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This Supplement D contains material on halides, pseudo-halides and azides. The same 
functional groups have been treated previously in the following main volumes of the 
Chemistry of the Functional Groups series: 

The Chemistry of the Azido Group (1971) 
The Chemistry of the Carbon-Halogen Bond (2 parts, 1973) 
The Chemistry of Cyanates and their Thio Derivatives (2 parts, 1977) 

Chapters which were also intended to appear in this volume, but did not materialize 
were the following: “Advances in the preparation and uses of azides”; “Recent 
advances in biological reactions involving halides and pseudo-halides”; and “Syntheses 
and uses of isotopically labelled halides and azides”. We hope that these chapters will 
be included in a future supplementary volume, which should be published in several 
years’ time when the amount of new and unreviewed material justifies this. 

The present volume concludes the first set of supplementary volumes (Supplements 
A, B, C, D, E and F) which cover among themselves all the subjects treated in the 
Functional Groups series. 

We will be very grateful to readers who would call our attention to omissions or 
mistakes in this and other volumes in the series. 

S A U L  P A T A I  
ZVI R A P P O P O R T  

Jerusalem, October 1982 
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The Chemistry of Functional Groups 
Preface to the series 

The  series ‘The Chemistry of Functional Groups’ is planned to cover in each volume 
all aspects of the chemistry of one of the important functional groups in organic 
chemistry. The  emphasis is laid on the functional group treated and o n  the effects 
which it exerts on the chemical and physical propcrties, primarily in the immediate 
vicinity of the group in question. and secondarily o n  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. It is the purpose of the volume to give a complete coverage of all properties 
and reactions o f  ethers in as far as thcse 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 tiof to give an encyclopaedic coverage 
of his subject. but t o  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 t o  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 with no overlap between chapters, 
while at the same time preserving the readability of the text. The  Editor set himself the 
goal of attaining reasonnhle coverage with moderate overlap, with a minimum of cross- 
references between the chapters of each volume. In this manner, sufficient freedom is 
given to each author to produce readable quasi-monographic chapters. 

T h e  general plan of each volume includes the following main sections: 

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

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

(c) Chapters describing the characterization and characteristics of the functional 
groups, i.e. a chapter dealing with qualitative and quantitative methods of deter- 
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X Preface to  thc  series 

mination including chemical and physical methods, ultraviolet, infrared, nuclear 
magnetic resonance and mass spectra: a chaptcr  dealing with activating and direc- 
tive effects exerted by the group and/or a chapter on  the basicity, acidity o r  complex- 
forming ability of t h e  group (if applicable). 

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

( e )  Special topics which d o  not fit any of the  above sections, such ;is photo- 
chemistry, radiation chemistry. biochemical formations and reactions. 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.  ;i chapter on  ‘Thioketones’ is included in the volume The Chemistry of the 
C(irbonyf Croicp, and ;i chapter o n  ‘Ketenes’ is included in the volume The Chemistry 
of Alketies). In o ther  cascs certain compounds,  though containing only the func- 
tional group of the title, may have special features so as to be best treated in a separate 
chapter, as e.g. ‘Polycthers’ i n  The Chemistry of the Ether Litikcige, or ‘Tetraamino- 
ethylenes’ in The Chemistry of the Amino Groicp. 

This plan entails that the breadth, depth and  thought-provoking nature of each 
chapter will differ with the views and inclinations of the au thor  and the presentation 
will necessarily be somcwhat 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 t o  somc extent, it was decided to  publish certain volumes in several 
parts, without giving considcration to the  originally planned logical order of the  
chapters. I f  after the  appearance of the originally planned parts of a volume i t  is found 
that either owing to non-delivery of chapters, o r  t o  new developments in thc subject, 
sufficient material has accumulated for publication of a supplementary volume, 
containing material on  related functional groups, this will be done  as soon as possible. 

