlectron wave. 
In prin~pk this figure and - Eh (1) for compound 98 should be identical. 

second potential (ca. - 2-0 V) (assigned as proton reduction by the author). 
A similar stereochemical result for the dissolving metal reduction of this 
same compound has been reported1w186. In addition to the rationale 
advanced by these workersm (see Scheme 19), at least two other reasonable 
interpretations can be accommodated. If reduction to the carbanion occurs 
while the C-Cl bond Is orientated perpendicukdr to the electrode surface 
(Scheme 20) the front side of the carbanion may be shielded from direct 
protonation, provided proton-donating species are not interposed between 
the carbanion and the electrode surface. In addition, the carboxyl group is 
ideally located for intramolectdar proton transfer to the back of the 
carbanion, a process which would result in a product of inverted configura- 
tion (Scheme 21). It would be very interesting to have stereochemical 
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studies performed on derivatives of this acid, e.g. an ester or amide to 
decide about this mechanistic alternative. In a related system without a 
carboxyl group present, Eberson102 obtained a very small but reproducible 

SCHEME 20 

SCHEME 21 

net retention of configuration. The reduction of optically active or-phenethyl 
chloride in DMF-D,O gave [or-Dlethyl benzene of 2% retained configura- 
tion (equation 50). This result suggests that the carboxyl group of 97 may 

Me Me .- . .  

I 

I 

He cathode 
Bu,NOTs 

> Ph-C-H 
i 

I +ze. -a-. + D +  
Ph-c-H DMF. DsO 

CI D 

indeed play an important configuration-determining role in the reduction. 
Alternative to this, perhaps the electrode does not exert a shielding effect in 
this case, or racemization may occur at the radical stage of reduction. 
Clearly, stereochemical results in other systems will be required before the 
question of stereochemistry of reduction can be resolved. 

b. Cyclopropyl iwonohalides. Annino and coworkers166 carried out an 
investigation of the reduction of a series of optically active 1-substituted 
I-bromo-2,2-diphenylcyclopropanes (loo), the results of which are 
particularly instructive. Depending upon the nature of the substituent, the 
reduction product 101 gave stereochemical results from 56% inversion to 
38% retention of configuration (equation 51). A reasonable mechanism to 
account for these results is shown in Scheme 22. Predominant inversion is 
observed with those compounds for which the developing carbanion or to a 
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conjugating group (PWa and tr) can stabilize and flatten the carbanion. In 
these cases protonation occurs from the less hindered side of the molecule, 
away from the electrode surface. For cases in which conjugative stabiliza- 
tion is not possible (XOOc and d), the cyclopropyl carbanion can be desorbed 
into the bulk of the solution and protonated before inversion has occurred. 

He cathode 

NO. R Stereochemistiy 

(100a) CO,H 26-35% inversion 
(1OOb) C0,Me 30-56% inversion 
(10Oc) co, 31-38% retention 
(100d) CH, 21% retention 

Ph Ph 

P R 

1.. 
Ph Ph 

R H  
Ph$ H R  

(lOlc, d) 
retention 

(lola, b) 
inversion 

SCHEME 22 
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This result is consistent with the known configurational stability or" such 
carbanionslsG* le7*lGR. It may even provide further understanding to the 
result observed by C z o c h r a l ~ k a ~ ~ ~ ~ ~ ~  (see equation 48). In this case the 
presence of acetic acid would repress carboxyl group ionization and give a 
result analogous to 1OQa-t 101a. An earlier report of the reduction of IOOd 
by Mann, Webb and W a l b ~ r s k y ~ ~  gave essentially the same stereochemical 
result (21-26% retention) and added some interesting new aspects to the 
reaction (see section 111. B. 9). 

c. CycZopropyZ geminal dilialides. Two reports appeared in 1568 which 
provided new information regarding the mode of formation of the 
carbanion intermediate. Fry and reduced the first halogen of a 
series of cyclopropyl geminal dihalides. The thermodynamically less stable 
cis isomer was the major product in all cases, and its amount increased WILL 
increasingly protonic solvents (Scheme 23). The same result prevailed 

(103, cis) (104, frans) 
~ ~~ ~ ~~ ~~ ~ 

No. x = Solvent Product ratio 
(103 : 104) 

(102a) Br 100% D M F  61 : 39 
84: 16 

(102b) C1 100% DMF 81 : 19 
90% MeOH, 10% H,O 

95% MeOH, 5% HCl 100: 0 

SCHEME 23 

when unsaturation was present in the 3,4-position (105) (equation 52) and 
even in the analogous bicyclononyl system (108, equation 53). The eEr - eH $- eBr (52) 

H H H 
(1051 (106) (107) 

Product ratio 
(106 : 107) 

100% MeOH 13 : 21 
90% MeOH, 10% H,O 91: 9 
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Product ratio 
(109 : 110) 

100% MeOH 100 : 0 

preceding results are easily accommodated by assuming that electron 
transfer occurs to the more accessible (exo) halogen atom to produce the 
endo-halo carbanion (111) which diffuses into solution to be protonated 
before it can become equilibrated (112, Scheme 24). The variation of 

+2e kox 
-X- ” +  > 103 (cis) 

H H 

104 (trans) ken , 
H+ 

H 
(fW 

SCHEME 24 

product composition with proton concentration appears to preclude the 
possibility that product composition is a result of kinetic control in the 
protonation step (kc,,% ken) since, to a first approximation, variation of 
[H+] should not affect the ratio of 103 : 104. 

Ericlcson and coworkersg1 reduced the two possible 7-bromo-7-chloro- 
bicyclo[4.1.O]heptanes (113) and (114) (Scheme 25). Their result for the 
reduction of 102a (cis : trans = z 1-3 : 1) corresponded closely to that of 
Fry and Mooreso for the same system. The results of Scheme 25 are 
interpreted by the authors to irnply that reduction can occur at either 
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halogen atom rather than just at the exo. However, in ,nixed halogen 
compo:inds the reduction of the carbon-bromine bond would be expected 
to occur more readily than that of the carbon-chlorine bond, and so the 
results are neither unexpected nor inconsistent with the study of Fry and 
Moore. eBr EtOH >eH 

(113) (103b) 

-3 
1 

Ratio 

(104b) 

1 (from 113) 
2-6 (from 114) 

($14) 
SCiiiiviE 2s 

8. Proton-donating properties of solvents 

One of the more significant developments in recent years in the study of 
electroorganic chemistry has been ar? increase in appreciation for the 
source of protons in the final step of these reductions, Acetonitrile 
and DMF have been used successfully as anhyd.rous solvents by many 
investigators and although a number of investigators have been concerned 
with the proton-donating ability of these  solvent^^^^^^^^ a far more 
important source of protons appears to be from the /3-elimination reaction 
of tetraalkylammonium ll1. There have also been a few reports of the 
interference of DMF with e lec t rored~ct ion~~~.  It has been appreciated for 
some time that the bulk concentration of a deliberately added proton 
source is not necessarily the same as the concentration aear the surface of 
the electrode, where protonation of short-lived species occurs. Indeed, it 
has been convincingly 172 that tetraalkylammoniurn salts 
effectively exclude water molecules from the double !sycr and can render 
highly aqueous solutions rather aprotic at the electrode surface. 

A recent paper by Fry and Reed5G has providzd clear evidence that the 
same conclusion is true in cathodic reduction of halides and that the bulk 
concentration of protic acids is less important than the type of the proton 
donor. Phenols and carboxylic acids are good proton donors to radical 
anions in DMF, but water is not, perhaps due to hydrogen bonding with 
the solvent. Fry and Reed found that geminal dihalides 11521, b and c 
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(Scheme 26) all underwent reductive elimination of a halide ion to produce 
a carbanion (116), which behaved the same regardless of which dihalide 
had been its precursor. It underwent two competitive reactions at similar 

AY ;;;;i;r. [ bQc, .. - &&] 
(115) X Y (1 fV"c3 (1 16,) 

::I (c)  Ci Bc: 8r E! ; IFH. 

* 
&H + CH,=CH, -I- NEt3 

(117) (1 18) CI 
(1 1 9) 

SCHEME 26 

rates : proton transfer (rate kH), which occurred exclusively to the exo, less 
hindered side of the molecule (see also section 111. R. 7. c), and chloride 
elimination, to produce carbene 117, which is known173 to undergo C-H 
insertion to yield nortricyclene (118). The product distribution as a function 
of added proton sources is shown in Table 17. Although water is somewhat 
effective in increasing the rate of the proton capture reaction, phenols and 
acetic acid are quite ineffective. This suggests thsrt the latter are not 

TABLE 17. Product composition as a function of 
proton availability in the cathodic reduction of 

Added proton Product composition (%) 
sourcea 119 P i 8  

None 38 62 

MeC0,H or ArOHd N 38 N 62 
Et ,&H& 92 8 

1 1556 

1~ 13,O or MeOHb 8OC 20 

a All results are for DMF solvent with Et,NBr as supporting electrolyte. 
Compare with a ratio 60 : 40 for reaction using sodium naphthalenide and 

Less ethy!ene is formed. 
Ratio could not be changed even with ten-fold excess of proton source. 

50 millimolar H,O. 
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incorporated in ths double layer at the electrode surface. On the other 
hand, the cationic triethylammonium ion is apparently effectively incorpor- 
ated into the layer, serving as a good proton source. 

9. Formation of organometallics 
The electrochemical behaviour of carbon-halogen cornpoitiids is fiiither 

complicated by the formation of organometallic compounds formed by 
reaction with the electrode material. There are many reports of the isolation 
of organometallics from electroreduction reactions. Althcugh the possibility 
of a non-electrochemical reaction it is clear that organo- 
metallic compounds are formed during the reduction step. The reduction of 
ethyl bromide at a Pb electrode yields Et,Pb 38 and P-iodopropionitrile 
at Hg, Sn, Pb or T1 cathodes is reported17' to give, at the potential of 
the first polarographic wave, Hg(CH,CH,CN),, Sn(CH,CH,CN),, 
Pb(CH,CH,CN), and TI(CH,CH2CN),, respectively. Kirrman and 
Kleine-Peter178 confirmed the presence of allyl mercuric bromide during 
the reduction of ally! bromide in 50% aqueous dioxan. These workers 
report E, = - 1-20 V (sce) for allyl bromide with a prewave at - -0.1 V. 
For the reduction of allyl mercuric bromide they determined two one- 
electron reductions, E, (1) = -0.1 V and E4 (2) = - 1-25 V. These results 
can be interpreted as shown in Scheme 27. Diallyl mercury was found to 

Et=O.l V 
CH,=CHCH,' 

I + e, -Brf 
CH,=CHCH,Br 

Eb=:-I.ZOV to -1.ZSV CH,=CH-CH,Hg' F CH,=CHCH,:- 
+ c ,  -w I 

I --O E*=o.lV V 

C H2= C H CH, H g B r L> CH,= C H C H,H g + 

SCHEME 27 

-Br- 

be reduced only with great difficulty and probably is not involved in the 
reaction. On the other hand, Sease and Reed179 reported the isolation of 
dihexyl mercury from the large-scale reduction of hexyl bromide at a 
mercury cathode. This result is interpreted as evidence for the presence of 
radicals, as was also done from analogous findings in the reduction of 
allenic halideslE0. The current-time curve during reduction of l-bromo-l- 
methyl-2,2-diphenylcyclopropane was not exponentiaPg, indicating the 
presence of an intermediate. The dialkylmercury compound was judged to 
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be the best candidate for the intermediate. Analysis of the electrolyte 
during electrolysis showed that soluble mercury compounds were present, 
and from the reduction of 1 -iodo- l-methyl-2,2-diphenylcyclopropane 
(120) at - 1-7 V (sce) the dialkylmercury compound (121) could actually be 
isolated (equation 54). Whereas in 1960 Marple and coworkers151 found no 

evidence for mercury compounds in the electroreduction of monohalides, 
Grimshaw and Ramsey5I isolated several dibenzylmercury derivatives 
following preparative scale reduction of substituted benzyl halides. It is 
noteworthy that in the cases in which a bibenzyl is a significart product 
dibenzylmercury derivatives are also found. p-Nitrobenzyl bromide forms 
the dimer exclusively upon preparative electroreduction. Benzyl bromide 
and benzyl bromides substituted in the ring with a group of negative u 
value all yielded the corresponding dibenzylmercury compounds ; 3-bromo 
and 3,4-dichlorobenzyl bromide, with groups of intermediate values of u, 
gave a mixture of substituted dibenzylmercury and bibenzyl ; and 4-nitro- 
benzyl bromide, with a group of a large positive value of a, gave only 
4,4'-dinitrobibenzyl. For the intermediate examples in which both products 
were found, the relative yield of each was strongly dependent on both the 
supporting electrolyte and the electrode potential (for an example, see 
Table 18). From these data the authors conclude that all products are 
formed from the benzyl radical and that it is not possible to reduce the 
benzyl radical to the benzyl carbanion at a mercury cathode in aqueous or 
alcoholic solution in these systems. However, the trapping of benzyl 
carbanions in DMF by carbon dioxidelll (see section 111. B. 6.  d) to 
produce phenylacetic acid shows that, at least under anhydrous conditions, 

TABLE 18. Product distributioil 
from the cathodic reduction of 3,4- 
dichlorobenzyl bromide in methanol 
solution as a function of electrcjde 

potentials1 

Product ratio 
- E a Bibenzyl Dibenzylmercury 

0.94 5 95 
1 a05 48 52 
1.30 82 18 

a Cpe was conducted at this potential. 
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carbanions must be present. Also, a recent investigationlsl demonstrates 
that toluene is formed in the reduction of benzyl bromide under anhydrous 
conditions and that the ratio dibenzylmercury/toluene is strongly dependent 
on the electrode potential, toluene being the only product at the more 
negative potentials (see Table 19). 

TABLE 19. Product distribution from the 
cathodic reduction of benzyl bromide in 
acetonitrile solution as a function of electrode 

potentialla' 

- E "  Current yieid ("A) 
Dibenzylmercury ToIuene Bibenzyl 

1-35b 6 G  Trace - 
1 -80 46 44 3 
2.1" 0 99 Trace 

a Cpe versus Ag/AgC104 reference electrode. 
At the foot of the single polarization curve. 
At the plateau. 

In at least one other case182 the fully reduced product (C-X+C-H) 
accompanies a substantial isolated yield of organomercurial in the 
presence of a protonic solvent (equation 55). It is implied here that either 

(55) 

the two products are formed from competitive reaction of carbanion (with 
solvent) and radical (with mercury), respectively, or that the carbanion is 
precursor to both products. Independent of the formation of organo- 
mercurials at  the electrode, reactions may be complicated by the formation 
of amalgams between the supporting electrolyte and the electrode. Such 
cases have been reportedls3 for tetrabutylammonium salts at mercury. 

Eis cathode 
ICHzCHzCN CH,CH,CN + Hg(CHzCHtCN)z 

IV. ANODIC REACTIONS 

Although electroorganic preparation of compounds containing carbon- 
halogen bonds is not within the scope of this chapter, it should be 
mentioned that a recent exhaustive review with extremely useful tables 
covers this topicla. A more specialized review covering electrochemical 
fluorination has also appearedls4. A paucity of reports dealing with 
electrochemical oxidation of carbon-halogen compounds is due to the fact 
that among these compounds only iodides appear to be oxidized readily in 
the region of accessible potentials (see section 11. B), although the oxidztion 
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of bromides has been observed (uide infru). A discussion of halide 
electrooxidation has recently appearedlb. 

The oxidation of aliphatic and aromatic halides follows a different 
course, the former giving rise to products derived from a carbonium ion, 
while the latter undergo coupling reactions (Scheme 2). The difference in 
behaviour may reflect the difficulty in producing aromatic carbonium ions. 
Controlled potential oxidation of aliphatic iodides in acetonitri1els5 gives a 
Ritter-type r e a ~ t i o n l ~ ~ ~ ~ ~ ~  (equation 56) to produce acetamides upon 

0 + 
R I A  R C  - aren*. [ R-Nyy-Me ] RNHCMe If (56) 

- 11, -H+ ' 
R-N=C-Me 

hydrolysis. The electrochemical Ritter reaction has been observed during 
oxidation reactions conducted in acetonitrile solutionitia, a resuit thought 
to imply the intermediacy of carbonium ions. Further evidence of the car- 
bonium ion nature of this reaction is found in the observation that neo- 
pentyl iodide produces N-t-pentylacetamide, via a skeletal rearrangementlS5. 

The preparative potential of this reaction is suggested by the work of 
Laurent and TardivePsD who reported excellent isolated yields of sub- 
stituted acetamides from aliphatic and arylaliphatic iodides (Table 20). 

TABLE 20. Anodic oxidation of aliphatic iodides in acetonitrile18D 

R in RI Overall yield N-Substituted acetamide 
(%I product composition 

RNHCOMe RlNHCOMe 

Pr 
Bu 

i-Bu 

S-BU 

70 60 40 (i-Pr) 
70 58 42 (S-Bu) 

84 0 12 (S-Bu) 
88 (t-Bu) 

54 100 0 

79 - 100 Trace 

PhCH,CH,- 93 100 0 

PhCN ZCH- 97 
I 
Me 

95 Trace ( Tt 
PhCH- 

Trace ( "i"" ) 
PhCHCHz- 
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The extensive rearrangement encountered by these workers is further 
evidence of the cationic nature of this reaction. Oxidation of cyclohexyl 
iodide produced a mixture of N-cyclohexylacetamide and N-cyclohex-3- 
enylacetamide, a result which the authors ascribe to elimination of a proton 
from the cation to produce cyclohexene, which in tun; is oxidized to the 
allylic acetamide (Scheme 28). This postulate is supported by the experi- 
mentzl results of Shonol*O on the electrooxidation of cyclohexene in 
acetonitrile. 

f i- 

1 - H +  

-2e 

CHJN, H,O 

0 -H+ > 

SCHEME 28 

NHCOMe 

6 
0” HCoC H3 

In a more recent paper Laurent and TardivePgl present clear evidence 
for a Wagner-Meerwein rearrangement during the ~ k k t i ~ f i  of F-phenethyl 
iodide-a,a-d,. For this example the authors report 50% rearrangement and 
postulate phenyl participation (equation 57), via a phenonium ion. It is 

0 
II + PhCD,CH,NHCMe SO% 

interesting that no hydride migration to form derivatives of the a-phenyl- 
ethyl system was observed in this reaction. Crotyl iodide under the same 
conditions showed extensive rearrangement (equation 58). However, the 

0 CH=CH, 
\I I 

II 
55% 0 

Me CH = C H C H,I -‘ > MeCH=CHCH,NHCMe + MeCHNHCMs (58) 
-+I. 
h f e m .  Ha0 

45% 
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interesting observation that optically active 2-iodooctane gave unrearranged 
product (70%) with 25% inversion of configuration (in addition to 30% of 

Hex 
I *  

> MeCH*-NHCOMe 
--e 

-)I, 

I .  

I 
Me-Ciii (59) 

Hex 

70% yield 25% inversion 

rearranged products) (equation 59) clearly suggests that a simple, sym- 
metricalIy solvated carbonium ion cannot be involved. Again, either the 
electrde surface or the departkg halide atom must play a role in determin- 
iug the stereochemistry of this reaction. 

Oxidation of’propyl bromide is reported to produce an excellent yield of 
a mixture of propylene, cyclopropane and propane1g2 (equation 60). The 

CH,CH,CH,Br CH,CH=CH, + A + CH,CH,CH, (60) 

78% 

fc:rmer two products appear to be derived from a carbonium ion intcr- 
mediate, but the origin of the saturated hydrocarbon is unclear. 

By contrast, no carbonium ion products are formed from aryl iodides 
with acetonitrile. Iodobenzene in acetonitrile with lithium perchlorate as 
supporting electrolyte yieids 4-iododiphenyliodonium perchlorate (122) 
(Scheme 29). In the presence of benzene, diphenyliodonium perchlorate 
(123) is formedlE5. 

SCHEME 29 

Aryl bromides normally undergo reactions at other positions than 
halogen (section B), but a few cases of anodic replacements of halogen in 
easily oxidized bromoarenes are known. 9,lO-Dihaloanthracenes undergo 
initial one-electron transfer upon oxidation in acetonitrile to form 
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moderately stable cation radicals1'13. In the presence of water these react 
further in an overall two-electron process to form anthraquinone, possibly 
via a bis-geminal halohydrin (equation 61). In the presence of lutidine a 
nucleophilic displacement on bromine has been observed in 9,l O-dibromo- 
anthracene19G. 

-7 -2HX @ 
\ 

0 

Some interesting synthetic applications have been found in the anodic 
oxidation of perfliioiinated ayomatic corn pound^^^^^^^. Anodic oxidation 
of, e.g. perfluoroaniline in acetone-waterlpotassiuni acetate at 1.5-1-6 V 
(sce) gave a mixture of (the expected) decafluoroazobenzene (18%) and 
octafluorophenazine (8%) with loss of two fluorine atoms (equation 62). 

F r F 1 F c 

F F F 

The formation of the latter compound was thought to involve free 
radical displacement of fluorine (by the C,F,NH' radical). 

The scant work which has been reported so far for anodic halide 
oxidation reactions suggests synthetic applications of this reaction, 
particularly in aliphatic systems and further research in this area should be 
fruitful. 
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‘A man who does not know what has been taught by those that have 
gone before him is sure to set an undue value on his own ideas.’ 