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

The Chemistry of Alkeries (two volurnes) 
The Chemistry of the Corbonyl Groiip (two volumes) 
The Cliemistry of the Ether Linkage 
The Chemistry of the Aniino Groicp 
The Chemistry of the Nitro and Nitroso Grorcps (two ports) 
The Chemistry of Carhoxylic Acids and Esters 
The Chemistry of the C(irboti-Nitrogeti Doiihle Bond 
The Ciiemistry of the Cyorio Groiep 
The Chemistry of Atnides 
The Chemistry of the Hvdro.qd Groicp (two parts) 
The Chemistry of the Azido Group 
The Chemistry of Acyl Halides 
The Chemistry of the Corhon-Hrilogeri Bond (two ports) 
The Chemistry of Quinonoid Compounds (two pcirts) 
The Chemistry of the Thiol Croicp (two parts) 
The Chemistry of Amidities (itid Imidcites 
The Chetnistry of the Hydrmo, Azo rind Azosy Groicps (two ports) 
The Chemistry of Cyotimes ( i t i d  their Thio Derivntives (two ports) 
The Chemistry o f  Di(izotiiiim (itid Dicizo Grorcps (two pnrts) 
The Chemistry of the Corhoti-C(irhon Triple Rorid (two ports) 
Sirpplenietit A :  The Chemistry of Double-hondecl F‘itnctionol Groitps (two parts) 



Preface to the series xi 

The Chemiytry of Ketenes, Allenes and Related Compounds ( t ~ o  ports) 
Sgpplement B: The Chemistry of Acid Derivatives (two parts) 
Supplement C: The Chemistry of Triple-Bonded Groups (two parts) 
Supplement D: The Chemistry of Halides, Pseudo-halides and Azides (two parts) 
Supplement E: The Chemistry of Ethers, Crown Ethers, Hydroxyl Groups and their 

The Chemistry of the Sulphonircni Group (two parts) 
Supplement F: The Chemistry of Amino, Nitroso and Nitro Groups and [heir 

Sulphur Analogues (two parts) 

Derivutives (two parts) 

Titles in press: 

The Chemistry of Peroxides 
The Chemistry of Organornetallic Compounds 
The Chemistry of Organic Se and Te Compounds 
Advice or criticism regarding the plan and execution of this series will be welcomed 

by the Editor. 
The publication of this series would never have started, let alone continued. without 

the support of many persons. First and foremost among these is Dr Arnold 
Weissberger, whose reassurance and trust encouraged me to tackle this task, and who 
continues to help and advise me. The efficient and patient cooperation of several staff- 
members of the Publisher also rendered me invaluable aid (but unfortunately their 
code of ethics does not allow me to thank them by name). Many of my friends and 
colleagues in Israel and overseas helped me in the solution of various major and minor 
matters, and my thanks are due to all of them, especially to Professor Z.  Rappoport. 
Carp ing  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, I s R A E L  S A U L  P A T A I  