MARK PAITISON 

1. INTRODUCTION 

When Professor Patai wrote the letter of invitation for this chapter, he 
asked that lengthy tabulated data be excluded and that ‘the emphasis 
should be put on the explanation of how thermochemical results and 
principles may help the chemist in understanding and in prediction and on 
the presentation of recent and novel results’. It is always difficult for a 
thermochemist to follow such advice, because h i s  main activity is usually 
compiling tables of data and he is interested in a couple of kcal/mole here 
or a few ca:/(mole-K) there. At the same time, the task has been made very 

1043 

The Chemistry of The Carbon-Halogen Bond 
Edited by Saul Patai 

Copyright 0 1973 by John Wiley 8. Sons, Ltd. All rights reserved. 



1050 Robert Shaw 

much ecsier by the publication in the last year or so of some extmsive and 
critical monographs and rmiews. These ate discussed in more detail in the 
next section. 

Currently, fluorine gets the lion’s share of attention in halogen chemistry, 
a fact reflected in the contents of the present chapter. The selection of topics 
will also be influenced by the author’s early training in gas-phase thermo- 
chemistry. Although gas-phase data are probably better understood at the 
moment than their liquid couilterparts, it seems likely that liquid-phase 
thermochemistry will receive relatively more attention in the future. 

The thermochemical quantities under consideration are heat of formation 
Ah-!, entropy Soarid heat capacity Cp. Although the joule wiII soon replace 
the kilocalorie as the unit of energy, English-speaking chemists and English 
language chemicnl journals still predominantly use the kilocalorie. The 
units used throughout will i?crcf.xc I;c h c d l / ~ d c  fcr AH: cad cd; 
(mole-K) for So and Ci. 

There is a minor inconsistency in the current use of the word thermo- 
chemistry. It is sometimes used, as in the present chapter, to include 
entropy and heat capacity and is, therefore, synonymous with the term 
chemical thermodynamics. However, authors Gccasionally use the term 
thermochemistry to mean heats of formation or heats of reaction and do 
not include So or Ci.. 

Those interested in the detailed application of thermochemistry to 
kinetics should read the chapter by Egger and Cocks on the pyrolysis of 
carbon-halogen bonds, in the present volume. 

Ii. TYPES O F  THERMOCHEMICAL DATA 
AND W H E R E  TO FIND THEM 

A. Group Additivity Values 

Gronp additivity is used to estimate thermochemical data that are 
lacking, to check measured data for consistency with those for chemically 
related compounds and to point out where further experiments are needed. 
The group additivity method is simple, fast and accurate and is quickly 
gaining wide acceptance as the best method for estimation of gas-phase 
data. For example, ASTM Committee E-27 on the Hazard Potential of 
Chemicals has adopted Group Additivity as the method to estimate the 
thermochemical properties of the air pollutants peroxyacetyl nitrate 
(PAN) and peroxybenzoyl nitrate (PBN). 

Group additivity postulates that chemical thermodynamic properties of 
molecules are made up of contributions from the individual groups that 
comprise the molecule. Grmp additivity is therefore an extension of the 



16. Thermochemistry of organic halides 1051 

series atom additivity, bond additivity, . . . and turns out to be an excellent 
compromise between simplicity and accuracy. For a detailed treatment of 
the additivity principle as applied to thermochemistry, see an early paper 
by Benson and Buss1, and a more recent ChemicaZ Review article2. The 
latter contains all the group values that could be derived from gas-phase 
thermochemical dcta for organic halogen compoilnds up to 1969. The 
group values permit the estimation of So to an accuracy of + 1  cal/ 
(mole-K) and Ci to an accuracy of 2 0.5 cal/(mole-K). For most orgaoic 
compounds-for example, hydrocarbons, oxygen-containing, nitrogen- 
containing and so forth-group additivity allows AH: to be estimated to 
within + 1 kcaI/niole. However, there is evidence that, for very polar 
compounds, even group additivity is insufficient to predict AH,“ adequately. 
The accuracy for haloalkenes, such as CF,=CH, and CCI,=CH,, may be 
as poor as & 5 to _+ 10 kcal/moie. Group additivity predicts that the heats 
of reaction in equations (1) and (2) are zero, whereas the experimental 
values3 are more than 7 kcal/mole exothermic. The Chemical Review group 
values are reproduced together with a few additional groups for halogenated 
free radicals in two recent monographs by Benson4 and by Benson and 
O’Nea15. 

H,CCH, + CI,CCCI, ___t H,CCCI, (1 1 

H,CCH, + F,CCF, > H,CCF, (2) 

The Benson and Buss1 paper contains bond contributions that permit 
estimation for organic halogen compounds of AH! to & 6 kcal/mole, So 
and CpO at 25°C to 3 cal/(mole-K). The accuracy of bond additivity is, 
therefore, not as good as that of group additivity, but it is often good 
enough for a fist-order approximation. Even atom additivity can be used 
for So and Ci at 25°C and has about the same accuracy as bond additivity. 
The Benson and Buss paper has the atom contributions. 

Group additivity has recently been extended6 to the estimation of the 
heat capacities of liquids at 25°C with iLn improvement in precision from 
about rt4 to better than 1.5 cal/(mole-K). There are only a few data for 
halogenated organics, therefore only a few halogen-containing groups 
could be derived. However, if the groups are not available, then Cp” of the 
liquid can be estimated to within a few cal/(mole-K), if the C: of the ideal 
gas is known, from ACS (liquid minus gas) = 12 cal/(mole-K). 

B. Critically Evaluated Reviews 
The last few years have seen the publication of two independent 

monumental efforts in extracting from the literature, critically evaluating 
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and compiling thermochemical data. I had not thought it possible that the 
work could have been done by so few people, gifted and experienced 
though they be. The books are Stull, Westrum and Sinke’s The Chemical 
Thermodynamics of Organic Compounds7 and Cox and Pilcher’s The 
Thermocliemistry of Osganic and Organometaiiic CompouridsB. These 
books will be invaluable to physical organic chemists for many years to 
come. 

In Stull, Westrum and Sinke’s book, the two features most relevant to 
the present task are the chapter on the chemical thermo3yuamics of 
halogen compounds and the computer print-out table towards the end of 
the book listing seIected values of AH! and So of organic compounds at 
298K, arranged by empirical chemical formula. The chapter on halogen 
compounds contains tables of data in the JANAF format9 from 298K to 
lOOOK for the ideal gas state. Care should be exercised in using these tables, 
because there is no clear distinction between measured and estimated 
values. The methods of estimation are based on what is essentially bond 
additivity and may, therefore, be off by 2 or 3 cal/(mole-K) for So and C,”. 
The tables show the lack of data in the aromatic series; there are data for 
only three aromatic chlorides, one aromatic bromide and one aromatic 
iodide. 

Cox and Pilcher’s book is complementary to that of Stull, Westrum and 
Sinke. Cox and Pilcher give no data on So or CpO but have done an extra- 
ordinarily thorough job on AH:. The heart of the book is a table of 
thermochemical data. To the user who wants an answer rather than to find 
out how the answer was obtained, the most useful columns in the table are 
AH: ( I  or c) and AHf (g) .  For the specialist, there is a rundown on how the 
data were obtained. The ordering of compounds is different from that of 
most texts and requires a little study. 

In 1961, Patricklo wrote an interesting review of the thermochemistry of 
organic fluorine compounds. Although some of the heats of formation 
differ from current thinking by about 5-10 kcal/mole, much of the discussion 
is still valid, particularly on the thermal decomposition of polymers. 

The generally accepted source of data for the halogen atoms, hydrogen 
halides and small organic compounds is the JANAF Thermochentical 
Tablesg. These tables list thermochemical properties up to 6000K. 

Lacher and Skinne? have critically examined heats of formation of 
fluorocarbons and fluorohalogenated hydrocarbons. Golden and Bensonll 
have thoroughly reviewed the hydrocarbon radical thermochemistry 
derived from iodine-atom reactions, much of it their own work. Furuyama, 
Golden and Benson12 have summarized the thermochemical properties of 
halomethanes and halomethyl radicals. 
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C. Original Data 

No single journal contains a majority of original thermochemical data, 
but about half the field is covered by the Journal of Clianical Thermo- 
dynamics, the Journal of Chcnnlical Physics, the Chemical Society (Locdon) 
journals and the American Chemical Society journals (i.e. the Journal of 
Chemical Engineering Data, the Journal of Physical Chemistry and the 
Journal of the American Chemical Society). A vitally important key to the 
current iiterature is the Bulletin of Thermodynamics and Thermochemistry 
published annually by IUPAC. MOSL of the Bulletin’s content is now on 
tape for mechanized searching. The Substance-Property Index is a good 
place to start a search. For each compound, this index gives the type of 
chemical therz-odynamic propt:rty measured and a reference to another 
part of the Bulletin. This Bulletin reference is either a literature reference in 
the Bibliography of Recent Papers section or an abstract of work in 
progress at one of the 2000 worldwide laboratories that contribute 
information to the Bulletin. The literature reference is usually both to the 
original paper and a Cheinical Abstracts reference. 

111. THERMOCHEMISTRY AND KIOJETlCS 

Most elementary chemical reactions obey the Arrhenius law, and therefore 
their rate constants can be broken down into pre-exponential Arrhenius 
A - f ~ t c r s  (nr entropies of activation) and activation energies (or heats of 
activation). 

k = A exp (- E/RT) 

KT 
1a 

= -exp (AS*/R) exp (- AH+/RT) 

where k is the rate constant, A is the Arrhenius A-factor, Eis  the activation 
energy, R is the gas constant, T is absolute temperature, K is Eoltmann’s 
constant, h is Planck’s constant, AS+ is the entropy of activation, and 
AH+ is the heat of activation. 

Considerable progress has been made in understanding and predicting 
Arrhenius A-factors of gas-phase reactions using transition-state theory 
and estimates of thermochemical properties of free radicals and transition 
states. Benson and O’Neal have shown5 that, for over 120 unimolecular 
reactions, the Arrhenius A-factor can be estimated to within the average 
experimental uncertainty of a factsr of 2. For example, they have calculated 
that the A-factor for the elimination of HCI from ethyl chloride should be 

s-l compared with the observed A-factor of 1013.G*05 s-l. Benson 
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and Haiigenl3 have used a simple, self-consistent electrostatic model to pre- 
dict activation energies for four-centre reactions such as, 

x,-t Y,t--’2XY 

X, + olefin > product 

HX + olefin ---+ product (5) 

where X, Y = H, F, C1, Br and I. For most of the reactions, the calculated 
and experimental results agreed to within k 1-3 kcal/mole, ana the 
maximum deviation was 3.2 kcal/niole. 

There is another useful reIation between Arrhenius parameters and 
therrnochemistry. For the reaction 

A+B.-C+D (6) 

it can be shown that the overall entropy change for the reaction (6), that is 
AS:, is related to the A-factor of the forward reaction A ,  and the A-factor 
of the reverse reaction A-6, by exp (AS,O/R) = A,/A-,. Similarly, the heat of 
reaction AH! is related to the activation energy of the forward reaction, 
E6, and the activation energy of the back reaction L6, by AH: = E, - E+. 
Therefore, if the Arrhenius parameters of the forwzrd reaction are known, 
the Arrhenius parameters for the back reaction can be calculated exactly 
from the known or estimated thermochemical properties of the reactants 
and products with no assumption necessary for transition state properties. 

The application of therniochemkal kinetic principles to the pyrolysis of 
organic halogen compounds is treated in more detail by Egger and Cocks 
in this volume. 

IV. SOME CURRENT TOPICS 
IN ORGANlC HALOGEN THERMOCHEMISTWY 

A. The F-F Bond Strength 

The bond dissociation energy of the fluorine molecule is one of the most 
important thermochemical quantities in halogen chemistry. Part of the 
interest stems from theories of bonding, which have sought to cxplain the 
anomalously low F-F bond strength. Perhaps more relevant to organic 
fluorine thermochemistry, the F--F bond strength gives the heat of 
formation of the fluorine atom, so that it in turn is used to calculate R-F 
bond dissociation energies : 

AH! (F) = Q D(F-F) 

where D is the bond strength or bond dissociation energy. 

D(R-F) = AH!(R) -I- AH,O(F) - AH,O(RF) 
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Up to 1950, the widely accepted value of D(F-F) was 63 kcal/mole. 
Then Evans, Warhurst and Whittle14 led the change to D(F-F) - 37 kcal/ 
mole, a value made easier to accept uy the effusion measurements of Wise16 
which gave D(F-F) = 39.9 kcal/mole. The JANAF value is based on the 
experiments of Wise16 and is D(F-F) = 37.9 k 0.6 kcal/mole, which gives 
GH,O(F) = 18.9 kcal/mole. 

However, the whole subject has been reopened recently. Dibeler, 
Walker and McCulloh have studied the photoionizatioc of F, l6 and CIF 17, 

and have concluded that D(F-F) = 30.9 k 0.7 kcal/mole. The CIF results 
use an unpublished value, AHfo(CIF) = - 14.4 10-8 kcal/rnole, obtained 
by Nuttale and quotcd by Dibeler, Walker and McCulIoh17. In support 
of their ‘low’ value for D(F-F), Dibeler, Walker and McCulloh refer 
to a Birge-Sponer extrapolation by Stricker and Krauss18 that gives 
D(F--F) = 33.25 1-1 kcal/mole. 

On the other side of the coin from Stricker and Krauss are Iczkowski and 
Margravezs whose Birge-Sponer extrapolation gave 37.5 5 2 kcal/mole. 
Dibeler, Walker and McCulJoh’s photoionization experiments have 
recently been questioned by Berkowitz, Chupka, Guyon, Halloway and 
Spohr20 who have also made photoionization studies on F, and report 
D(F-F) = 37-7 & 0-2 kcal/mole, that is, in excellent agreement with the 
old ‘high’ value. 

The cocxlusion to be drawn at this stage is that there is insufficient 
evidence to justify changing the present widely accepted value of 
D(F-F) = 37-9 kcal/mole, but that the issue of the ‘low’ value is still 
lurking around the corner. 

6. Rotating-bomb Calorimetry 
Rotating-bomb combustion calorimetry is a widely used method for 

determining heats of combustion of organic chlorine and bromine 
compounds. Laynez, Ringner and Sunner21 have made a very important 
contribution to organic halogen thermochemistry by comparing the 
rotating-bomb combustion method with reaction calorimetry. They 
studied the reactions 

tris(c) + HBr(g) > tris.HBr(c) and tris(c) + HCI(g) ---+ tris.HCl(c) 

where tris is tris(hydroxymethy1)aminomethanc by both methods, 
a d  found the results to be in agreement. The base tris has been exten- 
sively studied as a standard in reaction calorimetry. The reaction, 
tris + HX+ tris.HX, is very clean and is capable of being studied to a high 
precision. A conservative estimate is about k 0-2%, or 2 0.05 kcallmole. 
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The main objection to this study is that, to obtain complete combustion of 
the salts (no soot or CO), it was necessary to add much paraffin oil (in 
amounts corresponding to 50-60% of the total energy change). However, 
the foregoing seems to be a minor objection and does not vitiate the 
conclusion that there is no serious systematic error in the rotating-bomb 
combustion calorimetric method. 

C. The Heat of Formation of Carbon Tetrachloride 
There is a surprisingly wide ranpe of values for AH!(CCl,) in the 

gaseous state. Hu and Sinke2, have recently obtained -22.9 kcal/rnole by 
rotating-bomb combustion calorimetry. At the other end of the range, 
Lord and Pritchard2, report - 27-4 or - 29.8 kcal/mole from a study of the 
reaction C02+CCl, = 2 COCl,. Lord and Pritchard’s two values are 
based on Bodenstein and Plaut’s valuez4, AHio(COC1.J = - 52-3 -t 0.1 or 
Tachoire’s of AH,O(COCla = - 53.5 5 0.3 kcal/mole. Support for 
AHpO(CC1J = - 27.4 kcal/mole comes from Lord and Pritchard’s finding26 
that AH:(COClJ = - 52.4 f 0.1 kcal/mole in excellent agreement with 
Plaut and Bodenstein’s value of - 52.3 kcal/mole. Between the extremes 
reported by Hu and Sinke (- 22.9) and by Lord and Pritchard (- 27.4) are 
-24.0 kcal/mole recommended by Stull, Westrum and Sinke7 and 
-25.2+ 1.2 kcal/mole favoured by Cox and Pilcher*. It has not been 
possible for the author to decide which of the above values is the best 
one. This is unfortunate, because carbon tetrachloride is a corner- 
stone of the chlorofluoromethane series that is considered later. I have, 
therefore, taken the easy way out by choosing an intermediate value of 
AHfO(CC1,) = -26 kcal/mole. Clearly, more work is needed on this 
important molecule. (Note added in proof: A recent (May, 1973) measure- 
ment at  SRI indicates that AH: = -22 kcal/mole.) 

D. The Chlorofluoromethanes 

The thermochemistry of the chlorofluoromethanes CCIF,, CCl,F,, 
CC1,F and CCl, has been an active field of research. Many equilibria 
between the chlorofluoromethanes have been studied so the heats of 
formation are all linked together. To obtain absolute values for the heats of 
formation, it is important to obtain results that are independent of the 
others. A good example of this is the value for CCI, obtained from CO, 
and COCl,, discussed in the previous section. CClF, is the only other 
member of the series for which independent determination is possible. 
Lord, Goy and P r i t ~ h a r d ~ ~  and Coomber and Whittle28 have studied four 
such reactions. The results are summarized in Table 1. The agreement is so 
good that a value of AH,O(CCIF& = - 169 kcal/rnole seems to be an 
almost inescapable conclusion. 
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TABLE 1. Haat of formation of CCIF, 

Reaction Reference AHfO(CCIF3) 
(kcal/mole) 

CClF:, = CF31 + ClI - 1, - 17.3 27 - 168.8 
CClF3 = CHF3 - 2.4 27 - 168.8 
CCIF, = CBrF, + BrCl - Brz - 10-5 - 169.4 

(-1404) (+4.2)(-14'9) (-17.3) 

(-10G.4) (-2.4) 
28 - (-155.0'j (+3.5) (-7.4) (-10.5) 

1-155'0) 1-35) (0 )  (-10.7) 
CCIF, = CBrF, - BrCl + C12 - 10.7 28 - 169.2 

Value selected - 169 

The values of AH: for the chlorofluoromethanes recommended by 
Stull, Westrum and Sinke7 and by Cox and PilchersY are in Table 2, along 
with a third set of valiles as a result of the ?resent selection. The reasons 
for selecting the numbers for CCIF, and CCI, have already been discussed, 
and we proceed now to a discussion of the interrelation betwee:: Cr"!F3, 
CCI, and CC12F, and CC13F. 

TABLE 2. Selected values of heats of formation of 
chlorofluoromethanes 

~ 

AH; /(kcal/mole) Preferred 
Reference 7 Reference 8 values 

CC1F3 - 166.0 - 169.0 k 1.0 - 169 
CClzFz -115.0 -114.8k1.3 -118 
CCI3F - 68.0 - 64.0 5 2 - 70 
CCI, - 24.0 -25-2+ 1-5 -26 

Sciponi, Gambaretto and Vecchio29 have studied the catalysed equilibria 
between CCIF,, CCI,F,, CCI,F and CCI,. Their results agree reasonably 
well with those derived by Benson and Buss1 from the work of Peterson 
and Pitze?O, but are significantly different from the earlier results of 
Mears and StzbP. Toe heats of reaction obtained are arranged in the form 
of equations for CClF, in Table 3, for C12F2 in Table 4 and for CCI,F in 
Table 5. In this way, each equilibrium is used several times to give a value 
of a heat of formation of a different chlorofluoromethane. In the right half 
of Tables 3,4 and 5, the arithmetical result for each equilibrium is worked 
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16. Thermochcinistry of organic halides 1061 

out using the values in Table 2. For example, in Table 3, the first equilibrium 
is CCIF, = 2 Cl,F,-GCl,F-3-7. If Stull, Westrum and Sinke’s values’ for 
CC12F, and CCI,F are used, the equation is CClF, = -230+68-3*7 
= - 165.7. That is, AH,O(CClFd = - 165-7 kcal/mole. Similarly, if Cox 
and Pilcher’s values8 for CCI,F, and CC1,F are used, the equation gives 
hH,O(CClF,) = - 169.3 kcal/mole and so on. Tables 3, 4 and 5, therefore, 
provide consistency checks for the interrelations between the heats of 
forniation selected by the two previous reviews‘* * and the present work. In 
Table 3, the values of AH,O(CClF,) that result from Stull, Westrum and 
Sinke’s work range between - 163.5 and - 166.2 ksalfinole, which is a 
reasonably close spread and averages out about - 165 kcal/mole, only 
slightly more positive than their selected value of - 166 kcal/mole. Similarly, 
the values of AH,O(CClF,) that result from the present selection ranga from 
-167-5 to -1169.7 kcal/mole, compared with the selected value of 
-169. However, in the case of Cox and Pilcher’s numbers, the values of 
hH,O(CClFJ that result from their numbers for the other chlorofluoro- 
methanes range from - 151.8 to - 169.3 kcal/mole, rather a large spread 
compared with their selected value of - 169 4 1 kcal/mole. The picture is 
much the same for CCI,F, in Table 4 and for CC1,F in Table 5. The 
biggest spread is in Cox and PiIcher’s values for CCI,F, that range from 
- 105-4 to - 124.0 kcal/mole. 

These equilibria, therefore, provide a very sensitive consistency check on 
the heats of formation of the chlorofluoromethanes. The sensitivity is at  
first sight a little surprising, because there is not so large a difference in the 
absolute values for any chlorofluoromethane as shown by Table 2. 

E. Bis-trifhorornethyI Peroxide and the Trifluoromethoxy Radical 

The equilibrium CF,GOCF, + CF30F + CF,O was first reported by 
Porter and at temperatures in the region of 300°C. Levy and 
Kennedy33 have recently measured the equilibrium constant for this 
interesting reaction from 222 to 337”C, giving (corrected to 25°C) a heat 
of reaction of 24.5 +_ 0-7 kcal/mole and an entropy change of 38-5 +_ 1.2 cal/ 
(mole-K). From the knowng thermodynamic properties of CF,OF and 
CF20, Levy and Kennedy then obtain AH,0(CF300CF3) = - 360.2 & 
3 kcal/rnole and S0(CF,00CF3) = 97-0 _+ 1.2 cal/(mole-K). There are no 
other known values of the heat of formation of the peroxide. However, 
as regards the entropy, Levy and Kennedy3, quote unpublished calculations 
by Durig of 93-9 (assuming that all frequencies are harmonic) and 95-7 
(assuming that CF, torsions are anharmonic), in good agreement with the 
observed vaIues. 
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Levy and Kennedy also calculate that I?H,O(CF,O) = - 159.8 & 2.5 kcal/ 
mole based on Czarnowski, Castellano and Schumacher’s34 activation 
energy of 43-5 f. 0-5 kcal/mole for the reaction CF30F-> CF30 + F. 
In turn, they calculate that the 0-0 bond strength in CF,O-OCF, is 
40.6_+5 kcal/mole, a very reasonable value in view35 of the 0-0 bond 
strength of about 38 kcal/mole in diaikyl peroxides and 44 kcal/mole in 
alkyl hydroperoxides. 

It would be interesting to know the thermochemical properties of 
the related peroxides CF,OOH s6, CF300F3’, CF300CF20F37 and 
(CF,OO),CFOF 37. 

F. Chloroolefins 

Alfassi, Golden and Benson3* have recently studied the iodine-catalysed 
thermal equilibrium between 1-chloro-1-propene and 3-chloro-1-propene. 
Abell and AdolP9 had previously studied the same equilibrium by HBr- 
photocatalysis. Alfassi, Golden and Benson made a combined plot of both 
sets of results to give a wider temperature range and therefore a better 
equilibrium constant and found that 

3-chloro-I-propene = I-chloro-I-propene(cis) + (2.9 f 0.4) cal/(mole-)<) 

+ (3.4 f 0.2) kcal/moie 

3-chloro-I-propene = ‘I-chloro-I-propene(frans) + (2.6 f 0-3) cal/(mole-K) 

+ (2.5 f 0.2) kcaljmole 

The previously measured7 AH,0(3-chloro-l-propene) = 0.2 kcal/mole gives 
AH,O(1-chloro-1-propene, cis) = - 3-2 kcal/mole and AH!(l-chloro-l- 
propene, trans) = -2.3 kcal/mole. 

Mansson, Ringner and SunneflO have measured the heat of formation of 
1,l-dichloroethene to be 0-5 kcal/mole, in excellent agreement with the 
previous value7 of 0.3 kcal/mole. 

G. Recent Thermochemical Results 

Some recent results for AH!, So and Cp” at 25°C are listed in Table 6. 
Where more than one value is given, no attempt has been made to choose 
between them, or to give an alternative. The arrangement of the table 
follows closely that used by Stull, Westrum and Sinke’ because, of all the 
forms used by various authors, theirs was the form found easiest to use. 
All the compounds listed contain at least one carbon atom. Curiously, 
nobody did any work on C, compounds. 
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1. INTRODUCTION 

Halides are very useful in organic preparative work. In addition to sub- 
stitution and elimination reactions they are also prone to undergo re- 
arrangements, in some of which the net reaction is an isomerization or a 
substitution with or without a rearrangement of the carbon skeleton. A 
large group of complicated rearrangements is considered to involve a 
three-membered ring either as starting material, product or intermediate 
and most of the interest in this chapter is devoted to these rearrangements. 
Allylic isomerization reactions and rearrangements are not discussed 
because they receive extensive coverage in another volume in this series1# 2. 

11. ISOMERIZATDONS WITHOUT SKELETAL 
REARRANGEMENT 

A. isomerization of Aryi Halides 

Halobenzenes and other zryl halides are known to be stable and 
unreactive with nucleophiles and they are very often used as solvents 
when working at high temperatures. Recent invcstigations have shown that 
migration of halogen takes place when aryl halides are treated with 
nucleophiles. IR 1959 Wotiz and Huba discovered that when 1,2,4-tri- 
bromobenzene (1) was treated with NaNH,, the product recovered was the 
1,3,5-isomer (2)3. This rearrangement has been carefully studied by Bunnett 
and coworkers, and Bunnett recently has written an excellent summary of 

Br 

his work concerning ‘the base-catalysed halogen dance’ including the 
mechanism of the reaction*. 
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Bunnett and Moyer found that potassium anilide was a more efficient 
catalyst than NaNH, for this type of rearrangement5. They were able to 
isolate up to 60% of 2 and in addition to starting material, 1, and dibromo- 
anilines they also discovered small amounts of the disproportionation 
products p- and nz-dibromobenzene, 1,2,3,5- and 1,2,4,5-tetrabrorno- 
benzene. 

Bunnett and Scorrano have found that 1,2,3,5-tetrabrornobenne (3) 
acts as a co-catalyst and a three-step mechanism was proposed (equations 
1-3)6. Experiments with lY2,4-triiodobenzene showed that this compound 

I 
Br 

underwent the same type of rearrangement, but 1,2,4-trichlorobenzene, on 
the contrary, did not react6. Base-induced isornerization has also been 
found among bromine derivatives of thiophene7 and isothiazoles8. 

It has been known for a long time that Friedel-Crafts catalysts such as 
AiC& and AlBr, can cause isomerization and disproportionation of 
haIobenzent+ lu. These reactions have been frequently investigated and a 
review of earlier work was given by Thomasll. 

The isomerization of dihalobenzenes has been studied by Olah and 
coworkers1Z1S, Kooyman and c o w o r k e r ~ l ~ * ~ ~  and by  Koptyug and 
coworkers18. The dihalobenzenes studied include the dibromo-, dichloro-, 
difluoro-, bromochioro-, bromofluoro- and chloroff uoro compounds, 4, In 
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all cases the thermodynamically controlled equilibrium had the same 
composition: 5% of the ortlzo (5),62% of the ineta (6) and 33% 01 the para 

(4) (5) x 
(7) 

(7) isomer. Small amounts of the disproportionation products mono- and 
trihalobenzenes were also present. With chlorofluorobenzenes the 
equilibrium could not be reached from the ortho isomer and halogen 
exchange yielded a considerable amount of dichlorobenzene~~~. 

The mechanism for the rearrangemect has been studied using 14C- 
labelled compounds. When the isomerization of o-dichlorobenzene was 
performed in the presence of 14C-chlorobenzene, a very small amount of the 
initial radioactivity was found in the dichloro compounds. This observation 
was interpreted in terms of an intrarnolecular migration of chiorine atoms, 
suggesting an equilibrium of the o-complexes 8, 9 and Pols. 

qcl 
C1 

CI QC' 

B. lsomerization of or-Haloketones 

The first example of a halogen migration in a-haloketones was reported 
in 1894 by Hantzsch, who found that ethyl a-bromoacetoacetate (11) 
rearranged to the y-isomer 1219. Another example of this type of bromine 
migration was studied by Krohnke and Timder,  who reported that 
5ydxcigen bromide in acetic acid catalysed the rearrangement of l-bromo- 
l-benzoylacetone (13) to the 3-bromo isomer 14*O. It should be pointed out 



17. Rearraiigements involving halides 1075 

that halogen migration can have synthetic use, since tne starting hromo 
ketones 11 and 13 form the kinetically controlled product. Although 

CH3COCHCOOCZH5 __+ CH,COCH2COOC,H5 
I 

Br 
I 
Br 
(11) (;2j 

CGHSCOCHCOCH, HBr > CsH5COCH2CO?H, 
I 

comparatively little attention has been paid to it, bromine migration in 
bromo ketones seems to be quite common. 

3-Bromolaevulic acid, 15a, heated with hydrobromic acid in a sealed 
tube, was rearranged to the 5-bromo isomer 18a. In addition to 15a and 
18a chromatography also showed detectable amounts of laevulic acid, 
16a, and 3,5-dibromolaevulic acid (17a). The same four components were 
obtained from 18a and HBr. This behaviour was explained in terms of a 
disixoportionation, and a four-component scheme was proposed (equation 
4). The reactions are all reversible and lead to an equilibrium21. 

RCH,COCH,R -zy (16) %r 

RCHBrCOCH,R' RCH,COCHBrR' (4) 

(I 8) 

RCHBrCOCHBrR' 

a R = CH,COOH R' = H 
b R = C K ,  R = H  
c R = C,H, R '=H 
d R = C H ,  R = CH, 

A series of aliphatic monohaloketones was found to behave in the same 
way22. When 15b-d and 18b-d were treated with a small amount of hydro- 
brornic acid and kept at 30°C, bromine migration started and the progress 
of the reaction could be followed continuously by lH-n.m.r. until equili- 
brium was reached. The composition at equilibrium was the same whether 
started with pure 15 or 18 or with equimolar amounts of 116 and 17. 

Dibromoketones were found to undergo the same rearrangements as 
monobroxioketones. In this case, it was found that the reactions could 
also be catalysed by HCI. For simple ketones a four-component scheme 

36 
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illustrates the situation (equation 5). En the case of acetone (a) the composi- 
tion at equilibrium was the same whether started from 19a, 22a or equiniolar 
amounts of 20a and 28az3. In attempts to prepare 2,2-dibroniopentanone-3 

RCHBrCOCHR' K~ -y (20) -HBr 

RCBr,COCH,R RC H B r CO CH B r R (5) 

(19) +\ -Br, -HBr 
RCBr2COCi-iBrR' 

(21 1 

a R = R ' = H  
b R  = R = CH, 

(19b) it was found that. this compound rearranged according to equation 
(5) and could not be isolatedz4. Turning to pixed ketones, the situation is 
more complex, seven compounds being detected23. Only a few examples of 
halogen migration in chloroketones have been reported, and in these 
cases far more vigorous conditions are needed than in the rearrangemefit 
of bromoketones. Iodoketones, however, are extremely unstable under 
~~c id ic  conditions. One drop of hydrochloric acid caused an immediate 
disproportionation of monoiodoacetone to several unidentified products25. 

In 1914 Blaise reported that heating 3,3-dichlorobutanone-2 (23) in 
acetic acid and hydrogen chloride at  100°C for several hours resulted in 
rearrangement to the 1,3-dichloro isomer 24z6. Later it could be established 

CH,CCLCOCH, HC'* ,oo"c HoAc> CH,CHCICOCH,CI 

(23) (24) 

by lH-n.m.r. that about 20% of 23 was isomerized to 24 under the con- 
ditions givenz7. In contrast, one drop of hydrobromic acid caused a 
complete rearrangement= of 3,3-dibromobutanone-2 into a variety of 
products within a few hours at 30°C. 

Voitila reported that 2,2-dichlorodimedone (25) in a solution of hydrogen 
chloride in acetic acid after five weeks at  room temperature was completely 
rearranged to the 2,4-dichloro isomer 26%. §champ found that the same 
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isomerization took place when 25 was refluxed in HCI-DMF (15~5°C)~~. 
The isomerization of the 2,2-dibromo compound occurred at a much 
lower temperature (55OC)30. 

Jn special molecules a spontaneous rearrangement of a chlorokeione can 
take place. A recrystallized sample of the chlorodiketone 27 kept a few 
days in the air at room temperature was completely rearranged to the enol 
2S2'. 

0 OH 

(27) (28) 

The first step in the halogen migration discussed in this section is a 
replacement of the halogen by hydrogen. It is known that ol-halogeno and 
especially a-bromoketones can be reduced by a variety of nucleophiles, but 
at present the accepted theory involves a polar mechanism, which is in fact 
the exact reversal of the acid-catalysed halogenation of a ketone3'. 

l l i .  ISBMEWIZATIONS WITH SKELETAL 
WEARRANGEME NB 

Addition of a carbene to a monocyclic C,+,-alkzne yields a bicyclo[n. 1 .O]- 
alkane. These bicyclo[n. 1 .O]alkanes can easily be rearranged to mono- 
cyclic alkanes with n -i- 3 carbon atoms in the ring. A combination of these 
two reactions results in a ring-expansion sequence, which has recently been 
reviewed by Gutsche and Redrno~-e~~.  In several examples of this general 
ring-expansion sequence the carbene is generated by the action of base on 
haloforms, thus yielding gem-dihalobicyclo[n. 1 .O]alkanes. Reese and 
coworkers have studied the thermal rearrangement of a series of dihalo- 
czrbene adducts, one example of which is 6,6-dihalobicyclo[3.1 .O]hexanes 
(29), which are completely converted into 2,3-dihalocyclohexenes (30). It is 

(29) a X = CI 170 "C, 1.5 hr (30) 
b X = Br 120 "C, 1.0 hr 

generally found that the dibromocarbene adducts (b) rearrange more readily 
than the dichlorocarbene adducts (a)=. In some cases the rearrangement is 
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accompanied by a dehydrohalogenation, which generates an aromatic 
system. The dichloro compound 31 obtained from the addition of dichloro- 
carbene to indene is found to decompose in refluxing alkaline ethanol to 
2-chloronaphthalene (32) in a 98% yieldu. It has also been found that 

heating 1,l-dichlorocyclopropane (33) results in ring opening and halogen 
migration to 2,3-dichloropropene (34)s5. 

650”, 0.2 S 
t CH2~CCI-CH,CI 

Another interesting example of an isomerization with skeletal rearrange- 
ment is the conversion of bromocyclooctatetraene (35) to  tram-13-bromo- 
styrene (38), f is t  described by Cope and Burg in 195236. Recently the 
mechanism of this rearrangement was studied by Huisgen and coworkers. 
The reaction sequence suggested by these authors involves a valence 
tautomerization of 35 to 1 -b~omobicyclo[4.2.0]octatriene (3f3, which by an 

allylic rearrangement affords the cyclobutene derivative 37. A conrotatory 
ring opening of 37 leads to 3s3’. The reversal of the first step in this 
reaction sequence (35-+35) has been studied by Roedig and coworkers. 
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Whzn the halogenated bicycl0[4~2.0]octatriene 39 was dissolved in formic 
acid the hdlogenated cyclooctatetraene 40 could be isolated in 60% 
yield36. 

HCOOC 
p,s" 

Sr 

IV. REARRANGEMENTS DUWl NG S U B S T I T U T I O N  
WITHOUT SKELETAL R E A R R A N G E M E N T  

Rosnati and coworkers have studied the substitution of some or-chloro- 
ketones bearing in the a'-position a heteroatom with a lone pair of 
electrons, such as oxygen or sulphuP. An example of such a compound is 
1-chloro-3-phenylthiopropanone-2 (41), which in refluxing acetic acid in 
the presence of KOAc gives a mixture of 1-acetoxy-1 -phenylthiopropanone- 
2 (42) and the tfiiolacetate 43. The mechanism of this rearrangement is 

0 0 
II 

AcO, 2, 
CH CH, 

I! 
/ \  
CH, CH, 

0 I I 

i- CH3-CH-C-S - as OAc " l Q  cy 
(43) 

(42) (41 1 

(44) (45) 

suggested to involve an enolization to the conjugated a'-enol 44 followed 
by formation of the cation 45, which in a nucleophilic attack by the acetate 
yields 42. The mechanism of the formation of the thiolacetate 43 will be 
discussed in section V. 
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A similar rearrangement was studied by Southwick and Walsh who 
reported in 1955 that on heating the jl-morpholino-substituted ol-bromo- 
ketone 46 with aqueous acetone it was converted into the wrnorpholino-,3- 
hydroxyketone 48. The process is believed to be a result of the displacement 
of bpxnine followed by a rearrangement in which the ethylene-immonium 
salt 47 is suggested to be an intermediate40. 

CGFIS-C H - C H - COCs t l s  C,H,-CH-C H-COCsH 5 
I I  I I  

OM N (1, Br ( 0 )  

HYl (48) 
(46) kr- 

V. REARWANGEM E N T S  DU RI NG S W BSTlTaJTlQ N 
WITH SKELETAL REARRANGEMENT 

The thermal ring-expansion isomerization of gem-dihalobicyclo[n. 1 .O]- 
alkanes was discussed in section 111. Under basic conditions the rearrange- 
ment is accompanied by substitution, which is also valid for silver 
ion-catalysed rearrangements. 

Parham and coworkers have studied the rearrangement of 1-ethoxy-7,7- 
dihalobicyclo[4.~ .O]heptane (49). Treatment of the dichlorocarbene 

0 quinoline 
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adduct 49a with boiling pyridine yielded 83% chlorodiene 50a. Heating 
49a in quinoline for 15 min at 170°C resulted in the formation of 51 in a 
38% yield. The dibromo derivative 49b hcated in quinoline at 110°C for 
30 min gave 51 in a 32% yield. The dibromo compound treated with silver 
nitrate in methanol at room temperature yielded 87% 2-bromc-2-cyclo- 
heptene-1-one (§2a), but only recovered starting material could be detected41 
from the experiment with the chloro analogue with silver nitrate. 

The rearrangement of the chloro ketone 41 to the acetoxy ketone 42 
reported by Rosnati and coworkers39 was discussed in section IV. In 
addition to 42 the thiolactate 43 can also be isolated and it has been found 
that the acetoxy ketone 42 is a precursor to 4342. Experiments with I4C- 
labelled compounds have shown that a rearrangement of the carbon 
skeleton takes place, the interesting step being an intramolecular oxidation- 
reduction nf the intermediate enolate 53. 

C,H,S*CH,COCH,CI - C,H,S*CH(OAc)COCH, I 

(41 1 (42) 

Substitution of halides often results in rearrangements, especially when 
a carbenium ion is involved as intermediate (SNl conditions). In the case of 
bicyclic norborny! derivatives, considerable effort has been directed during 
the past two decades towards the elucidation of the structure of the 
intermediate norbornyl cation4-,. A number of physical techniques have 
now become available for the direct observation of the intermediate cation 
derived from norbornyl derivatives. Olah and coworkers have generated 
the norbornyl cation 58 from em-2-norbornyl chloride (54) in a solvent 
prepared from SbF,, SQ,ClF and S02F2 kept at -78°C. Other starting 
materials for the same carbenium ion are from the eizdo isomer 55, from 
7-chloro-(56) or from 1-chloronorbornane (57). Quenching the solution 
with a nucleophiie such as pyridine or methanol gives nortricyclene (59) 
and/or an em-2-norbornyl derivative (60) depending on conditions and the 
n~cleophi le~~.  



1082 C .  Rappe 

The 'frozen-out' intermediate cation was studied by means of lH-n.m.r., 
13C-n.m.r. and Raman spectroscopy. All evidence clearly demonstrates 
that the 2-norbornyl cation, under stable ion conditions, is non-classical 
and its structure corresponds to corner-protonated nortricyc!ene 58". 

& (55) CI II (59) 

VI. REARRANGEMENTS WITH EhlMINATlON OF 
HYDROGEN HALIDE 

A. The fritsch-Buttenberg- Wiechell Rearrangement 

In 1894 it was discovered that 1 ,l-diaryl-2-haloethylenes (61) under the 
influence of strong bases rearrange to diarylacetylenes, 62. This reaction is 
called the Fritsch-Buttenberg-Wiechell rearrangement. Alkoxides, alkali 
amides and lithium-organic reagents have been used as bases, the best 

,H base ,c=c, ---+ Ar'-*C=C-Ar + HX 

(62) A? X 

(61) 
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yields being obtained with alkali amides in liquid ammonia and lithium- 
organic reagents in ether. The order of halogen reactivity is Br > 1% CI. The 
reaction has recently been reviewed by Kobrick and Buck4'. 

The net reaction of the Fritsch-Buttenberg-Wiechell rearrangement is 
removal of a hydrogen and a halogen from the same carbon: an a-elimina- 
tion. A carbene intermediate, 63, can be disproved by the observation that 
the reaction is stereoselective, where the preferred migrating group is the 
one trans to the halogen&. At present the generally accepted view of the 
mechanism is that in a protic polar medium the intermediate is the carbanion 
64, while in an  aprotic medium with an organolithium base, the substrate 
is nietalated to an or-halovinyllithium compound 65, which rearranges via a 
'Beckmann-like' intermediate 66 to the acetylene 6248. 

ti *C / /c=c, 
A r' x 

L 
S. The Bordwell-Wellman Rearrangement 

In 1963 Bordwell and Wellman reported that the reaction of ~ i s - 2 ~ 6 -  
dibromo-4,4-dimethylcyclohexanone (67) with sodium acetate in acetic 
acid gave 70 as the major product49. The mechanism of the reaction has 
been studied and is bzlieved to involve the displacement of a bromine atom 
to form the cis-2-acetoxy-6-bromocyclohexanone (68) followed by 1,3- 
elimination of hydrogen bromide accompanied by acyl migrationg0. 
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0 0 Ac 

0 0- 

VIII. REARRANGEMENTS INVOLVING 
THREE-MEMBERED WINGS 

A. The Favorsky Rearrangement 

1. Introduction 

The Favorsky rearrangement is the skeletal rearrangement of a-halogen- 
ated ketones 71 in the presence of bases. Various derivatives of carboxylic 
zcids 72 containing the same number of carbon atoms as in the initial 
ketone can be formed depending on the base used. The most frequently 
used are hydroxides and alkoxides, which give carboxylic acid salts and 
esters, respectively, but amines can also be used. In this case the product is 
an amide. 