contents 

1. Molecular mechanics and conformation 

2. Diamagnetic behaviour of compounds containing carbon-halogen bonds 

3. The mass spectra of azides and halides 

4. Nuclear quadrupole resonance of carbon-bonded halogens 

5. 1,2-DehaIogenations and related reactions 

6. Electrochemical oxidation, reduction and formation of the C-X bond - 
direct and indirect processes 

A. Meyer 

R. R. Gupta 

J .  M. Miller and T. R. B. Jones 

E. A. C. Lucken 

E. Baciocchi 

J. Y .  Becker 

7. Pyrolysis of aryl azides 
L. K. Dyall 

8. Vinyl, aryl and acyl azides 
H. W. Moore and D. M. Goldish 

9. Recent advances in the radiation chemistry of halocarbons 
A. Horowitz 

10. Organic chemistry of astatine 
K. Berei and L. Vasriros 

11. Positive halogen compounds 
A. Foucaud 

12. Aspects of the chemistry of halophenols and halodienones 
J. M. Brittain and P. B. D. de la Mare 

13. a-Halogenated imines 
N. De Kimpe and R. VerhC 

14. Fluorocarbons 
B. E. Smart 

15. Xenon halide halogenations 
M. Zupan 

16. The SRN1 reaction of organic halides 
R. K. Norris 

1 

49 

75 

107 

161 

203 

287 

321 

369 

405 

44 1 

481 

549 

603 

657 

681 

... 
X l l l  



xiv Contents 

17. Reactions involving solid organic halides 

18. Hypervalent halogen compounds 

19. Synthesis and reactivity of a-halogenated ketones 

20. Electrophilic assistance to reactions at a C-X bond 

21. Molecular interactions involving organic halides 

22. Formation of carbon-halogen bonds 

23. Alkene-forming eliminations involving the carbon-halogen bond 

24. Structural chemistry of the carbon-halogen and carbon-pseudohalogen 

E. Hadjoudis 

G. F. Koser 

R. VerhC and N. De Kirnpe 

D. N. Kevill 

J.-M. Dumas, M. Gornel and M. Guerin 

M. Hudlicky and T. Hudlicky 

E. Baciocchi 

bonds 
M. Kaftory 

G .  F. Koser 
25. Halonium ions 

26. Carbon-carbon bond formation involving organic halides and transition 
metal compounds 

27. Dihalocyclopropanes 

28. Photoelectron spectra of organic halogen compounds 

29. Recent advances in the photochemistry of the carbon-halogen bond 

Author Index 

Subject Index 

F. Naso and G. Marchesc 

P. Weyerstahl 

K. Wittel and H. Bock 

G .  Lodder 

703 

721 

81 3 

933 

985 

1021 

1173 

1229 

1265 

1353 

1451 

1499 

1605 

1685 

1815 



The Chemistry of Functional Groups, Supplement D 
Edited by S. Patai and Z .  Rappoport 
0 1983 John Wiley & Sons Ltd 

CHAPTER 1 

oaecullar mec ainics an conformation 

A. Y. MEYER 
Department of Organic Chemistry, Hebrew University, Jerusalem, Israel 

I .  INTRODUCTION . 1 

11. THE FORCE FIELD CALCULATION . 4 
A. The 1-Halopropane Problem . 8 
B. The 1-Halopropene Problem . 9 

111. INTRAMOLECULAR ELECTROSTATICS . 9 
A. BondMoments . . 10 
B. Pointdipole Approach . . 13 
C. Point-charge Approach . . 16 
D. Variability in Bond Moments . . 19 

IV. SOME HALIDE FORCE FIELDS . 21 

V. FLUORINE COMPOUNDS . 22 

\’I. “ON-BONDED ATTRACTION’ . . 25 

VII. 1,2-DIHALOETHANES . . 27 

VIII. CYCLIC HALIDES . 31 

IX. SOLUTION EQUILIBRIA . 35 
A. Formulation . . 36 
B. Computational Pathways . 38 

X. CONCLUSION . . 39 

XI. ACKNOWLEDGEMENT . 40 

XII. REFERENCES . . 40 

1. INTRODUCTION 

In writing this chapter I tried not to duplicate material in  existing reviews and to avoid 
altogether topics that had been discussed elsewhere. Even these limitations left 
grounds too wide to cover in the allotted space. I chose to concentrate on aspects of 
molecular mechanics that relate to functionalized hydrocarbons, halides in particular 
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2 A. Y. Meyer 

(Sections 1-IV), and on topics in the conformation of halides that have attracted or are 
attracting now the molecular mechanist’s attention (Sections V-IX). Material that did 
not link up with this choice and, admittedly, some material that did, was left out. 
Section I11 is the exception: since its subject matter is controversial, and _the con- 
troversy neither starts nor stops with halides, I thought it advisable to make the 
coverage wider than called for. 

Pertinent reviews are cited at the beginnings of sections and subsections. Further 
systematized information concerning organic halogen compounds may be found in the 
following sources: barriers to internal rotation l; conformational analysis of halocyclo- 
hexanes2; energies associated with conformational change3; molecular geometry4; 
therm~chemistry~; geometric and dynamic structures of fluorocarbons and related 
compounds6; structural data7; enthalpies of formationR; structure of molecules with 
large-amplitude motions’. 

In preference to the ‘PST notation’ l o  rotamers are .here codified by specifying 
groups anti (a), gauche (s) or  syn to each other, e.g. CI/Cl-a (l), CI/Cl-g (2 or  3), 
CI/Cl-syn (4) and Cl/H-syn (5) in 1,2-dichIoroethane. In cyclohexane derivatives, the 
abbreviations ax, eq ,  aa, ae, and ee stand, respectively, for axial, equatorial, diaxial, 
axial-equatorial and diequatorial orientations. In citing the results of calculations, E, 
is the total computed energy. The components of E, are Ei, and contributions to a 
given Ei are denoted ei, such that 

e; j  = Ei and Ei = E,. 