The yields from the Favorsky rearrangement vary greatly, depending on 
the structure of the parent ketone, the number and nature of halogen 
atoms, :he base used and other experimental conditions. No general 
recommendation can be made on the choice of optimal conditions for the 
reaction, as they must be selected separately for each type of reaction. 
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It is well known that both chloro- and bromoketones can be used as 
starting materials in the Favorsky rearrangement, and chloroketones are 
normally favoured over bromoketones, due to unwanted side-reactions in 
the case of the latter. However, since the purification of the products from 
the chlorination of ketones is often quite laborious, bromoketones are 
preferred in these cases. A few examples of the rearrangement of a-iodo- 
ketones have recently been reported143* lM. The a-haloketones are reactive 
compounds and in the presence of bases they can yield products in which 
the halogen atom is substituted or eliminated. The first example of a 
skeletal rearrangement of an a-haloketone was reported in 1880 and in 
1894 Favorsky described this rearrangement as a general reaction. There 
have been several reviews of the Favorsky rearrangement, covering the 
literature ap to 19695153. 

2. Synthetic use of the Favorsky rearrangement 

The Favorsky rearrangement is a preferred route to branched carboxylic 
acids. Applied to alicyclic systems it provides a direct method for ring 
contraction. The rearrangement of polyhaloketones is in several cases a 
stereoselective reaction resulting in the thermodyr?amically less stable 
isomer. 

a. Aliphatic monohaloketoizes. In 1940 Aston and Greenburg reported54 
that treatment of 3-bromo-3-methyl-Zbutanone (73) by various alkoxides 
yielded esters of trimethylacetic acid 74. Since then it has been observed 

that this is the only ester formed and that the isomeric I-bromo derivative 
75 also yielded only the same ester55. Higher homologues, 76 and 77, were 
found55.56 to give mixtures of the two isomeric esters 78 and 79. The ratio 
of the two esters was found to be the sane  whichever of the two isomeric 
haloketones was used, but  it was found to vary with the substituent R and, 
surprisingly, also with the base used5Gp57. In all cases studied, the main 
component was the ester 78. 
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Br 

A Br 

R 4 0  R' 

(78) 

(n) 091 

R = Me, Et, Pr, i-Pr and r-Bu 

Bordwell and coworkersm found that 1 -chloro- (80) and khloro-  1- 
phenyl-2-propanone (81) both yielded the same product, 3-phenylpropionic 
acid (82). The same reaction took place starting from various rneta- and 
para-subsituted derivatives cf 80 and 81. 

C H CHCOCH, 1 OR-, 

I 
CI 

5~ 
CI 

(80) CdJH,CH&OOR 

(82) 
C6H,CHzCOCH, 

(81 1 

b. Alicyclic monohaloketones. In alicyclic ketones the halogen atom can 
either be attached directly to the ring or to a side-chain containing the keto 
group. The cyclic system can be monocyclic, bicyclic or polycyclic, 
including steroids. 

The rearrangement of 2-chlorocyclohexanone 83 has been very carefully 
studied. Ia this reaction a ring contraction occurs to produce cyclo- 
pentanecarboxylic acid derivatives, 84. A review concerning ring con- 

0 

traction by Favorsky rearrangement has recently been published59. This 
method is a useful general method for ring contraction in cyclo-C, and 
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higher ring systems. a-Haloketones in fused systems behave in the same 
way as their monocyclic analogues. The rearrangement of 4-chloro-cis-5- 
hydrindone (85) yields a mixture of the two bicyclic esters 86 and 87sO-02. 

O& H I " O O b  H 

The rearrangement of halogenated steroid ketones provides a method of 
modifying the steroid. However, the product mixture is in several cases 
quite complex and the rearrangement of 2-a-bromocholestan-3-one has 
been found to yield three esterss3~ 64. 

In  general, a-halogenated cyclopentanones do not undergo this ring 
contraction and the only examples reported are rearrangements of 
polycyclic ketones. In i964 Eaton and Cole reportedS5 the first successful 
synthesis of a cubane compound, in which the key step was a Favorsky 
rearrangement of the dibromo dione 88 to cubanedicarboxylic acid 8965. 

Conia and ~ o w o r k e r s ~ ~ ~ ~ ~  have studied the rearrangement of a-halocyclo- 
butanones (901, a reaction which yields cyclopropanecarboxylic acid (91). 
It has been observedG7 that this ring contraction occurs in aqueous solution 
in the absence of base, even at pH 1-3. A review of ring contractions in the 
cyciobutanone ring system has recently been publishedG8. 

An a-haloketone with the halogen in the side-chain is cyclohexyl 
chloromethyl ketone (92). This ketone yields ester 93 when treated with 
a1 koxideG9. 

' 
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(92) (93) 

House and Richey have studied the rearrangement of the cis and trans 
isomers of 2-methylcyclohexyl chloromethyl ketone (94 and 95) in methanol 
and in 1,2-dimethoxyethane. In all cases the major products are the two 
esters 96 and 97, which are farmed in approximately equal amounts by a 
non-stereospecific Favorsky rearrangement’O. 

COCH,CI COOCH, G: H -> q & : H 3  H 

(96) 

W Z ! O O C H 3  d ; O C H 2 C I  - x (94) 

H H 
(95) (97) 

c. Dihaloketones. The general reaction for the rearrangement of a,%- 
(98) and a,a’-dihaloketones (99) can be written as 

R&R* --> HO- R’CH=CRCOOH 

X f (1 00) 

R&R’ HO- RCH=CR’COOH 

x x  (1 01 1 

(99) 

I Depending on the nature of R and R’ in 99, either ester 100 or 101 or both 
are formed. 
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The 1,3-dibromo- (102) and 1,l-dibromo-Zones (103) have been found 
to undergo a stereospecific Favorsky rearrangement yielding the thermo- 
dynamically less stable cis-Zenoic acid (104)7i* 72. The method seems to 

RCHBrCOCH,Br. 

RCH,COCHBr, 
(103) 

have general applicability, and the optimal yields were obtained with weak 
bases such as potassium b i~a rbona te~~ .  1,3-Dibromo-2-ones (102) are the 
preferred starting material since they can be obtained in good yields from 
direct bromination of the parent ketone7*. The dibromo derivatives of 
wbranched methyl ketones (105) have also been studied, but in this case no 
stereoselectivity was found, the two isomere 106 and 107 being formed in 
nearly equal amounts75. 

COOH R, / ,c=c, 
CH, H 

(1 07) 

(1 05) 

Alicyclic a,a'-dihaloketones with the two halogen atoms in the ring 
react with bases under ring contraction. Treatment of 2,7-dibromo- 
cyclooctanone (108) with sodium hydroxide is reported to yield 96% of the 

BI P COOH 6-Br __f 6" 
(1 08) (109) 

unsaturated acid Garbisch and W ~ h l l e b e ~ ~  separated the cis- and 
trans-isomers of 2,1Zdibromocyclododecanone. They found that the cis- 
isomer 110 yielded exclusively the trans-ester 111 while the trans-isomer 
112 yielded the cis-ester 113. The dibromo derivatives of undecanone 
behaved in the same way". 
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Examples are found where the Favorsky rearrangement has been applied 
to polycyclic or&-dibromoketones. In the steroid series Woodward and 
Clifford studied the rearrangement of the dibromocholestanone 114; this 
com.pound, boiled with pyridine, was faund to yield the B-nor unsaturated 
acid 11578*79. 

The dihalo derivatives of cyclobutanone did not behave in the same way as 
the higher homologues. The 2,4-dibromo compound 8116 yielded the 
bromosubstituted acid 117. The isomeric 2,2-dihalocyclobutanone (118) 
underwent a ring cleavage to 4,4-dihalobutyric acid (119)80. 

__3 

Br 
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Olefins treated with dichloroketene yield cis-fused m,a-dichlorocyclo- 
butanones. Fletcher and Hassner have found that when compounds 120 
and 122 are treated with methoxide, the products are the methoxysubsti- 
tuted esters 121 and 123*l. 

(1 23) (1 22) 

Cyclic dihaloketones ,with only one halogen in the ring do not undergo a 
ring contraction. Wagner and Moore founda2 that the rearrangement of 
I24 resulted in the unsaturated acid 125. 

CHCOOMe 0 o:OcH2., MeO-, 

(124) (125) 
d. Polyhaloketones. The general equation for the Favorsky rearrange- 

ment of trihaloketones can be written: 
0 

RCX = CRCOOR" 

(1 29) 

(1 27) 

In general, it is not possible to separate the two isomers 126 and 127, 
which are both formed in the direct halogenation of the parent ketone7* 
and corsequently the reaction product can be rather complex with three 
possible cis-trans pairs (128-lB)1455. In some cases, mainly where symmetric 
ketones were used (R = R'), only one acidic product has been isolated. 



:cs2 C .  Rsppe 

Trilialcketones and higher substituted ketones with a CX,CO group are 
cleaved by a haloform reaction. ‘The rearrange~snt of 1, lY3-trihalo- 
acetones (131) was found to be stereospecific, yielding only cis-3-halo- 
acrylic acid (P32)83. 

0 
“CO; x, ,;vW 

X bX H/C=C,H 
On the other hand, in the case of 1,1,3-tribromo-3-methyl-2-butanone 
(133j the product 134 is an a-halosubstituted acid, type P30s4, and the 
rearrangement of the crowded tribromoketone I35 also yielded an a-bromo- 
substituted acid (13QS5. 

COOH 
\ /  + ,c=c, 

Br Br Br Br 

(133) 
(1344) 

A 

A ring contraction occurs as expected when a!icyclic trihaloketones are 
treated under Favorslcy conditions. One example is the reaction 137+ I38 
studied by Hesse and KrehbielSG. In this case the product is a /?-halogenated 

CI Q B r  - a:b,, 
0 (1 38) 

(1 37) 

unsaturated acid and evidently bromine is a more efficient leaving group 
than chlorine. The same conclusion could be drawn from experiments 
with 1 ,3-dichloro-l-bromoacetone87. ‘ 

Wagner and Moores4 have also studied the cyclic ketone 139 where two 
halogens are in the side-chain. In this case no ring contraction occurs: the 
Favorsky product is the unsaturated acid 1140. 
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CBrCOOH 0" QELcHBr2 ~ ~ t l ,  

(1 39) (140) 

An analogous reaction occurredg4 when the steroid tribromoketone 141 
was treated with ethanolic potassium hydroxide under formation of 142. 

Good yields of 3,3-dihalo-2-alkylsubstituted acrylic acids (144) could 
be isolated from the reaction between 1,1,3,3-tetrahal0-2-ones (143) and 
an aqueous solution of a bicarbonate or a carbonateg8. 

Br  COCHBr, [fi KOH, ifiooH 
0 

HCO; x, ,COOH 
f ,c=c, x x x  x X R 

3. The mechanism of the Favorsky rearrangement 

Considerable interest has been shown in the mechanism of the Favorsky 
rearrangement. Nevertheless, no mechanism has yet been suggested which 
is suitable for all structural t.ypes of a-haloketones and for all experimental 
conditions. At present the accepted view is that different mechanisms are 
working in the rearrangement depending on the structure of the initial 
ketone and the conditions used. Good reviews of the historical background 
are given in references 52 and 53. 

a. The cyclopropanone mechanism. In 1951 Loftfield presented his 
elegant proof that a symmetric intermediate is involved in the Favorsky 
rearrangement of 2-chlorocyclohexanone89. This investigation disproved 
the generality of the unsymmetric mechanisms previously suggested by 
Favorsky, Richard and Tchoubarlo2J 14% 14'. LoftfieldS9 prepared 14C- 
labelled 2-chlorocyclohexanone, in which the isotope was equally distributed 
between carbon atoms 1 and 2 (145). When this ketone was treated with 
less than one equivalent of sodiuri isoamyloxide in isoamyl alcohol, the 
main product was isoamyl cyclopentanecarboxylate together with some 
recovered chloroketone. Degradation of haloketone and ester established 
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that the recovered chforoketone had the same labelling as the starting 
material and that the 14C in the ester was distributed 50% on the carboxyl 
carbon atom, 25% on the ring a-carbon atom and 25% on the two ring 
/3-carbon atoms together. These data clearly show that the reaction 
proceeds via an intermediate in which the 01- and a'-positions of the 
cyclohexanone are formally equivalent, and Loftfield proposed that this 
intermediate was a cyclopropanone89. The initial step is the removal of a 
proton from the a'-position to form the enolate anion 146. Concerted or 
subsequent ejection of halide leads to a cyclopropanone 147, which is 
rapidly cIeaved by alkoxide to give the esters 148 and 149 in a 1 : 1 ratio. 

dooR 
(1 45) (146) (1 47) a'""" 
- __j 6' (1 48) 

(1 49) 

At the present time the cyclopropanone mechanism is generally accepted 
for the Favorsky rearrangement of a-haloketones having at least one 
a'-proton. a-Haloketones lacking a'-protons undergo a quasi-Favorsky 
rearrangement, see section VII.A.4.a. However, Warnhoff, Wong and Tai 
have reportedw that a series of bicyclic a-bromoketones (with one 
a'-proton) can rearrange to a single product by either a cyclopropanone or 
a 'benzilic acid-like' mechanism (see section VII.A.3.b). 

One of the main arguments against the cyclopropzxcne zerhanisnz WES 

that no cyclopropanones had been synthesized. Now these compounds are 
available and their chemistry has been investigated, providing additional 
indication for a cyclopropanone intermediate. (For good reviews of 
cyclopropanone chemistry, see references 9 1 and 92.) Of particular interest 
is the observation that a cyclopropanone can be isolated under Favorsky 
conditions. Pazos and Greene foundg3 that the reaction of a-bromo- 
dineopentyl ketone (150) with the potassium salt of p-chlorophenyldi- 
methylcarbinol resulted in the formation of trai~s-2,3-di-t-butyl-cyclo- 
propanone (151). 

Br 

(1501 
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The two isomeric monobrornoketones 152 and 153 have been found5' to 
give the same ratio of rearranged ester 155 and 156. This ratio was found to 
vary significantly with the base used. 

A Br 

YCOOR 

The postulated intermediate cyc1,opropanone 154 was found to behave 
identi~ally~~. 

Analyses (n.m.r., m.s.) of products and recovered a-haloketones from 
rearrangements run in deuterating solvents show that for most ketones 
both a- and a'-protons have been more or less completely exchacged prior 
to rearrangement. Investigations by SachP and by Jullien and LaiS5 show 
that in an a-haloketone the exchange in the a-position ia general is much 
faster than in the a'-position. 

Considerable interest has been devoted t.o the formation of the cyclo- 
propanone 159 from the enolate anion 157. It can be formed in an internal 

(158) 0 
I1 

R C-OR 

R 7 
X V 1 (160) 

R' 
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SN2 attack, but also in a two-step reaction, in which the open zwitterion 
158 is an intermediate. It has also been suggested that the products 160 are 
formed directly from 158. 

Stork and Borowitz have studied the rearrangement of the two epimeric 
l-acotyl-l-chloro-2-methylcyclohexanes, using alkoxide in ethers0. They 
found this rearrangemeiit (161+162) to be stereospecific and that the 

rcsulting new carbon4arbon bond has the opposite configuration to that 
of the departing halogen. This clearly demonstrates that in this rearrange- 
ment the cyclopropanone is formed in a direct internal SN2 attack. 
However, House and Gilmore found that the stereospecificity is lost wheli 
a polar solvent such as methanol is used. In view of these data a n  open 
zwitterion intermediate seems most likelyg7. 

In a series of publications Bordwell and coworkers discilss the possibility 
of distinguishing between an internal SN2 attack and a two-step mechanism 
from i study of the Hammett constantsa. However, it seems to be an 
overvaluation of the small differences in the Hammeti correlation to draw 
any definite conclusions from this approach. Bordwell and Scamehorn rlso 
discuss a rapid equilibrium between a cyclopropanone and its open 
zwitterion”. However, the successful resolutiori and iacemization of 
trans-2,3-di-t-butylcyclopropanone (1511) studied by Greene and co- 
w o r k e r ~ ~ ~ ~  shows that, for this cyclopropanone, the two forms are separated 
by an  energy barrier of more than 30 kcal/mole. Recent calculations using 
the MINDO/2 and INDO method predict that unsubstituted cyclo- 
propanone is more stable than the corresponding zwitterion. The MINDO/ 
2 calculation gives a difference of 78 kcal/molelOO and the INDO calcula- 
tion 220 kcal/mole lol. 

b. The ‘benzilic acid-like’ mechanism The rearrangement of 2-bromo- 
cyclobutanone 90 to 91 has been studied in deuterating solvents. Analyses 
revealed that in this case no cyclopropanone or zwitterionic intermediate 
can be involved, and in this case a ‘benzilic acid-like’ mechanism has been 
suggestedG6. 67. Unlike the cyclopropanone mechanism this is an unsym- 
metric mechanism. It involves the addition of nucleophile to the carbonyl 
carbon atom, followed by a concerted displacement of the halide ion by an 
anionotropic 1 ,Zmigration of the C,,-C,=, bond in the intermediate 163. 
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As mentioned above, Warnhoff and collaborators have found that a 
‘benzilic acid-like’ mechanism is also valid in the rearrangement of a few 
bicyclic cY-bromoketcnesDo. 

4. Miscellaneous Favorsky4 ke rearrangements of a-haloketones 
a. The quasi-Favorsky rearrangement. In 1939, Tckoubar a d  Sackur 

reported the base-catalysed rearrangement of a-chlorocyclohexyl phenyl 
ketone 164 to the acid 16So2. Ketone 164 is an a-halolcetone lacking 
a‘-protons, and in this respect is different from the other ketones discussed 
in sections VII.A.1-3. The base-induced rearrangement of this type of 
a-haloketone is called the quasi-Favorsky rearrangement. Later, Stevens 
and Farkas investigated the conditions for the reaction 164-+165 and 
found that optimal yields wcre obtained when the reaction was run in 
refluxing xylene using dry sodium hydroxidelo3. These seem to be the 
general conditions used in the quasi-Favorsky rearrzngement. The general 
scheme for a quasi-Favorsky rearrangement can be written 166-t 167 and 

C’ COOH 

a limited number of examples are reported. Smissman and coworkersl04 
have studied the rearrangement using nitrogen-substituted ketones; one 
example is the rearrangement of the ketone 168, which yields the acid 169 
and the hydroxyketone 170. Smissman and coworkers have also studied 
the mechanism of this reaction. Starting with optically active ketone 
(-) 168 they found racemic acid 169 and racemic hydroxyketone 170. 



These data led them lo suggest a two-step carbeilium ion-pair mechan- 
However, this mechanism seems to be valid only in the 

reaiarangements of nitrogen-substituted ketones. Baudry and Charpentier- 
Morize have studied the rearrangement of ketone 171, which yielded the 
acid 172 and the hydroxyketone 173, both formed in an inversion. This is 
interpreted in terms of a 'benzilic acid-!ike' mechanism (see section 
VII.A.3)lo6. 

& +  COC&, &6;s 

4" 
(1 72) + (173) 

76H5 

(173) 

Anunusualexample of a quasi-Favorsky rearrangement has been reported 
by Scherer and coworkers. They found that the perchlorinated cage 
ketone 174 reacted with potassiun hydroxide in refluxing xylene to yield the 
cage acid 175 in 85% yieldlo7. 

y-$ ; p  BcooH 
4 

0 (975) 

(174) 
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b. The photo-Favorsky rearrangemenr. In 1970 Kaplan and Hartwig 
reported that when the bicyclic chloroketone 176 in methanol was photo- 
lysed the endo acid 177 was formed in a 95% yield. This Is an example of a 
photochemical Favorsky rearrangementlo8. 

H H3COOC 

(176) (m 
c. The honio-Favorsky rearrangement. In 1971 Wenkert and coworkers10g 

reported that /3-haloketones can undergo a base-induced dehydrochlorina- 
tion to carboxylic acid, and they cal!ed this a homo-Favorsky rearrange- 
ment. In  order to avoid an elimination the starting 8-haloketone should not 
contain any or-hydrogens (but one or more 01’ hydrogens). An example of a 
homo-Favorsky rearrangement is the rzaction of base with the ketone 178 
yielding the two acids 180 and 181. In analogy with the Favorsky rearrange- 
ment the homo-Favorsky rearrangement was found to involve a cyclo- 
butanone intermediate 179. 

5. Rearrangement of or-halsketals 
In 1968 Salaun and Conia reported that 2-bromocyclobutanone dimethyl 

ketal I82 when heated rearranged to 183 and methyl bromidellO. This 

wcH3 OCH, I>-COOCH, + CH3Br 

(183) Br 
(182) 
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rearrangement is very similar to the ring contraction of 2-bromocyclobilta- 
none 90 (see section VII.A.2.b). However, it was also found that the 
dioxolane I84 gave the 2-bromoethyl ester 185 llO. 

(1 84) 

A similar reaction has been described by Baldwin and Ganol”. They found 
that 2-bromotropone 186 when heated with ethylene glycol in benzene 
yielded 2-bromoethylbenzoate, 188. The norcaradiene valence tautomer 
187 is discussed as a likely intermediate. When the reaction was studied for 

I 
(1 $6) (1 87) Br 

(1 88) 

the rearrangement of the syri-anti pair 189 and 190 to the 2-bromocyclo- 
hexyl ester 191, it was found that the thermal ring cuntraction involved 
inversion at the C atom undergoing bromine substitution. For an ionic 
mechanism orbital symmetry predicts inversion of configuration, but, for a 
concerted thermally allowed reaction, orbital symmetry predicts retention 
at this carbon atom1l0S llL. 
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6. Rearrangement of a-halcketimines 

Recently Quast and coworkers reported that the a-bromoketimine 192 
can undergo a base-induced rearrangement very similar to the Favorsky 
rearrangement112. When treated with potassium t-butoxide in THF 192 
yields the cyclopropanoneimine 193 in more than 30% yield. Hydrolysis 
(KOH dioxanlwater at 100°C for 24hr) of the ketimine causes ring 
cleavage and the moIecule undergoes a rearrangement to the amide 194. 

N R' NR' 
11 

f-Bu-CHBr-C-CH, ---+ t-Bu -C&H, ___f 

t 
(192) H 

(1 93) f-B U- C H - CON H R' 
I 
CH, 

(4 94) 

6. Rearrangement of a-Haloepoxides 
1. Saturated or-haloepoxides 

a-Haloepoxides are a class of reactive compounds liable to undergo 
thermal and acid-catalysed rearrangements. In these rearrangements the 
halogen is found to be the migrating species. A good review of this 
reacticn and its mechanism has recently been publishedu3. 

Monohaloepoxides I95 yield a-haIoketones 196 and numerous examples 
of a-chloroepoxide rearrangements can be found, including aliphatic as 

(197) (198) 

well as cyclic and polycycIic compounds. A few examples of rearrange- 
ment of a-bromo- 113 and a-iodoepoxides are also found in the 1iterature1l4. 
McDonald and Steppel have studied the mechanism of the rearrange- 
rnentlls. The main product from the rearrangement of the bicyclic epoxide 
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197 was the exo-chloroketone 198. A careful examination of the process 
reveals that this result can be explained by either a chlorine or a hydrogen 
migration. In order to distinguish betwteil these two possibilities the 
optically active (lR, 3R)-a-chIoroepoxide 197 was prepared. If ths 
rearrangement is a chlorine migration, the rearrangement yields only 
the (iRY3R)-B98 enantiomer, while a hydride shift produces the other 

do c1 - H & H a  CI &; 0 

(IS, 3S)-(198) 
CI 

H 
(1 R, 3R)-(198) 

(1 R, 3R)-(197) 

(lS,3S)-198 enantiomer. The experinent established that > 90% of the 
rearrangement proceeds by a chlorine migrationlX6. A few reports concern- 
ing the rearrangement of polyhaloepoxides can be found. One example is 
epoxide 199, obtained by direct oxidation of 2,3-dibromo-2-butene, which 
yielded 3,3-dibromobutanone 2OO1l6. 

The rearrangement of 1,l-dihalogeno-substituted epoxides 201 yields, in 
genera!, acid halides 202 IX2. 

0 1 4  0 
-c-CX, - --y-qx I\ 

1 ., 

C F, C,F-,C F2 *Ooc > CF,CF,COF 
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The rearraagenient of the two perfluoroepoxides 203 and 205 has been of 
industrial importance. The tetrafluoroepoxide 203 below room tempera- 
ture117 rearranges to trifluoroacetyl fluoride 204. Hexafluoropropylene 
oxide 205 has been found to rearrange to perfluoropropionyl fluoride 206 
when heated to about + 20"C118, but in the presence of catalytic amounts 
of antimony pentafluoride the product is hexafluoroacetone 207Il9. Data 
available from rearrangements of fluorochloro- and fluorobromoepoxides 
indicate that the tendency for migration decreases in the series Br > C1> F. 

2. HaIogenated alfene oxides 

Since allene oxides can isomerize to cyclopropanones, it is possible that 
halogenated allece oxides isomerize to halogenated cyclopropanones, 
which are supposed to be intermediates in the Favorsky rearrangement of 
polyhaloketones (see section VILA). Kai and Sekil*O and Andersson and 
Kumarpzl have studied the oxidation of tribromo- and triiodoallene 
(208), which probably results in a mixture of the two allene oxides 209 and 
210. The rearrangement of the 1,l-dihaloepoxide 209 yields an acid halide 
211, which is in analogy with the rearrangement of other 1,l-dihalogenated 
epoxides (see section 3.1). After hydrolysis the halide could be identified as 
2-2,Zdihaloacrylic acid (212), and it is interesting to notice that no 

Y 
o x  

X P 4 -  X 

(21 0) 

I 
xXcHo X X  

Px 
X # C O O H  x x  

(213) 

(214) 
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E-isomer could be detected. The rearrangement of the other allene oxide 
210 yielded 213, which could be isolated as its oxidation product tri- 
haloacrylic acid 214. 

The corresponding trihalocyclopropanone 216 is the postulated inter- 
mediate in the Favorsky rearrangement of 1 , 1,3,3,-tetrahal,oacetones 
(215). The product from this reaction is 3,3-dihaloacryliz acid (217)88. 
Therefore no rapid isomerization of the allene oxides 209 acd 210 to the 
cyclopropanone 216 seems to take place in this case. 

C. Rearrangement of a-Haloamides 
In a series of papers Sarel and coworkers have studied the reactions of 

a- and /3-halogenated amides. In 1958 Sarel and Greenberger reported that 
a-chloro-a-phenylacetanilide reacted with sodium amide and sodium 
hydride yielding a complex mixture of productslz2. In subsequent papers 
base-induced reactions of other a-chloroamides were studied, the products 
identified and the mechanism of the reactions discussed. 

The reaction of or-chloro-orpdiphenylacetanilide (218) with sodium 
amide in liquid ammonia has been studied in detaiPZ3, One of the products 
was found to be the a-zminoanilide 219, which is formed in a displacement 

0 
II 

0 
I I  

0 
II 

C H  c 
5 s x C 6 H 5  

C6HS 

(222) 

reaction. Two other products were the or-amino-substituted amide 221 and 
the urea derivative 222. Sarel and coworkers suggest that these compounds 
are formed via the aziridinone (a-lactam) 220. This ring compound can be 
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isolated in 85% yield when the .x-chloroaui:lde 2118 reacts with sodium 
hydride in benzene12*. Ring opening along the keto-nitrogen bond results 
in the formation of 221 and when the keto-carbon bond opens up the 
product is 2221B. 

D. The Ramberg-RPcklund Rearrangement 

1. introduction 

In 1940 Ramberg and Backlund reported that a-bromoethyl ethyl 
sulphone 223 when treated with 2~ KOH was readily converted in good 
yieId to 2-butene, the cis-isomer (224) of which predominated125. 120. This 

K3H(aq.) c<3 
CH,CHBrSO,CH,Ci-I, A ,C=C, 

H H 

(224) 
(223) 

reaction, which has come to be known as the Ramberg-Backlund rear- 
rangement, i s  of current interest, not only because of its synthetic applica- 
tions but also because of its interesting mechanism. The main contribution 
to our knowledge of this reaction originates from the work of Paquette 
and Bordwell and their groups. Quite recently both Paquette and Bordwell 
have written good review articles covering the literature up to 1968127-129. 

2. Synthetic use of the Ramberg-BHcklund rearrangement 

The Ramberg-Biicklund rearrangement of a-monohalosulphoces (225) 
with at  feast one u'-proton was shown to be a quite general method of 
preparing olefins. Usually the product is a cis-tram mixture, and usually 
the thermodynamically less stable cis-isomer 226 dominates. The cis-trans 

ratio, however, is found to be dependent on the starting sulphone and the 
base used. One example is reported where the trans-isomer 227 was the 
only 
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I hc hzlasulphones studieC include aliphatic, cyclic and benzylic 
sulphones. Rearrangemenk cf a-chloro- and dxczxsulphones arc 
general, and a few examples of the reactions of a-iodosulphones are also 
reported. The order of reactivity is I > Br 2 C1 131. Reactions performed in 
deuterating solvents yield deuterated olefins in good yields. One example is 
the successful preparation of 9,10-d2-phenanthrene (229) from the a-chloro- 
sulphone 228 132. 

.x. 

Meyers and coworkers found that CCl, in the presence of KOH reacts 
rapidly with unhalogenated sulphones leading to the Ramberg-Backlund 
product in high yields1=. 

Shahak and Bergmann have studied a system where an interesting com- 
petition between a Ramberg-Backlund and a Favorsky rearrangement is 
possible. 2-Benzylsulphonyl-2-bromocyclohexanonc (230) is an a-bromo- 
sulphone as well as an or-bromoketone. Examination of the products 
showed that only the Ramberg-Backlund product 232 was formed1=. 

dooH 
~ S O ~ C H , C , H ,  ;i” (231) 

(230) ‘“-6- CHC,H, 

(232) 

The reerrangement of a,a- (233) or a&-dihalosulphones (234) with at 
least two a- and a’-protons gives rise to three types of products, vinyl 
chlorides, 235, or,,L?-unsaturated sulphonic acids, 236, and acetylenes, 
237 lZ7-lz9. The proportion of these products depends on the structure of the 
sulphone used. 
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RCH=CRX 

(235) 

'r RCH=CR'SO,-' 

(236) 
RC=CR' t: (237) 

RCX,SO,CH,R' 

(233) 

RCHXS0,CHXR' 

(234) 

1 I07 

Ramberg and Backlund reported that a,a'-dichlorodiethyl sulphone (238) 
gave potassium-2-butene-2-sulphonate (239) in 80% yield125. lZ6. Paquette 

,CH, 
CH,CHCISO,CHCICH, - > CH,CH=C, 

SO,K 
(238) (239) 

has reported that treatment of the a,a-dichlorosulphone 240 with base 
yielded the two substituted phenanthrenes 241 and 242 Phenylacetylene 
244 is the main product (about 60% yield) from the rearrangement of 
dichloromethyl benql sulphone (243). The other yoduct is trans-/& 
styrenesulphonic acid (249, about 30%13G. 

(242) 4 CBH,C=CH 
C2G) 

C,H,CH,SO,CHCI, 

(243) 

37 
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Paquette and Wittenbrook have studied the rearrangement of trichloro- 
methyl sulphoces. The reaction of the trichlorosulphone 246 with hydroxide 
in THF resulted13' in the vinyl dichloride 247 (14%) and the sulphonic acid 
248 (72%). 

3. The mechanism of the Ramberg-Backlund rearrangement 

The mechanism of the Ramberg-Backlund rearrangement has been 
carefully studied. It was originally proposed by Biicklund that an epi- 
sulphone might be formed as an intermediate in the reactionlZ6. The now 
accepted view Is in accordance with a three-step mechanism for the 
rearrangement of a monohalosulphone127-129. Step 1 is a rapid pre- 
equilibrium between the sulphoiie 250 and its a-anion 249 and a'-anion 
251. Deuterium labelling has shown that the incorporation is much faster 

(249) (250) (251 1 

in the a-position than in the a'-position (k,>k,,)ll:B. Step 2 is a slow 
ixitrarnolecular I ,3-displacernent of chloride ion in the a'-anion 251 
yielding to  an episulphone intermediate 252. Step 3 is a rapid loss of 
sulphur dioxide from tho episulphone intermediate 252 yielding the olefin 
253. 

so '. / \ 2 /  
so 

\ / \ Z /  

I I  
-c c- - x-+ ,c-c, 

(252) (253) 

Episulphones have not been isolated from any Ramberg-Backlund 
rearrangements. However, they can readily be prepared from the reaction 
of diazoalkanss with sulphur dioxide. Neureiter found that when the cis- 
episulphone 254 was treated with base the product was cis-Zbutene (224) 
of more than 99% purity139. Thus the elimination of sulphur dioxide from 
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episulphones occurs stereospeciGcaliy. Furthermore, since the cis-alkane 
is the main product from the Ramberg-Backlund rearrangement, the 
predominating intermediate must be the cis-episulphone. 

In the case of a,a- and a,a'-dihalosulphones steps 1 and 2 yield a 
chloroepisulphone intermediate 255. This intermediate may either undergo 
loss of sulphur dioxide, resulting in the production of vinyl chloride 256, or 
yield a thiirene dioxide intermediate 257 by the base-induced elimination of 
HC1. Compound 257 can lose sulphur dioxide to yield acetylenes 258 or 
rearrange to vinyl sulphonic acids 259lZ7. For products 256 and 259 
geometric isomerism is possible. No chloroepisulphone (255) or thiirene 
dioxide (257) has been isolated from Ramberg-BackIund rearrangements. 
However, Carpino and coworkers have prepared 2,3-diphenylthiirene 
dioxide (261) from a,a'-dibromodibenzyl sulphone (260) and triethyl- 

(254) 

CI#H 

lHC' 
C', / - so* + ,c=c, 

E. Rearrangements of a-Halosolp Aonamides 

In 1941 it was reported by Johnson and Douglas that chloromethane- 
sulphonamide (262a) and chloromethanesulphonanilide (262b) react 
rapidly in alkaline solution to give amine, formaldehyde, chloride and 
sulphite. It was also observed that N,N-disubstituted derivatives did not 
reactla. The mechanism of this reaction was studied by Bordwell and 
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Cooper, who suggested a ‘Ramberg-Backlund-like’ mechanism130. In the 
first step in this reaction the N-proton is lost. The intermediate anion 263 
undergoes a n  internal SN2 attack, yielding a three-membered a-sultam 
intermediate, 264. Expulsion of sulphur dioxide yields an  aldimine, 265, 

CICH:SO,NHR 100“~ NaaCoap CH,O + H,NR + SO;- 4- CI- 
(262) 

1-H’ 1 H S J  

V CH,=NR 

c I c H, s 0, N R (265) 

a R = H  2 R  
b R = CcH, 

(264) 

which is hydrolysed to formaldehyde and amine. Later, Farrar studied 
other examples of this reaction. He found that primary and secondary 
a-iodo-, or-bromo- and a-chlorosulphonamides are decomposed by hot 
dilute alkali, while the a-fluoro-substituted ones did not react’”. 
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Bathochromic shift, in halogenated 
compounds 748 

Benzene, as solvent for chlorination 
577 

‘Benzilic acid-like’ mechanism, of the 
Favorsky rearraiigement 1096, 
1097 

Beiizoyl halides, gzs-phase pyrolysis 
724 

hydrolysis of 484, 485 
reaction with morpholine 483 
reaction with potassium iodide 483 

Benzyl halides, cathodic reduction of 
158, 159,988, 1012, 1013 

carbanion intermediates 101 9 
stereochemistry of 1024 
substituent effect on 1019 
with formation of organometallics 

1035, 1036 
fragmentation of 253-257 
from toluene 569 
gas-phase pyrolysis 716-721 

via radical reactions 720, 721 
with four-centre HX elimination 

with six-centre HX elimination 

ground state of molecular ions 250 
hydrolysis rates of a-halogeno 328 
ionization potentials 250 
mass spectrometry of 170 
mechanism of formation of [M-XI+ 

nucleophilic substitution of 422, 

solvolysis of 119, 459 

716-718 

718, 719 

ion 253-256 

424 

Benzynes, formation from aryl halides 

formation from o-dibromobenzene 

nucleophilic addition to 367-370 

477,773 

by cathodic reduction 1007 

t Index 

Bimolecular nucleophilic substitution, 
by iiaiugens at saturated centres 
463 

of halogens at saturated centres 
41 5-427 

electrophilicafly assisted 454,455 
kinetic criteria 415, 416 
kinetic isotope effects 421423 
polar effects 423-426 
radical-ion 429-432 
relative reactivities 416, 417 
steric effect 417421 
transition states in 426, 427 
with rearrangement 432-436 

of halogens at unsaturated centres 

Biosynthesis, of chloramphenicol 874 
of chloro metabolites 877-880 
of griseofulvin 875, 877, 879, 880 
of tetracyclines 876, 577, 879 
of thyroid hormones 884-891 
of thyroxine, inhibitors for 887 

Bond angles, in fluoromethyl radicals 

Bonding, electron 7 

Bond lengths, dependence on substi- 
tuent electronegativity 50, 52 

466-469 

37s 

orbital 11 

carbon-bromine 59 
carbon-chlorine 53-59 
carbon-fluorine 59-61 
carbon-iodine 59 

increases in 37 
in haloalkanes 21, 303, 307 
in haloalkenes 29 

in halozlkanes 21 
Bond longitudinal polarizabilities 20 

Bond order, in haloalkenes 29 
Bond strength, of carbon-halogen 

bonds 751 
of F-F bond 1054, 1055 

Bordwell-Wellman rearrangement 

Bridged ions 454 
1083, 1084 

activation barrier with open car- 
bonium ion 450 

relative stability 316, 413 
Bridged radical, in brominations 590, 

592-595 
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Bromination, of alkmes 585-588 
of alkylaromatics 557, 588-590 
of alkyl halides 590-595 
of methane 557 

specificity of reaction 553, 560 
with bromochloride 601 
with N-kromosuccinimide 595-597 
with t-butyl hypobromite 500 
with polyhaloalkanes 597-600 

rate law for 562 

3romochloride, as brominating agent 
60 I 

Bronsted exponents, for base cata- 
lysis in E2 elimination 614, 
615, 646, 649, 651 

t-Butyl hypobromite, as brominating 
agent 600 

t-Butyl hypochlorite, as halogenating 
agent 563, 564, S73, 575-578 

preparation of 575 
reaction with hydrogen chloride 

576 

Carbanions, conficr!rational stability 

effect of halogens on reactivity 

effect of Wogens on stability 350- 
361 

intermediates in electroreduction of 
halides 1019, 1020 

intermediates in /?-elimination 61 1, 

Carbon disulphide, as solvent in 
chlorination 568, 569 

Carbon-halogen bond, analysis of 
compounds containing 66- 
197 

655-657 

361-374 

647-659 

biochemistry of 867-910 
directing and activating effects 

electrochemistry of 980-1040 
elimination reactions in solution 

gas-phase pyrolysis 678-739 
heterolytic mechanisms of substi- 

302-397 

610-667 

Carbon-hzlogen bond (cont.) 

tution 550-604 

forming 265-298 

homolytic mechanisms of substi- 

hydrogen bonding and complex 

in perhalo compounds 918-966 
mass spectrometry of 223-260 
photochemistry of 747-789 
radiation chemistry 796-858 
rcarrangements involving 1072- 

structural chemistry of 49-61 
theoretical aspects 2-43 
thermochemistry of 1049-1057 

Carbonium ions, effect of halogens on 
reactivity 325-350 

effect of halogens on stability 310- 
325 

calculated rotational barrier 31 2 
hydroxy-substituted 482 
in S,l reactions 436,438,444,449 
intermediates in /?-elimination 61 1, 

intramolecular rearrangement 5 15, 

open 450 

1110 

63 1 

516 

Carbonyl halides-see Acyl halides 
Carbonyl radicals 572 
Carboxylic acids, chlorination with N- 

Carboxyphenyl halides, infrared spec- 

Cathodic reduction, for halide analysis 

chloroamines 584 

tra 179 

96, 158-167 
mechanism 98 1, 101 5-1022 
of activated halides 166, 167 
of alkyl halides 158-1 60 
of benzyl halides 158, 159 
of 1,2-dihalides 1001-1007 
of Ip-dihalides 1007-1012 
of geminal polyhalides 161, 996- 

of a-halo acids 166 
of monohalides 984-996 
of organic halides, aromatic 163, 

1000 

164,993 
review 159, 980 

of perhalocarbons 965, 966 
tution 550-604 of vic- and telo-dihalides 162, 163 
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Cathodic reduction (cont.) Chlorination (cont.) 
of vinyl halides 164, 165 rate laws for 563 
of vinylogs of vicinal 1 ,2-itihalides with t-butyl hypochlorite 575-5723 

101 2- 101 4 with N-chloroamides 580 
solvent effect on 1032-1034 with N-chloroamines 584 
stereochemistry of 1023-1032 with cupric chloride 581, 584 
with formation of organcmetallics with phosphorus pentachloride 

10361 036 580, 581 
Cations, aromatic 833 with sulphuryl chloride 574, 575 

dimeric 858 with trichlorometha.icsulphony1 
of butyl chloride 832 chloride 578, 579 
of carbon tetrachloride 832, 850 Chlorocarbon polymers 929 
of rriphenyl mcthyl chloride 833 Chloro metabolites-see Fungal meta- 

C-C bond length, in haloalkenes 29 bolites, containing chlorine 
Chain reactions 431-see also Radi- Colour indicators, in chloride, bro- 

cal-chain reactions mide and iodide analysis 89- 
in fluorination 493 92 

Charge distribution, of electrons 7 in fluoride analysis 88, 89 
Charge-transfer complexes, between Combustion tube, for organic halogen 

halobenzenes and donors 784 mineralization 81, 82 

857 oxygen 81,82 

833 96 

radical 832-834,844,845,850,851 , hydrogen 82 

Charge-transfer stales, asymmetric Coulometry, for halide analysis 

in dihalogenations 843 for halide mixture analysis 103 
in halobenzenes 39 Competition theory, for electron 

C-H bond, dissociation energy of, in scavenging, in non-polar sol- 
alkanes 566, 588 vents 820-824, 843 

in halogenomethanes 376, 556 in polar solvents 826, 827 
in toluene 588 Competitive shift 226 

Chemical shifts, of 192, 193 Complex formation, between aromatic 
of IgF 194, 195 nitro compounds and anions 
of protons 18 470,471 

in alkyl halides 187 due to polarizability of C-X bonds 

in methylene groups 188 with Lewis acids 292-295 
in olefins 189 Concerted reactions 2, 8 
in phenol 281 Condensation reaction, radical-chain 

biosynthesis of 874 Configuration, inversion of 417, 428, 

of alcohols, amines, ethers and alde- retention in an  S,l process 429, 

of alkanes 565-569, 574, 848 Configuration interaction 2, 38 
of alkylaromatics 569-571 Conformational energy 23 
of dkyl halides and aliphatic acid Conformational strain 592 

of methane 556 26,27 
photochemical, of toluene 563 of halogen rrp orbitals 17 

in a-halophenols 251 295-297 

Chloramphenicol 870, 874 process 847 

Chlorination, non-specificity of 552 438,440, 450 

hydes 572, 573 440, 463, 464 

derivatives 571, 572 Conjugation, of halogen in haloalkenes 
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Conjugative effect, in halobenzenes 

in nucleophilic aromatic substitution 

OR cathodic reduction 986-988 
on iodinaticn 499 

37,39 

472 

Conjugative perturbation 39 
Coordination-heterolysis sequence 

4 67 
in electrophilic substitution by halo- 

gen at unsaturated centres 
503,504 

in nudeophilic substitution by halo- 
gens 487 

in nucleophilic substitution of halc- 
gens at unsaturated centres 
469475,483,484 