(4) (5) 

Expressions such as ‘conformational energy’, ‘conformational preference’, ‘relative 
stability’, refer here to differences in energy (or enthalpy), not in free energy. Unless 
stated otherwise, numbers cited refer to the gas phase. Note that these usages are not 
accepted by all. In particular, the term ‘conformational energy’ refers frequently in the 
literature to free-energy differences in solution l .  

In 1946 Hi1112 wrote: 

‘The forces involved in steric effects are well known: (1) groups or  atoms may 
repel each other if close together; ( 2 )  in order to decrease this interaction, the 
groups or atoms will tend to move apart, but this will generally require the 
stretching or bending of bonds with a related increase in energy. The final con- 
figuration will thus be the result of a compromise between the two types of force, 
and will be the configuration of minimum energy’. 
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Twenty years later, a new branch of scicnce was in existence: 
'. . . In the second approach, a molecule is viewed as a system of particles assumed 
to  be held together by classical forces. The energy differences between molecular 
systems may thcn be estimated by classical mechanical means, thus avoiding the 
complexity of quantum-mechanical treatments. The artificiality of this model 
restricts its use to the evaluation of relative quantities; without further adjust- 
ment and modification the method is incapable of yielding total or absolute 
energ ie~ ' '~ .  

In this chapter we concentrate on the 'second approach', called molecular mechanics 
or force field calculation, and on its application to organic halogen compounds. As it 
happens, organic halides arc serving as testing grounds for force field calculations of 
functionalized hydrocarbons, in particular as regards the electrostatic component in 
the total energy. The axial symmetry and high group moment of the C-Hal bond are 
two obvious reasons, as well as the traditional interest in the dipole moments of 
halidesI3. 

Quantum chemistry considers molecules in terms of nuclei and electrons. Molecular 
mechanics, excepting developments of as yet unknown scope15, concentrates on atoms 
and bonds. In quantum-chemical work it is expected that improvement in technique 
will improve the results and thereby permit more profound interpretations of observed 
phenomena; in molecular mechanics the reproduction of experimental data is in 
general not problematic, but this does not guarantee interpretation in terms of 
fundamental physical concepts. In both approaches one strives towards an 'energy- 
component analysis', that is, breakdown of cnergy differences into separate con- 
tributions. A quantum-mechanical breakdown could include the core energy, 
electronic energy, core-electron interaction and the  kinetic energy16. In distinction, 
the molecular-mechanical components are more akin to thosc in the classical equations 
of motionI7: here one would consider terms due to stretching of bonds, deformation 
of angles, attraction and repulsion of non-bonded atoms, electrostatic interactions, and 
more. Most of the force fields described heretofore, but not require also an 
internal mechanism for correction, the intrinsic torsion potential or rorsional term. 
This is because inaccuracies unavoidably pile up through the multitude of ternis", 
non-bonded and other explicit strains account only partially for barrier heights20.2*, 
and certain quantum-chemical effects (rcsonance!) have no immediate counterpart in 
molecular mechanics. Truly, the framework hardly fits into what has come to be called 
'first principles'22. Rather, it is a technique for analysing the properties of somc 
molecules by using data o n  others. 

An  example -extreme, no doubt -will illustrate these points. In 1,2-difluoroethene 
(FCH=CHF) the cis-isomer is more stable than the with A H o  = 0.93 kcal 
mol-I. This 'counter-intuition' relationship has prompted quite a few ab initio24-26 and 
s e m i - ~ m p i r i c a l ~ ~ - ~ ~  quantum-chemical studies. Among the ab initio calculations, only 
onez4 (with polarization orbitals) predicts E,,o, > Eciy. Of the semi-empirical methods, 
only INDO performs acceptably28. Nonetheless, the computed numbers suggest 
certain interpretations. To cite a few, cis may be endowed of a greater correlation 
energy24; or correspond to  a higher two-electron stabilization and lower four-electron 
destabilization, between the F-.F moiety and the double bond'O"; or enjoy a more 
stabilizing intcraction between the core of each fluorine and the electronic shell of the 
otherz7. The choicc between thesz a!:ernatives, and others perhaps, is still pending, but 
the examination has at least been cast in clear-cut physical terms. 