Correlation effects 7, 11 
Cotton effect, of carbonyl group 5 
Coupling constants, 13C in halo- 

Covalency change 415, 416, 425, 

Covalent radii 20 

Cross-sections for dissociative electron 

methanes 303 

437 

in haloalkanes 21 

attachment 804-8 11 
for aromatic halides 810 
for chloromethanes 808 
for haloalkanes 809, 81 1 

Cupric chloride, as chlorinating agent 

Cyanophenyl halides, infrared spectra 

a-Cyan0 radicds 572 
Cyclization, photochemical-see 

Cycloalkanes, chlorination of 567 
Cycloalkenes, polyhalo 920-926 
Cycloalkyl radicals, relative stabilities 

Cyclohaloalkanes, anodic oxidation of 

581, 584 

178 

Photocyclizat ion 

567 

1038 
bromination of 592 
cathodic reductioE of 985, 986 

stereochemistry 1028-1032 
C-CI bond lengths in 54 
formation by photolysis of ally1 

halides 761 

t Index 1193 

Cyclohaloalkanes (conr.) 
gas-phase pyrolysis 71 1-715 

four-centre HX elimination from 
714 

hydrogen bonds with phenol 309 
nuclear quacirupole spectra 197 
reduction of 147, 248 

Cyclopropanone mechanism, of the 
Favorsky rearrangement 1093 
-1096 

Decay modes, of halogen nuclear prc- 

Dehydrohalogenation 587, 593, 594, 

Delocalized orbitals 7 
Deshie!ding effect, of fluorine 18 
Deuterium exchange, into methane 

ducts 75 

604 

526 
of deuterobenzenes 356 
of polyhalomethanes 35 1 

Dialkylamino radical 584 
Dienone intermediates 508 
Dienonc rearrmgement 508 
Dihdlides, telo-, reduction of 153, 

uic-, reduction of 150-153, 162 

adducts of, arrangement 1077 

154, 159, 163 

Dihalocarbenes 950, 951 

Dimerization, radical-chain process 

Dipolaraproticsoivents,@Aiminations 

Dipole rument, in analysis 171, 

847 

in 629, 636, 640, 641 

172 
of alkyl halides 19-22 
of o-chloroaniline 284 
of fluoiomethanes 16 
of o-halophenols 279, 280 
of hydrogen halides 14 
of perhalocarbons 964, 965 
of phenol 279, 280 

Directing and activating effects, on 
carbanions 30-374 

on carbonium ions 310-350 
on radicals 374-397 

Discharge method, for study of thwmai 
electron reactions 817 
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Displacement-see Substitution re- 

Dissociation, of halogzns 11 
of halomethanes 18 

Dissociation energy 12 
of C-H bond 376, 555, 556, 588 
oiC-X bond 376, 687 
of hdogen-halogen bonds 304,556 
of halogen molecule anions 13 
of halogen molecule cations 13 
Gf halogen molecules 10, 11 
of halomethanes 18, 376 
of H-X bond 556 

actions 

Dissociative electron attachment 798, 
83U, 831 

cross-sections 804-8 1 1 
radical production by 837, 838 
resonance energies 804-81 1 

Druyvesteyn distribution 816 

Eclipsing effect, in/3-eliminations 627, 

Edge spectra 69 
Effective nuclear charge 20 
Elastic scattering 798 
Electromeric methods, for halide 

for halide mixtureanalysis 102,103 

of halocarbons 796, 799, 800 
of halogen molecules 

Electron antiboriding 7 
Electron attachment 798-816-see 

also Dissociative electron at- 
tachment and Non-dissociative 
electron attachment 

632, 637, 644. 

analysis 95-101 

Electron affinity, atomic 9 

10, 12, 302 

basic processes 798-8M 
negative ion formation 807, 812- 

potential energy curves 814-816 
Electron-beam technique 796, 798 

for determination of dissociative 
attachment cross-sections 804 

814 

Electron bonding 7 
Electron correiation 2 
Electron cyclotron resonance method, 

for study of thermal electron 
reactions 817 

Index 

Electron-diffraction measurements, for 
CBr,=CBr, 966 

for halohydrins 289 

lengths 52 
Electronegativity, etFect on C-X bond 

of halogens 302 
of triha!omethyl groups 919 

Electronic absorption spectra, of halo- 
genated ethyleries 29-31 

Electronic properties, calculation of 
of halogen molecules 13 

2, 3 
of the halogens 8-14 

of haloacetylenes 31, 32 
Electronic spectra 8 

Electronic structure, of haloalkynes 

Electron interaction 38 
Electron reactions, with halocarbons 

Electrons, ‘dry’ 829, 831 

31-37 

798 

epithermal 816 
free 797, 825 
hydrated 825, 529 
non-thermal 797 
secondary 797 
solvated 825-828, 830, 831 
subexcited 797, 798 
thermalized 797, 798, 817 
trapped 825, 831 

7r Electrons, of an aromatic system 37 
Electron scavengers, carbon tetra- 

chloride as 851 
halocarbons as 796 

Electron scavenging 816-831 
gas-phase 817-819, 835 
non-polar liquids 81 9-825 
polar liquids 825-830 
solids 830, 831 

Electron screening constants 20 
Electron spin resonance 4 

observation of anion radicals 1016 
spectra of alkyl iodides 557, 858 
spectra of perchlorinated radicals 

spectrum of polycrystalline CCI, 

studies in organic solids 838 
study of glassy systems 830, 831 

962, 963 

850 



Electron-swarm technique 796, 
798 

for determination of dissociative 
attachment cross-sections 804 

Electron transfer reactions 798, 819, 
826, 832 

Electrooxidation-see Anodic oxida- 
tion 

Electrophilic additions, leading to 
/i?-haiocarbonium ions 331- 
338 

to haloethylenes 325-327 
Electrophilic aromatic substitution, 

effect of halogers on rates 
344-350 

Electrophilic catalysis 454-456 
Electrophilic substitution, at carbon 

by halogen at saturated centres 

by halogen at unsaturated centres 

classificatory symbols 414 
definition 41 2 
of halogen at saturated centres 

of halogen at unsaturated centres 

479 

526-53 1 

490-522 

531-535 

522-526 
Electropinacolization 1000 
Electroreduction-see Cathodic reduc- 

Elementary analysis 68-104 
tion 

by nuclear activation 71-75 
by organic halogen mineralization 

by X-ray spectroscopy 69, 70 
from emission spectra 76-78 
from mass spectra 78-80 
using an electron microprobe ana- 

80-1 04 

lyser 71 
Elimination-addition processes 466 

between t-butyl bromide and halide 
ions 420 

in nucleophilic substitution of halo- 
gens at unsaturated centres 
477, 478 

Eliminationreact ion--see also p-Elimi- 
nations 

/%Eliminations, base strengtb, effect or. 
E2 transition state 624-626, 
628, 629, 635, 638, 639, 641, 
655 

effect on orientation of eliinination 
628 

eclipsing effects 627, 632, 637, 644 
gauche interacriom, effect of 626, 

ion pairing in 625, 640, 648, 651, 

mechanisms 61 1 
borderline 659 

ElcB 623, 631, 647-659 

E2C 629, 640-647 

of 641, 642, 647 

630, 639 

655-658, 660, 661, 664-667 

El 659-667 

E 2  611-647 

nucleophilicity of base, importance 

potential energy profiles 618, 623 
reviews 610 
salt effects on 666 
solvent, effect on E2 transition 

state 624, 62.5, 628, 629, 635, 
638 

as a criterion of an ElcB mechan- 

in bicyclic rings 631-633 
in cycIohexy1 rings 630-633,538, 

in medium rings 634-637, 664, 

in open-chain compounds 638- 

in skew boat conformation of 

in small rings 630-633 

stereochemistry 630-640, 642 

ism 648 

661-664 

665 

640, 661 

cyclohexyl rings 632, 662 

stereoelectronic effects, importance 

steric effects in 626-630, 637, 638, 

substituent effects, interpretation of 

transition state in E2 eliminations 

of 632, 639 

641,643, 646, 660 

617-624. 642-644, 653. 654 

61 2-625, 627-629, 632, 639, 
641,642, 645, 646 

El mechanism 659-667 
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reductive 150-1 54 El cB mechanism 623, 631, 647-659 
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E2 mechanism 61 1-647 Favorsky rearrangement (corzt.) 

E2C mechanism 629, 640-647 1085, 1086 
Emission spectra, for elementary analy- from dihaloketones 1088-109 I 

transition state in 612-625 from aliphatic monohaloketones 

sis 76-78, 115 from polyhaloketones 1091- 
of organic molecules 74 1093 

metal-sensitized 76-78 homo- 1099 
Energy, calculated for fluorocarbo- mechanism of 1093-1097 

in mechanism studies 409 of a-haloketimines 1101 
nium ions 311 of a-haloketals 1099, 1100 

Energy diagram 410,41i, 439 photo- ?C?9 
Energy of solvation 410 quasi- 1097, 1098 
Energy transfer, in radiation chemistry F-F bond strength 1054, 1055 

834-836 Field effect, of halogens 305 
Enthalpy, of halogenation 556-559 Fiaishing procedures, for mineralized 
Enthalpy change, in hydrogen-bonded samples-see Mineralization, 

o-halophenols ?,78, 282 finishing procedures for 
Entropy, in mechanism studies 409 Five-centre mechanism, of C-ha1 bond 
Entropy effect, on hydrogen bonding cleavage 738 

Episulphone intermediate, in a-mono- 
267 Flame ionization detectors 77, 11 1 

Flame spectrophotomet;y, as ‘finger- 
halosulphone reai-rangement print’ of organic compounds 
1108 76 

Epoxides, chlorination of 573 Flash photolysis 771 
Equilibrium, in halogen exchange re- Fluorescence 835 

actions 460 quenching of 836 
Equilibrium distance 12, 13 Fluorination 493-495, 602, 603 
Esters, chlorination of 571, 584. of alkanes 554, 558, 559, 602 

formation in halide analysis 123, 5-Fluorouracil 904, 905 
124 Four-centre mechanism 730-737 

Ethers, as  soIvents in chlorination of hydrogen halide elimination, from 
569 ally1 and benzyl halides 716- 

chlorination of 572, 573, 584 718 
formatiofi in halide analysis 121 from cycloalkyl monohalides 
reaction with hydrogen halides 714 

462,463 from monohalo hydrocarbons 

exchange reactions from a,a- and a,&polyhalo hydro- 
synimetricd 41 8, 41 9 carbons 697-704, 732 
unsymmetrical 419, 421 Fragmentation processes, of a-alkoxy- 

Exchange reactions-see also Halogen 693-697, 731,732 

Excited states, in radiation chemistry alkyl radicals 573 
834-836 of benzyl halides 253-257 

of t-butoxy radical 575 
of haloalkenes 243-245 

Favorsky rearrangement 1084-1 101 of halobenzenes 250-253 
for synthesis of carboxylic acids of monohaloalkanes 229-236 

1085-1 093 of perchlororaryl organornetalli 

1086-1088 of poIyhaIoalkanes 236-239 
from alicyclic monohaloketones compounds 960 
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799 in cycloalkane derivatives 71 1- 

in ethane and higher a!kane deri- 

Franck-Condon principle 7, 29, 37, Gas-phase pyrolysis (cont.) 

Franck-Condon region 801 715 
Free energy, linear relationships 576, 

589, 598, 1018, 1019 vatives 693-710 
Free ion yield 819, 820, 823, 826, 830 in fluoroacetic acids 726 
Frequency factors 420 in halogenated ketones 725, 726 
Fritsch-Buttenberg-Wiechell re- in methane derivatives 691-693 

arrangement 1082, 1083 in vinyl halides 715, 716 
Functional analysis, by direct dis- surface sensitivity 680 

placement of halides 1 19-1 32 thermocheniical kinetics 682-690 
by displacement via organometallic unimolecular reactions 690-728 

intermediates 132-134 Gauche interactions, effect on /3-elimi- 
by elimination of hydrogen halide nations 626, 630, 639 

134-143 Gem-dialkyl effect 643 
by oxidation 154, 155 Geminate ion yields 820, 823, 826 
by polarography 158-1 67 Geminate recombination 819, 851, 
by reduction 143-154 855 
using acid-base properties 1 5 6 1  58 Geometry, of halocarbonium ions 3 13 
using dipole moment 171, 172 of halomethyl radicals 19 
using infrared spectra 178-1 86 Glasses, ionic processes in CCI., 850 
using n.m.r. spectra 186-195 scavenging processes in 830, 83 1 
using n.q.r. 195-197 Glycosyl halides, nucleophilic substi- 
using optical properties 173-1 77 tution of halogen 482 
using ultraviolet spectra 172 Griseofulvin 873-875 

Fungal metabolites, containing chlor- biosynthesis of 875, 877, 879 
ine 869-880 Ground state, of benzyl halide molecu- 

biosynthesis of 877-880 lar ions 250 
structural types 870-873 of haloalkene molecular ions 243 
with antibiotic activities 873-877 of halobenzene molecular ions 250 

Fusion methods, agents for 86 of monohafoalkane molecular ions 

of polyhalomethane molecular ions 
for organic halogen mincralization 227-229 

85, 86 
229 

Group additivity values 1050, 1051 
Gas c'hromatography, in molecular 

analysis 106, 108-112 
Gas-phase pyrolysis, kinetic studies Half lifetime, of halogen nuclear pro- 

680-682 ducts 75 
mechanism 729-739-ae ulso Half-wave reduction poiimtials, for 

Mechanisms of pyrolysis aliphatic mono- and bicyclic 
of carbon-halogen bond, in acyl bromides 985 

halides 722-724 for bis(halomethy1)benzenes 1012, 

721 for bridgehead bicyclic dihalides 
in ally1 and benzyl halides 716- 101 3 

in aromatic halides 721-723 101 1 
in benzoyl halides 724 for bromoacetic acids 997 
in chloroethers 728 for bromoolefins 9?1 
iil chloroformates 726-725 for chloroacetic acids 998 
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Half-wave reduction potentials (cuizr.) 
for lY2-dibromides 1001, 1002 
for 1,w-diha!ides 1008, 1009 
for halides 983 
for halomethanes 982 
for phenacyl derivatives 983, 

Halide ions, thin-layer chromato- 

Halide responsive electrodes 97-101 
Eaiides, argentcmetry of 91 

984 

graphy r?f 94, 95 

electromeric Iiiethods of analysis 

mercuriometry of 92 
mixture, analysis 100-1G3 
oxidation to free halogen 85 
spectrocolorimetry of 90, 91 

95-101 

Halo~cetamides, photochemistry of 

Haloacyl halides, infrared spectra 

Haloalcohols, by chlorination 572 

768-771 

183, 184 

geminal halide, cathodic reduction 
of 161,997 

infrmed spectra 183 
toxicity of 903 

Haloaldehydes, infrared spectra 182, 
183 

Haloal kanes-see also Cyclohaloal- 
kanes, Haloethanes, Halome- 
thanes, Monohaloalkanes and 
Polyhaloalkanes 

anodic oxidation of 1037-1039 
barriers to internal rotation 23-25 
bond lengths 21, 52, 54, 60 
bromination of 590-595 
cathodic reduction 158-160, 985, 

986, 1007, 1008 
stereochemistry of 1024-1028 

13C chemical shifts 193 
chlorination of 571, 572, 584 
chromatographic sqariticn 10s 
complex formation with Lewis acids 

cyclization of 138, 139 
determination of 126 
dissociative electron attachment 

cross-section 809. 81 1. 812 

293, 294 

Hdoalkanes (cant.) 
elimination of hydrogen halide from 

formation from alcohols 463-466 
gas-phase pyrolysis 690-715 

134-138, 693-704 

four-centre HX elimination 693- 

structural effect 710, 71 1 
via radical reactions 704-709 

inductive effect and dipole moments 

infrared spectra 180 
isomerization 848 
m a s  spectrometry of 168-170 
nuclear quadrupole spectra 197 
oxidation of I54 
photochemistry of 751-758 
proton chemical shifts 187 
radiolysis of 855-858 
reduction of 143-145 
relative reactivities in SN2 reactions 

solvolysis of 440, 455 
toxicity of 798, 895-897 
ultraviolet absorption properties 

749 
Haloalkenes-see also Ally1 halides, 

Haloethylenes, Perhaloalkenes 
and Vinyl halides 

anchimeric assistance in [M-X]+ 
ion formation 246 

bond lengths 29, 54, 60 

electronic spectra 29-31 
electrophilic additions to 325-327 
fragmentation processes, energies 

and intensities 243-245 
from cyclopropyl halides 71 1 
ground state of molecular ions 243 
half-wave potentials 991 
heat of formation 1062 
ionization potentials 243 
photoelectron spectra 25-29 
rearrangement ions 245 

704 

19-22 

416,417 

variations in 50 

Haloalkyl anions, reactivity of 361- 
364 

Haloalkylbenzene, fornied by halo- 
genation 569, 570. 589 

electronic properties of 14-19 Haloalkyl radical 579 
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Haloalkynes, bond lengths 60 Halobenzcfies (cont.) 
electronic structure 31-37 nuclear quadrupole spectra 197 
infrared spectra 178, 185, 186 nucleophilic substitution reactiofis 
nuclear quadrupole spectra 197 784 

or-Haloamides, infrared spectra 185 photoelectron spectra 40-43 
rearrangement of 1 104, 1 105 radiolysis of 845 

N-Haloamides, bromination with reduction of 783 
555,595 ultraviolet spectra 37-41, 749 

chlorination with 580, 582, 583 Halobenzoic acids, cathodic reduction 
Haloamines, azid-bGc properties of 994,995 

156-158 infrared spectra 184 
chromatographic separation 105 Halocarbonium ions, calculated rota- 
ring closure 428 tional barriers 312 

N-Haloamines, chlorination with 584 geometry 3 13 
Haloanilines, acidity of 157 heat of formation 311 

boiling and meiting points 269,270 relative stability 313 
cathodic reduction of 995 stabilization energy relative to CH,f 
dipole moment 284 310 
hydrogen bonding in 272, 283-285 total energy 311 
pK, values 304 B-Halocarbonium ions, via halogen 
viscosities 271 addition 331-338 

Haloaryl anions, reactivity of 366- w-Halocarbonium ions, influence of 

Halobenzaldehydes, boiling and melt- Halocarboxylic acids, acid-base pro- 

Halobenzenes-see also Hexahaloben- gas-phase pyrolysis 726 

anodic oxidation 1039 potential 997, 998 
as solvent for chlorination 577 infrared spectra 179, 183, 184 
boiling and melting points 269 metabolism and toxicity 897-900 
bond lengths 60 pKa values 303 

cathodic reduction 164, 993, 994, polarographic 161, 166 

374 halogen substitution 340-344 

ing points 269,270 perties 156-158 

zenes geminal halides, half-wave reduction 

variations in 50 reduction of 145-147 

1007 Halocarboxylic esters, cathodic reduc- 
carbanion intermediate 1020 tion of 988 

chromatographic separation 108 hydrogen halide elimination 143 
dissociative electron attachment infrared spectra 184 

cross-section 810, 812 Halodicarboxylic acids, cathodic re- 
fragmentation processes, intensities duction of 1003 

and energetics 250-253 Halodicarboxylic esters, cathodic re- 
gas-phase pyrolysis 721-723 duction of 1003 
hydrogen exchange rate 358 or-Haloepoxides, rearrangement of 

isomerization 37&372,478, 1072 Haloethanes, barrier to internal rota- 
mechanism of formation of [M-XI+ tion 23-25 

molecular ions, ground state of 250 infrared spectra 179 

negative ion formation 258 produced by radiolysis 846 

ionization potentials 250 1101-1104 

ions 250,251 gas-phase pyrolysis 693-710 

intensities of 252 metabolism and toxicity 896, 897 
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a-Haloethers, gas-phase pyrolysis 
728 

from epoxides 573 
from ethers 572 

reduction of 150 

tion 568 

193 

13-Halcethers, oxidation of 154 

Haloethylenes, as solvents in chlorina- 

13C magnetic resonance spectra 

electronic spectra 29-31 
hydrogen exchange rate 355 
infrared spectra 179 
ionization potentials 966 
metabolism and toxicity 896 
photoelectron spectra 25-29 
reaction with alkoxides 478, 480 
reaction with aromatic arnines 

Haloformates, g‘as-phase pyrolysis 

Halogenating agents 501, 502 

475 

726-728 

halogens= 552-554 
other than halogens 555, 573-584, 

Halogenation-see also Bromination, 
Chlorination, Fluorination arid 
Iodination 

595-601, 756 

at unsaturated centres 495-522 
enthalpy of 556-559 
of hydrocarbons 379-385,491 
rate laws for 560-564 
reaction paths 492 
specificity and kinetics of 559, 560 
stereochemistry of 389-395 

w-Halogenation, effect on acidity 

Halogen atom 849 
157 

abstractions 840, 841 
charge-transfer complexes 832-834, 

recombinations 854 
‘Halogen dance’ 1072 
Halogen exchange reactions 46G- 

462,487 
between radio-chlorine and CCI, 

849 
orders of reactivity 461 
using radioactive iodine 694 

844,845,850, 851, 857 

.t Index 

Halogen hydrides-see Hydrogen 

Halogen-nietal exchange reactions 
halides 

534,535 
Halogen migration, in bromoketones 

1075 
Halogen molecule anions 13 
Halogen molecule cations 13 
Halogen np orbitals 36 

conjugation of 17 
Halogenodeacylation 521 
Halogenodealkylation 520, 521 
Halogenodeboronation 520 
Halogenodecarboxylation 520 
Halogenodeprotonation 525 
Halogenodesilylation 519, 520 
Halogenodestannylation 520 
Halogenodesu!pt..onation 520 
Halogen radicals, barriers to inversion 

by dissociative electron attachment 

reactions of 843 

378 

837 

Halogeno-substi tuted aliphatic acids- 
see Halocarboxylic acids 

Halogeno-substituted aromatic acids 
-see also Halobenzoic acids 

pK,values ?04 
cr-Halogeno substitution, effect on 

&Halogeno substitution, effect on 

Halogens, addition to olefms 331-338 

solvolysis 327-329, 

solvolysis 329, 330 

anchimeric effect of 308, 309 
as leaving groups 469, 470 

641, 645, 654, 656, 660 
in 8-eliminations 613, 627, 628, 

electron affinity 10, 12, 302 
electronegativities 302 
electronic properties of 8-14 
electrophilic substitution by 490- 

electrophilic substitution of 522- 

field effect of 305 
halogenation by 522-554 
hyperconjugation of 307 
inductiw pEect 3‘35 
ionizawii potenriai 

522, 526-531 

526, 531-535 

9, 10, 35, 302 



Halogens (co;??.) 
nucleophilic substitution by 460- 

nucleophilic substitution of 415- 

resonance effect of 306 
substituent constants 305 

surements 289 
hydrogen bonding in 287-290 
infrared spectra 287, 288 
reduction of 150-153 
ring closure 428 

466,487-490 

460,466-487 

Halohydrins, electron-digraction mea- 

Halohydroxycarbonium ion 486,487 
a-Haloketals, rearrangement of 1099, 

a-Haloketimines, rearrangement of 

Haloketone effect, in optical activity 

Haloketones, cathodic reduction of 

1100 

1101 

5, 175, 176 

167, 987, 1010 
stereochemistry 1024 

dipole moments 172 
Favorsky rearrangement 1085- 

gas-phase pyrolysis 725, 726 
homo-Favorsky rearrangement 

b.ydrogen halide elimination 142, 

infrared spectra 180, 182, 183 
isomerization, of a-hale 1074- 

photochemistry of 765-768 
photo-Favorsky rearrangement 

quasi-Favorsky rearrangement 

reduction of 145-147 
ultraviolet absorption properties 

Halomethanes, as brominating agent 

1093 

1099 

143 

1077 

1099 

1097, 1098 

172,750 

597, 601 
as solvent in chlorination 568 
bond fciigths 52, 303, 307 
bromination of, with bromochloride 

601 

Halomethanes (coizt.) 
chlorination of, with r-butyl hypo- 

deuterium exchange rate 351 
dipole moments 22 
dissociative electron attachment 

electronic properties 14-19 
lgF magnetic resonance 194 
formation of 601 
fragmentation processes, energetics 

and intensities 236, 242 
gas-phase pyrolysis 691-693 

chlorite 575 

cross-sections 808, 81 1, 812 

hydrogen halide elimination 691, 

radical reactions 692, 693 
heat of formation 1056-1061 
hydrogen exchange rate 351 
infrared spectra 178 
ionization potential 229 
metabolism and toxicity 895, 896 
molecular ions, ground state of 229 

negative ion formation 257, 258 
nuclear quadrupole spectra 97 
photoaddition to olefms 755 
polarographic studies 161, 965, 

radiolysis of 849-855 

692 

intensities of 242, 243 

982, 1000 

Halomethanesulphonyl radical 575, 

Ha lomet hyl cat ions-see Halocar- 

Halomethyl radicals 18, 19, 567 

579, 601 

bonium ions 

barriers to inversion 378 
bond angles iri 378 
coupling of 564 
in bromination 597-599, 601 
reaction with r-butyl hypochlorite 

Halonitriles, cathodic reduction of 
564 

1006 
infrared spectra 179, 186 

Halonitroalkanes, pzi, values 352 
Walonitromethanes, cathodic reduc- 

Walophenols, acidity of 157 
tion of 987 

boiling and melting points 269.270 

Subject Index 1201 

I3C coupling constants 303 cathodic reduction of 995 
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Halophenols (cont.) 
dipole moments 172, 279, 280 
hydrogen bonding in 272-283 
infrai-ed spectra 183, 275, 277, 278 
pK,values 304 
protonmagneticchemical shifts 281 
viscosities 271 

Halophenylcarbonium ions, pKR+ 

Halostyrenes, formed by electrophiiic 

N-Halosuccinimide, bromination with 

a-Halosulphonamides, rearrangement 

Halosulphonyl radical 574, 575 
Halotoluenes-see also Perhalotoluene 

boiling and melting points 269,270 
mechanism of formation of [M-XI+ 

Halovinyl anions, reactivity of 364- 

P-Halovinyl cations, infiuence of halo- 

Hammett acidity function 497 
Hammett equation, for correlation of 

structural influences 472 
Hammett linear free energy relation- 

ship, for bromination of toluene 
589 

values 315 

substitution 504, 520 

595-397 

of 1109,1110 

ion 251 

366 

gen substitution 338-240 

Hammett p-vdue 496, 519 
in /3-ehninations 612-614, 622, 

625, 639, 642, 654 
Hamrnett U-value 829 
Hammond postulate 617, 621, 64: 
Hartree-Fcck molecular orbitals 8 
HartreeFock-Roothaan procedure 

Harirec-Fotk ECF orbitals 7-9 
Heat of formation, calcukted for 

11 

fluorocarbonium ions 3 11 

1061 
of bis-trifluoromethyl peroxide 

of carton tetrachloride 1056, 1057 
of chlorofluoromethanes 1057- 

of chloroolefks 1062 
of trifluoromethoxy radicai 1062 
tables of values 1063-1067 

1061 

Heavy-atom eflect 4 
Heptahalotropylium ion 924, 925 
Heteroaromatic halides, photo- 

chemistry of 787-789 
Heterolysis, rate-determining step in 

nucleophilic aromatic substitu- 
tion 474,475 

Hexahalobenzenes 926-928 
nucleophilic substitution of 926, 

High frequency titration, for halide 

Hoffmann-Loiffler reaction 584 
Hofmann rule 625-630, 644, 645 
Homo-Favorsky rearrangement, of j3- 

haloketones 1099 
Homolytic additions 385-389 
Homolytic substitution 379-385 

aromatic 395-397, 782-784 
mechanisms of 550-604 

‘Hot’ radicals 752 
Huckel calculations, extended 40 
Hiickel methods 2 
Huckel theory 38 
Hybridization, of carbon atom 53 
Hydrocarbons-see Alkanes 
Hydrogen atom, abstractions 840, 

reactions in organic systems 843, 

reaction with halocarbons 840 

927 

analysis 96 

842, 844 

844 

Hydrogen bonding, by polyhalo- 
genated hydrocarbons 297, 
298 

evidence for 268-272 
factors influencing formation of 

267,268 
in o-haloanilines 272, 283-285 
in halohydrins 287-290 
i i i  s-hz!ophenols 272-283 
intermolecular 290, 291 
intramolecular 272 
involving fluorine 455 
of phenol to cyclohexyl halides 

309 
Hydrogen exchange, as a criterion of 

carbanion intermediate in /3- 
elimination 648,649,653,655- 
657 
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Hydrogen exchange (cont.) Hyperfine splitting 838 
of halobenzenes 358 Hyperthyroidism 880 
of haloethylenes 355 Hypothyroidism 880 
of polyhaloalkanes 354 
of polyhalomethanes 3.51 

alkyl halides 134-140 in halobenzenes 36, 39 
from ally1 and benzyl halides, foix- 

centre 7 16-7 18 472 
six-centre 718, 719 of alkyl halides i9-22 

from ary: >Aides 140, 141 cf halogens 305,425 
from cydoalkyl monohalides, four- Inductive perturbation 39 

centre 714 Infrared spectra, carbon-halcgen vi- 
from diarylhaloetkylenes 1082, brations 179 

1083 in analysis 115, 178-186 
from halocarbonyl compounds of alkyl halides 180 

141-143,725, 1083, 1084 of bromal hydrate 289 
from halomethanes 691, 692 of chloral hydrate 289 
from monohaloalkanes, four-centre of /%haloalcohols 183 

693-697, 731, 732 of halogenated acetylenes andcyano- 
from &,a- and aY/3-polyhaloalkanes, gen halides 185, 186 

four-centre 697-704, 732 of halogenated carboxylic acids and 
from vinyl halides i40 derii,atives 183-185 
in functionai analysis 134-143 of halogenated ketones and alde- 

Hydrogen halides, electronic properties hydes 180, 182, 1S3 
14 of halohydrins 287, 288 

elimination 278 

576 of perhalocarbons 963 

462,463 Initiation, effect on rate laws 562 

563 Insecticides, chromatographic separa- 
Hydrogen shifts 454 tion 105 
Hydrolysis, of acyl halides 484, 485 metabolism of, involving dechlorina- 

of benzoyl halides 484,485 tion 907-910 
of halides, h analysis 119-121 without dechlorination 905, 906 

Hydroxyl group, replacement by halo- photolysis of 758 
gen 463466 Interatomic distances, in monohalo- 

Hydroxyl radicals, reactions of 838, acetylene radical cations 37 
839 Interhalogen compounds, vertical 

Hydroxyphenyl halides, infrared spec- ioni7ation pstential 35 
tra 178 Intermediates, in S,l reactions 440, 

matic substitution 472 in study of reaction mechanisms 
involving the H-0 bond 508 409 
of fluorine 307 Internal rotation, in haloalkanes 22- 

Hydrogen halide elimination, from Inductive effect, in haloalkenes 26 

in nucleophilic aromatic substitution 

elimination of-see Hydrogen halide of o-halophenols 1&;, 275, 277, 

reaction with t-butyl hypochlorite of nitro-halo compounds 186 

reaction with ethers and alcohols of Vinyl halides 180-182 

reaction with methyl radical of chain reactions 551 

Hyperconjugation, in nucleophilic aro- 447,453 

Hyperconjugative eEect 427 25 
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resonance energies of 807 409,415,416 

Internuclear distance, in halogen mole- 
cule cations 13 

in halogens 10 
Intramolecular nucleophilic substitu- 

tion, of halogens at saturated 
centres 427-429 

Inversion barriers, of halogeno radicals 
378 

Iodination 498, 499, 501, 603, 604 
of methane and toluene 558, 603 
of thyroglobulin 884-887 

Iodine exchange 533, 534 
Iodine monochloride 604 
Iodobenzene dichloride, as chlorinat- 

complexing properties with chlorine 
ing agent 581 

atoms 581 
Ion aggregates 444, 445,461 
Ionic reactions 832-834, 850, 855 
Ionization, of alkyl halides 444 

photo- 6 
primary 797 

adiabatic 6 
atomic 9 
of benzyl halides 250 
of haloalkanes 228, 229 
of halodkenes 243, 966 
of hdobenzenes 250 
of halogen molecules 9, 10, 302 
of halomethanes 16, 17, 229 
of hydrogen halides 14 
vertical 6, 7, 15, 25, 35 

as htermediatcs 355 
formation in monohaloalkanes 

free 797 
geminate 797 
in j3-eliminations 625, 640, 648, 

intimate 444, 450 
solvent-separated 444, 450 

Ionization potential 12, 32, 797 

Ion pairs 444 

259,260 

651,655-658,660,661,664-667 

Ions, negative 797, 798, 831, 
832 

autoionization 828 
lifetime of (RX-)* 799 
long-lived 81 3 

ions (cont.) 
short-lived 812, 813 

positive, reactivity of scavengers 

reactions of-see ionic reactions 
Isomerization, of alkyl chlorides 

855 

848 
or aryl halides 1072-1074 
of cyclopropyl halides 71 1 
of =-haloketones 1074-1077 
of polyhalogenobenzenes 370-372, 

with skeletal rearrangement 1077- 
478 

1079 
Isotope effect, 12C : I4C 421 

central carbon atom 422 

in bimolecular nucleophilic substi- 
tution of halogens 421423 

in &eliminations 615-617 

3 5 ~ 1 :  37c1 421 

heavy atom 617,622, 625 
primary hydrogen 615,622,625, 

E.34, 635, 639, 645, 635, 649, 
655, 656, 660, 664 

secondary hydrogen 617, 664 
solvent 616, 622, 648, 649 

in iodination 498 
in nucleophilic aromatic substitution 

in SN2' reactions of allylic halides 

inverse 422 
mechanism indicator 415,457,498 

Isotopes, naturally occurring 79 
Isotopic labelling, and the stereo- 

chemistry of /?-eliminations 
634, 661, 662, 664 

Isotopic peaks, for carbon 80 

of aromatic halides 471,472 

432,433,435 

for halogens 78 

Jahn-Teller interaction 17 

Ketones, as solvents for chlorination 
577 

chlorination of 573 
Kinttic criteria, in mechanistic study 
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Kinetic isotope effect-see Isotope 

effect 
Kinetic shift 225 
Kinetic studies, of pyrolysis of C-X 

Koopnian’s theorem 7, 9, 26, 32, 43 
bonds 680-682 

LCAO-MO scheme 2 
Leaving groups, halogens as 469, 

470 
in &eliminations 613, 627, 628, 

641, 645, 654,656,660 
in eliminations 622, 627, 628, 635, 

638, 641, 642, 645, 646, 652, 
654, 656, 660 

LET radiation 820, 849 
Lewis acids, as catalysts in FIX/ether 

complex formation with carbon- 
reaction 462 

halogen compounds 292-295 
Localized orbitals 7 
Lone-pair repulsion 350 
Loose and tight transition states, in 

Mass spectrometry, for analysis 78- 
eliminations 618, 621 

80, 114, 168-!.71 
of alkyl halides 168-170 
of aromatic halides 170 
of carbon-halogen bond 223-260 
of perchIoro- and perbromocarbon 

of polyhalogenated compounds 

of positive ion-molecule reactions 

study of ionic processes 855 

compounds 960-962 

170, 171 

832 

Maxwell distribution, of electron 

Mechanisms, classification 40941 5 
energies 816 

of cathodic reduction 981, 1015- 

of p-elimhation 61 1 
1022 

El 659-667 
E2 611-647 
ElcB 623 
E2C 629 

of pyrolysis 729-739 
five-centre 738 

Mechanisms (cont.) 
four-centre 693-704, 714, 71 6- 
718,730-737 

six-centre 718, 719, 738, 739 
three-centre 729 

Mercuriometry, of halides 92 
Merged elimination 640, 642, 659 
Metabolism, of cornpounds related to 

fluoroacetic acid 900-903 
of fluoroacetic acid 897-900 
of 5-fluomuracil 903, 905 
of halogenated Iiydrocarbons 895- 

of pesticides 905-.910 
of synthetic bromine-containing 

compounds 895 
of synthetic chlorine-containing 

compounds 892-894 
of thyroid hormones 891, 892 

Metallation, of halides 532, 533 
Metal-sensitized spectra 76-78 
Microwave spectra, i r ~  cnalysis 114, 

115 
Mineralization of organic halogen, 

elementary analysis via 80- 
104 

897 

by fusion methods 85, 86 
by oxidative digestion 86 
by oxygen flask combustion 82- 

by oxygen-hydrogen flame 85 
by photolysis 87 
by reductive digestion 86, 87 
by solvolytic digestion 87 
sing combustion tube 81, 82 

finishing procedures for 87-104 
using alkalimetric and acidiinetric 

using ampiification reactions ?Z, 

using chromatography 94, 95 
using colour indicators 88-92 
using electromeric methods 95- 

using precipitation methods 88 

using distribution properties 105- 

using spectral properties 

84 

titration 87, 88 

93 

101 

Molecular analysis 105-1 15 

114 
114, 1 I5 
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Molecular ions, of benzyl halides Nitrobenzene, as solvent for chlorina- 
250 tion 570 

of halobenzenes 250 Nitrodehalogenation 523 
intensities of 252 Nitrogen-containing heterocycles, 

of haloalkenes 243 halogenated, chromatographic 
of monohaloalkanes 227-229 separation of 105 

intensities of 234 monohalo-, cathodic reduction of 
of polyhalomethanes 229 164 

intensities of 242, 243 perhalogenated 930-934 
Molecular orbitals 8 Non-dissociative electron attachment 

'non-bonding' in halobenzenes 40 824 
T 28, 36, 37 Nuclear activation, for elementary 
u 26, 28 analysis 71-75 

Monohaloalkanes, four-centre HX of the halogens 73 
elimination from 693-697 Nuclear magnetic resonance spectra, 

fragmentation processes 229-236 for estimation of rotational 
energetics of 230-234 barriers 25 
intensities of 230, 233, 235 for study of intramolecul2r hydrogen 

ionization potentials 228, 229 bonding 281, 282 
ion-pair formation 259, 260 in analysis 186-195 
mechanism of forniation of 13C 192 193 

[M-HX]+' ions 231 19F 194 195 
mechanism of formation of lH 186-189 

[M-XI+' ions 231 Nuclear quadrupole coupling con- 
molecular ions, formation of 257, stants, of halogen molecules 

258 10 
ground state 227-229 Nuclear quadrupole resonance spectra 

negative ion formation 259, 260 3 
ar-Monohalosulphones, rearrangement l9F 4 

of 1105-1109 in analysis 195-197 
mechanism 1108, 1109 of organic halides 197 
synthetic ur;e 1105-1 108 of perhalocarbons 957-960 

Morse function 814 Nuclear spin, of organic elements 

Mossbauer spectroscopy, of bonded Nucleophilic addition, tG substituted 

Multiplet ana1ysis 78-80 Nucleophilic substitution, by hzlogens 

by halogens at unsaturated centres 

modified 814 79 

iodine 3, 4 beilzynes 367-370 

at saturated centres 460366 

Natural abundance, of organic ele- 487-490 

Neighbouring group effect-see Anchi- definition 412 

Neopentyl halides, pyrolysis of 709, of halogens at saturated centres 

Net charge 20 bimolecular radical-ion processes 
Nitriles, as solvcii:~ for chlorination 

577 bimolecular (Sh2) processes 

ments 79 classificatory symbols 414 

meric effect in excited states 784-786 

710 41 5-460 

429432 

chlorination of 571. 415427 
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Nucleophilic substitution ( c m t . )  

bimolecular with rearrangement 

electrophilicallyassisted 454-456 
intramolecular processes 427- 

mixed and multi-stage mechanisms 

SN2(C+) mechanism 446 
unimolecuIar (S.1) 4364.45 
unimolecular with internal nu- 

cleophilic participation 447- 
452 

unimolecular with neighbouring 
carbon or hydrogen partici- 
pation 452454 

of halogens at unsaturated centres 
466-457, 926, 927 

bimolecular mechanism 466-469 
coordination-heterolysis sequence 

elimination-addition sequences 

involving addition-elimination 

involvhg rearrangement 478,479 
unimolecular mechanism 475- 

(SN2’) 432436 

429 

456-460 

469-475 

477,478 

sequences 479,480 

477 

c)ccam’s razor 467 
Octahalocyclooctatetraene 925, 926 

n.q.r. study 958 
Octant rule 5 
Olefins-see Alkenes 
Optical activity, haioicetone effect 5 
Optical rotation, use in analysis 173- 

Optical rotatory dispersion, use in 

Orbital basis 2 
Orbitals, antibonding 11, 28 

bonding 11 
delocalized 7 
localized 7 
‘nm-bonding’ 40 
of symmetry 26 
?rand=* 31 

175 

analysis 175-177 

Organic electrochemistry 980-1 040 

Organometallic compounds, formation 
of, by metallation of halides 
532, 533 

during electroreductioii of carbon 
-halogen compounds 1034- 
1036 

halogenation of 530, 531 
use in halide analysis 132-134 

Orton rearrangement 532 
Overlap population, in flucromethanes 

16 
Oxidation, as a means of analysis 

154, 155 
Oxidative digestion, for organic halo- 

gen mineralization 86 
Oxoniurn ion 462 
Oxygen flask combustion, for organic 

halogen mineralization 82-84 
Oxygen-hydrogen flame, for organic 

halogen mineralization 85 

Paenecarbanion 612 
Paenecarbonium ion 612 
Paper chromatography, for detection 

of iiitramolecular hydrogen bonds 
283 

Pentahalocyclopentadienide anion 
923, 924 

Pentahalocyclopentadienide cation 
922, 923 

Pentahalophenyl group, uI and 
cRO su bstituent parame ters 
919 

Pentahalophenylmercury compounds 
949 

Pentahaiophenyl-transition metal com- 
pound 945, 946 

Pentahalopyridines 930, 931 
Peduoroacyl halides, photolysis of 

Perfluoroalkane, ISF magnetic reson- 

PeAuoroalkenes, C=C stretching fre- 

Perfluoroalkyl halides, ‘@F magnetic 

Perfluoroaromatic compounds, anodic 

764 

ance 195 

quencies 182 

resonance 194, 195 

oxidation of 1040 
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Perfluoro effect 26, 28 
Perfluoro radical, in dissociative elec- 

Perhaloalkenes, reaction w::h Ni, Pd 

Perhaloaralkyl radicals 936, 937 
Perhalo-a yomatic compounds 926- 

921) 
Perhaloaryl organometallic com- 

pounds, fragmentation patterns 
of 960 

troil attachment 837 

and Pt 947 

Perhalocarbanions 935,936 
Perhalocarbon derivatives of group IV 

A elements 941-945 
reactions 943-945 
synthesis 94 1-943 

Perhidocarbon derivatives of transition 
metals 945-948 

.rr-bonded 947,948 
c-bonded 945-947 

Perhalocarbonium ions 935 
Perhalocarbon lithium reagents 938- 

940 
preparation 938 
thermal stability 940 

Perhalocarbon magnesium reagcnts 

Perhalocarbon mercury reagents 

Perhalocarboas, dipole moments 964, 

941 

948-950 

965 
eIectron diffraction 966 
e.s.r. spectra 962, 963 
infrared spectia 963 
ionization potentials 966 
mass spectra 
nuclear quadrupole resonancc 

poiarographic studies 965, 966 
reaction with lithium metal 939, 

reaction with magnesium metal 

structure of 954-957 
ultraviolet spectra 963, 964, 966 
vibrational spectra 966 

Perhalogenated radicals, e.s.r. spectra 

Perhaloheiarynes 953, 954 

17 1 , 960-962 

studies 957-960 

940 

941 

962, 963 

Perhalo-heteroaromatic compounds 
93G-934 

Perhalotoluene 928, 929 
Perhalo-p-xylene 928 
Perturbation theory 39 
Pesticides-see Insecticides 
pH, dependence, of &eliminations on 

Pharmacodynamic mines, photolysis 

Phase solubility titrations 113 
Phenacyl derivatives, cathodic reduc- 

tion of 983, 984, 999 
Phenols, halogenation of 507, SO8 
Phenylation, photochemical, of iodo- 

aromatic substrates 774 
Phosphite esters, zffect on photolysis 

of chloroacetone 767 
reaction with aryl halides 783 

649-65 I , 655 

of 768 

Phosphorescence 4 
Phosphorus halides, as chlorinating 

for conversion of alcohols to halides 

Photoaddition, of haloalkanes to 

Photochemical reactivity, of halogens 

Photochemical reduction, of alkyl 

agents 580, 581 

464 

olefins 755, 756 

11 

halides 753 
of aryl halides 783 

Photochemistry, of acyl flalides 763- 

wavelength dependent 765 
of alkyl halides 751-758 

gcminal diiodoalkaiics 752, 753 
polyhaloalkanes 754 

of ally1 halides 761-763 
of aromatic halides 772-781 

765 

containing iodine-aryl bond 
772-774 

of chloroacetamides 768-771 
of a-haloketones 765-768 
of heteroaromatic halides 787-789 
of vinyl halides 758-760 

Photochlorination, of toluene 563 
Photocyclization, of aryl halides 777- 

780 
in alkaloid synthesis 780, 781 
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6 

Photoelectron spectroscopy, 2, 5-8, 
70 

of fluoromethanes 14 
of haloalkenes 25-29 
of haloalkyiles 32,37 
of halobenzenes 40-13 
vibrational structure in 7, 37 

Photo-Favnrsky rearrangement, of a- 

Photcionization, probability of 6 
Photolysis, for organic halogen 

haloketones 1099 

minerahation 87 
of halogenating agent 55 1 

Photon spectra 70 
pK, values, of haloanilines 304 

of halogeno-substituted aliphatic 
acids 157, 303 

of halogeno-substituted aromatic 
acids 304 

of halonitroalkanes 352 
of halophenols 304 

pK,+ values, for halophenylcarbonium 

P method, applied to halobenzenes 40 
Polar effects, in bimolecular nucleo- 

philic substitution of halogens 
420,423426 

in bromination 585, 588, 589, 601 
in chlorination 553, 559, 565-567 

Polarizability, influence on nucleo- 
philic aromatic substitution 
4-7 3 

of carbon-halogen bonds 295-297 
of halogens 413 

Polarography-see Anodic oxidation 
and Cathodic reduction 

Polyenes, cyclic, conjugated 920-926 
Folyhaloalkanes-see also Halome- 

ions 315 

thanes 
analysis of I56 
anchimeric assistmce 240 
as brominating agents 597-600,756 
by fluorinaticn of methane 602 
four-centre HX elimination from 

fragmentation processes, energetics 

ground state of molecular ions 229 
hydrogcn bonding by 297,295 

697-704 

and intensities 237-239, 242 

Polyhaloalkanes (cont.) 
hydrogen exchange rate 354 
ionization potentials 229 
negative ion formztion 258 
photochemistry of 752-754 
rearrangement ions 239,240 

Polymers, chlorine-containing, analy- 

Potential energy curves 409, 420, 

for electron attachment 801-803, 

Potentioiixtry, for halide analysis 96 
for halide n?ixture andysis 102 

Precipitation methods, for chloride, 
bromide and iodide 88 

sis of 70 

618, 623, 799 

814-816 

for fluoride 88 
‘Prins dimer’ 922, 923 
Protodehalogenation 523 

Proton chemical shifts, for monohalo- 
of hexabromobenzene 928 

alkanes 18 
for monohaloalkenes 18 

Pulse radiolysis study, of alkyl iodides 
857 

of carbon tetrachloride 850 
of excited states 834 
of hydrogen atom reactions 844 
of thermal electron attachment 816 
of thermal electron reactions 817, 

825, 827, 829, 532, 833 
Pyrolysis-see Gas-phase pyrolysis 

Quadrant rule 5 
Quadrupole moment, of organic ele- 

Quasi-equilibrium theory 224 
Quasi-Favorsky rearrangement, of a- 

haloketoms 1097, 1098 
Quenching 834, 835 

ments 79 

of fluorescence 836 

Radiation chemistry of carbon-halo- 
gen bond 796-858 

electron attachnicnt 798-81 6 
electron scavenging processes 81 6- 

a3 1 
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Radiation chemistry (cow.) 
excited states and energy transfer 

in alkyl iodides 855-858 . 
in car5on tetrachloride 849-851 
in chloroform 851-855 
ionic reactions 832-834 
radical reactions 837-849 

834-836 

Radical-chain reactions, brought about 
by ionizing radiation 845-848 

of olefins 846,847 
of saturated compounds 847, 

pyrolytic gas-phase, activation para- 

of ally1 and benzyl halides 719- 

of aromatic halides 722, 723 
of benzoyl halides 724 
of haloalkanes 704-709 
of halomethanes 692, 693 

848 

meters for 684-689 

721 

Radicals, bridged, in bromination 

chain reactions-see Radical-chain 

delocalized, stabilization energies in 

effect of halogens on reactivity 379- 

Balogen-see Halogen atom 
‘hot’ 752 
hydrogen-see Hydrogen atom 
in fluorination 493 
in nucleophilic substitution by halo- 

gens 488 
intermediates in electroreduction of 

halides 1021, 1022 
perhalogenated 962, 963 
produced through dissociative 

reaction in irradiated aqueous solu- 

stabilization of halogeno-substituted 

surface effects in decomposition 

Ramberg-Backlund rearrangement, of 

590, 592-595 

react ions 

687-689 

397 

electron attachment 837, 838 

tions 838-843 

375-379 

706 

a-monohalosulphones 1 105- 
1109 

Rate constants 816 
for electron reactions, in gas-phase 

818 
in non-polar liquids 825 
in polar liquids 827-829 

for halogen abstraction 840, 841 
for hydrogen abstraction 540, 842 
for hydrogen atom reactions 843, 

for hjrdroxyl radical i-eactiocs 

for perfluororadical reactions 838 

heterolysis as, in nucleophilic arc- 

proton-loss, in halogenations 516- 

Rate laws, for halogenations 560-564 
Reaction rate, for bimolecular sub- 

stitutim of alkyl bromides 
41 8 

Rearrangement, accompanying halo- 
genation 504-509 

844 

839 

Rate-determining step 414, 437 

matic substitution 474, 475 

518 

all>lic 434 
anionotropic 434 
during substitution without skeletal 

rearrangement 1079, 1080 
during substitution with skeletal re- 

arrangement 1080-1082 
intramolecular, of the carbonium 

ion 515, 516 
involving nucleophilic attack on 

hydrogen at unsaturated 
centres 478,479 

involving three-membered rings 
1084-1 110 

Favorsky 1084-1 101 
of u-haloamides 1104, 1105 
of or-haloepoxides 1101-1 104 
of a-halosulphonamides 1109, 

Ramberg-BSicklund 1105-1 109 
1110 

of bicyclic systems 454 
of dihalocarbene adducts 1077 
with elimination of hydrogen hzlide 

Rearrangement ions, of haloalkenes 
1082-1084 

245 
of polyhaloalkanes 239, Plt? 
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Scavenger studies, with organic halides Reduction, as a means of analysis 
143-1 54 824, 825 

cathodic-see Cathodic reduction SCF calculation 2, 19 
photochemical-see Photochemical SCF orbitals 7-9 

reduction energy of 32,43 
polarographic-see Cathodic reduc- Schoniger method 82 

tion Sensitized reactions 757 

gen mineralization 86, 87 Shielding effect, in SNl reactions 438, 

actions Singlet states 835 
Resonance effect, in halobenzenes 37, Singlet-triplet mixing 4 

39 Six-centre mechanism 738, 739 
of halogens 306 of HX elimination, from ally1 and 
on bromination 585 benzyl halides 718, 719 
on ch1orina:ion 565 SIater's screening constant 20 

Resonance energy, for dissociative SNl processes-see Unimolecular 
electron attachment 804-81 1 nucleophilic substitution 

Rerarding potential difference method, SN2-processes see Bimolecular 
for determination of dissocia- nucleophilic substitution 
tive attachment cross-sections SN2' processes-see Bimolecular 
804, 807 nucleophilic Substitution, with 

Ring size, effect on rate of ,f3-elimina- 
tion 635 SN2(C+) substitution mechanism, of 

Ritter reaction 1037 halogens at saturated centres 
Rotating-bomb calorimetry 1055, 446 

Rotational barriers, calculated in car- for electron scavenging 823, 827 

Reductive digestion, for organic halo- Shielding constants 187, 188 

Replacement-see Substitution re- 4 3  

rearrangement 

1056 Solute reactivity 820, 822 

bonium ions 312 Solvzition energy 460 
in haloethanes 23-25 of an electron 826 

Rydberg states 29 Solvation entropy 460 
Rydberg transitions, in fluoromethanes Solvent effect, on t-butoxy radical 

18 576 
in haloacetylenes 32 on chlorination 553, 567-569 
in haloethylenes 29, 30 on e!ectroreduction 1032-1034 

on E2 transition state in 8-elimina- 
tion 624, 625, 628, 629, 635, 
638 

Solvolysis, effect of a-halogeno sub- 
Salt effect, in mechanism investigations 

459 
in SNl reactions 441, 444 stitution 327-329 
on ,f3-eliminations 666 effect of fi-substitution 329, 330 
on solvolysis of acyl halides in a mixed solvent 442 

485 of dkyl fluorides 455 
special 444 of secondary and tertiary halides 

Sample size, for analysis 53 458 
Sandmeyer reaction 488 Solvolytic digestion, for organic halo- 
Szytseff rule 504, 587, 625-630, 644, gen mineralization 87 

645, 660, 662 Solvolytic processes 416, 456 
Scattering processes 79'7, 798 Sp;rk s a m e  mass spectrometer 80 
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Spectrocolorimetry, of halides 90, 91 Stereochemistry (con?.) 
Spin-orbit coupling 4, 13 of halogen substitution 339-395 

in haloalkynes 32 of polarographicreduction 160,162 
in halomethanes 17 of reduction 146, 148 

Spin-orbit coupling constant, in halo- of reductive elimination 150, 151, 

in halogen molecules 13 retention of, in vinyl radicals 760 
gen molecule cations 13 153 

Spin-orbit splitting, of haloacetylenes 
56 ticns 632, 639 

Spin-spin coupling, IH-lOF 193, 194 Stereospecific synthesis 45 1 

Stabi!ity, effect of halogens, in carban- genation 523 

Stereoelectronic effects, in p-elimina- 

lDF-lPF 195 Steric acceleration, of protodehalo- 

ions 350-361 Steric effect, on bromination 496 
in carboiiium ions 310-325 on 8-eliminaticns 626-630, 637, 
in radicals 375-379 638, 641, 643, 646, 660 

of halobenzenonium ions 324 on hydrogen bonding 268 
relative, of bridged ions 3 16 on nucleophilic substitution of 

of halocarbonium ions 3 13 halogens 417421 
Stabilization, of halomethyl radicals calculation of 418-421 

19 Steric hindrance, in bimolecular 
Stabilization energy, in delocalized nucleophilic substitutions 41 8, 

radicals 687-689 424 
of halomethyl cations 310 Stoicheiometric substitution 414 

organohalides 733 halogen 18 
Stabilizing effect, in the pyrolysis of Stretching force constants, carbon- 

Stereochemistry-see also Configura- in fluoromethanes 15 
tion Stretching frequencies, carbon-halc- 

and dipole moments 171 gen in peihalocarbons 963 
and infrared spectra 179, 183, 184. of C=C bond in hsloethylenes 
an,3 n.m.r. 188, 191, 195 181, 182 
and optical rotation 174 Structural effect, of leaving group 441 
and optical rotatory dispersion 175 on halogenation of ethers 500 
and ultraviolet spectra 1?2 on nucleophilic aromatic and vinylic 
effect of electroreduction of carbon- substitution 472, 473 

in aliphatic and alicyclic mono- Subexcitation energy 798 

in cyclopropyl geminal dihalides 305 

in cyclopropyl monohalides 1028- benzene ring 8 13 

halogen bonds 1023-1G32 Structure, of norbornyl cation 1081 

halides 1024-1028 Substituent constants, for halogens 

1030-1032 Substituent effect, electronegative, on 

1030 in benzyne additions 478 

648,661-665 702, 732, 733 
ol’p”-elimination 142, 630-640, 642 in pyrolysis of alkyl halides 7G1, 

of haloalkane addition to olefins interpretation of, in $-eliminations 

of halogen addition to acetylenes on cathodic reduction of benzyl 

of lialogen addition to olefins 335, on electron reaction rate 829 

756 617-624, 642-644, 655, 654 

339 halides 1019 

336 on solvolysis of acyl halides 485 
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Substituent parameters, for CX, group Thermochemical data 1050-1053 

919 goup additivity values 1050, 

Substitution reactions-see also original data 1053 
Electrophilic substitution, review 1051, 1052 
Homolytic substitution artd tables 1063-1067 
Nucleophilic Substitution Thermochemical kinetics 1053, 1054 

accompanied by rearrangement of molecules involving C-X bonds 

differences between halogens activation parameters for radical 
41 3 reactions 684-689 

direct, of halides in analysis 119- estimation of thermodynamic data 
132, 143 684 

electrophilic, definition 41 2 theory 683 
eflect of halogens on rates 344- Thermodynamic data, for gas-phase 

3 50 pyrolysis of C-X bonds 684 
‘indirect’ 518, 519 for hydrogen bonds 309 

for C,X, s o u p  919 105 1 

1079-1082 682-690 

hoinolytic 379-385, 395-397, 550- Thiirene dioxide intermediate, in c- 
604, 782-784 monohalosulphone rearrange- 

nucleophilic, definition 412 ment 1109 
in the excited state 784-786 Thin-layer chromatcgraphy, in mole- 

stereochemistry of 389-395 cular analysis 105-107 
Sulphur-containing heterocycles, per- of halide anions 94,95 

halogenated 934 Thioethers, formation of, in alkyi 
Sulphuryl halides, chlorination with halide analysis 122, 123 

555, 574,575 Thionyl halides, for replacement of 
a-Sultam intermediate, in a-halosul- hydroxyl by halogen 463-466 

phonamide rearrangement Three-centre mechanism, of carbon- 
1110 halogen bond cleavage 729 

Surface effects, in radical decomposi- Thyroglobulin, iodination of 884- 
tion 706 887 

Surface sensitivity, of reactiens in- proteolysis of 891 
volving C-X bond pyrolysis 
680 887 

release of thyroid hormones from 

Thyroid hormones 880-892 
biosynthesis of 884-891 
chemistry of 881-883 

Taft’s a*-function 829 effect on adult animals 880 
Temperature effect, on chlorination metabolism of 891, 892 

565, 567 release of 887 
Termination reactions 551 Thyroxine, analogues, biological acti- 
Tetracyclines 873, 875-877 vities of 882, 883 

biosynthesis of 876, 877, 879 synthesis of 882 
photoreactions of 767 biosynthesis inhibitors 886-888 

Tetrahalobenzynes 952 from diiodotyrosine 885 
Tetrahalocyclobutadiene 922 metabolism of 891 
Thermal decomposition-see Gas-‘ production, control of 888-891 

phase pyrolysis structure 881 
Thermalization process 798, 817 Total net charge 20 
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Toxicity 892-910 bis-Trifluoromethyl peroxide, heat of 
ixcchanism of 898 fcrmation 1061 
of compounds related to fluoroacetic Trihalocyclopropenium ions 921 

acid 900-903 n.q.r. study 958 
of fiuoioacetic acid 897-900 Trihalomethylaryl halidcs, cathodic 
of 5-fluorouracil 904,905 reduction of 999, lU00 
of halogenated hydrocarbons 798, Tnhalomethyl group, electronegativity 

895-897 919 
Trace analysis, by emission spectra cX and uEo substituent parameters 

76-78 919 
by mass spectrometry 80 
by nuclear activation 71 
of halogens 71 
of pesticides 109 
using oxygen-hydrogen flame 85 

Transitions, V t N  29, 30 
Transition states 409 

cyclic 475, 640, 641, 643, 645 
E2C 427 
energy of 417 
in bimolecular nucleophilic: substitu- 

tion of halogens 426, 427, 
466 

in E2 eliminatiom 612-625, 627- 
629, 632, 639, 641, 642, 645, 
646 

in halogenation 495, 500 
in SN2(C+) substitution c ? halogens 

446 
in unimolecular nucleophilic substi- 

tution of halogens 436438, 
440,447 

417, involving fifth bond to carbon 
738 

isomeric 415 
loose and tight 618, 621 
on energy diagram 410,411 
six-centre 738 
with trigonal geometry 463 

TRF (thyrotropin releasing factor) 
888 

mode of action 889 
Trichloromethanesulphenyl halide, 

chlorination with 579 
Trichloromethanesulphonyl halide, 

bromination with 601 
chlorination with 578 

ation 1062 
Trifluoromethoxy radical, heat of form- 

Trihalornethylmercury compounds 

as dihalocarbene precursors 950, 

Trihalosilane, for reduction of alkyl 

Triplet states 4 
Triplet-triplet absorption 4 
Triplet yield 834, 835 
TSH (thyroid stimulating hormone) 

949 

95 1 

halides 753 

888 
effect on tiiyroid 890, 891 

Tyrian purple 867 

Ultraviolet absorption spectra, in 
analysis 172 

of alkyl halides 749 
of fluoroethylenes 30 
of fiuoromethanes 16 
of halobenzenes 37-41, 748, 749 
of haloketones 750 
of perchlorinated aromatic com- 

pounds 963, 954 
of peicchloroethylene 966 

Unimolecular mechanism 428 
Unimolecular nucleophilic substitu- 

tion, by halogens at saturated 
centres 462, 463 

of halogens at saturated centres 
436-445 

electrophilically assisted 455, 
456 

with internal nucleophilic partici- 
pation 447452 

with neigh’oouring carbon or hy- 
drogen participation 452-454 

of halogens at unsaturated centres 
475-477 
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Vinyl halides, cathodic reduction of Unimolecular reactions, theory of gas- 
phase reactions 683 164, 165, 988-392 

thermal invo!ving carbon-halogen dipole moment 172 
bond cleavage, survey of 690- gas-phase pyrolysis 715, 716 
728 hydrogen halide elimination froni 

1 40 
infrared spectra 178, 180-1 82 

Valence angles, of halomethyl radicals nuclear quadrupole spectra 197 

van dcr Waals intcractions 23 466 
van der Waals potential 23 photoclxmistry of ?58-760 
van der Wads radii, in haloaikanes reduction of 148-150 

Vertical attachment energy (VAE) chemistry in 760 

19 nucleophilic substitution of halogen 

21 Vinyl radicals, retention of stereo- 

799 

801 Walden inversion 417, 447 
for aromatic halogen compounds 

for fluorobenzenes 81 3 Wavelength-dependent photolysis re- 
Vertical detachment energy (VDE) action. of halogenated com- 

Vertical ionization potential 6, 7 W-value 819 
80 1 pounds 765 

of acetylene 35 
of halogenated acetylenes 35 
of halogenated ethylenes 25 X-ray absorption, of organic elements 
of halogen molecules 35 69 
of halomethanes 15 polychromatic 70 
of interhalogen compounds 35 X-ray crystallography, in analysis 

X-ray diffraction studies, for C-CI 
relation of negative ion life- bond length determination 53 
times with 813, 814 of perchlorocarbon structures 954- 

of halogen molecule cations 13 X-ray spectroscopy, for elementary 
of halogens 10, 13 analysis 69, 70 

Vertical transition 799 114 
Vibrational degrees of freedom, cor- 

Vibrational frequency I2  957 

Vibrational stnicture, in haloalkyne 
electronic spectra 32, 37 

tution on reactivity 364-366 Zero-point energy 421 

in photoelectron spectra 7, 37 Zeisel reaction 462 
Vinyl anions, effect of halogen substi- Zero-field splitting 4 
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