A molecuhr-mechanical analysis of fluorinated olefins has been rcportedz7. Here 
FCH=CHF was taken as  the starting point and thc corrective term adjusted to 
reproduce the measured difference in enthalpy. The component analysis came out as 
follows: 
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- ECk, kcal mol-' 

Skeletal strain 
Non-bonded strain (AEnb) 
Electrostatic strain (A&) 
Correctivc :em (LE~,,) 

Total ( A E , )  

-0.012 
- 0.083 
-0.373 
+ 1.400 

+ 0.93 
~~ ~~~ 

This build-up, inelegant as i t  is (A& > AE~!) ,  is not unhelpful. O n e  sees that skeletal 
and non-bonded effects are insignificant and that electrostatic interactions actually 
favour the tram isomer - which is not obvious25. Also, explication is not the sole end 
of computation: energy differences, geometrical detail, dipole moments, thermo- 
dynamic quantities, are required per se. And the same set of parameters, of which 
those required for F C H z C H F  forms a subset, fits olefins in genera131 and applies to a 
variety of fluorinated 01efins~~.  

II. THE FORCE FIELD CALCULATION 

Westheimer is considered as the originator of molecular-mechanical (as distinct from 
s p e c t r o s ~ o p i c ~ ~ )  force field  calculation^^^. H e n d r i ~ k s o n ~ ~  and then took over. 
Subsequent developments have been critically e ~ a m i n e d ' ~ . ' ~ . ~ ~ * ~ ~  and r e ~ i e w e d ~ ~ . ~ ~ .  
Westheimer's work initiates also the application to  organic halogen compounds. 
Systematic studies of halides have not been n ~ m e r o u s ~ ~ , ~ ~ ~ ~ ,  but papers dealing with 
a small number of molecules occur in the literature frequently. 

In the force field method, any geometry of a given molecule defines a potential 
energy El ('t' for total) which is made up as sum of components. The formulation of 
E,, and hence its value for a given structure, may vary from one field to another, but 
differences in El between structural variants (i.e. stereoisomers and such position- 
isomers that have identical 'structural units' (Ref. 35, p. 39) are meant to represent 
differences in internal energy which are independent of computational detail. 

In current force fields, some o r  all of the following components, and sometimes 
othersIs, are  included: 

E,  = E, + Eb + Enb + E,, + E,,,, + cross terms. 

Here E,  (stretch) is the energy due to  stretching or compression of bonds; Eh (bend) 
refers to the opening or closing of bond angles; E n b  (non-bonded) represents attraction 
and repulsion between non-bonded non-geminal atoms; E,, (electrostatic) stands for 
intramolecular electrostatic interaction; El,, (torsion) is the corrective term (SectionI). 
Each of these components is itself a sum, wherein each contribution depends o n  an 
internal Coordinate and gets its zero at some value -called refererice value -of that 
coordinate. For example, 

E,(molecule) = es.j 

(311 bbnd,) 

where each ec,, alludes to  a bond length and vanishes at the reference value ascribed 
to that type of bond (say39 1.523 A for C-C). Computation consists of a first guess 
at the molecular geometry, followed by systematic ~ a r i a t i o n ' ~ . ~ ~  such that E,  achieves 
a minimum. This provides the equilibrium geometry which can itself be used to derive 
further q ~ i a n t i t i c s ~ ~ .  Geometries obtained by this procedure are considered as more 
trustworthy than thc computed energy differencessO.sl. 

Stretching (es) is usually expressed as a Hooke's law harmonic function in thc bond 
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length I, but sometimes a cubic term is added, 

e ,  = tks(l  - lo)z + kl,(l - / 0 ) 3 .  

The force constants k ,  and k: ,  and the reference bond length lo, are best viewed as 
adjustable parameters and not identified with their spectroscopic or other counter- 
parts. Bending (eb) is defined analogously in the valence angle 8. Interaction between 
non-bonded atoms (enb) is taken13 as a pairwise sum of atom-atom interactions, 

excepting geminal pairs . Lennard-Jones and Batkingham 

potentials have been used, as well as the Hill potential (equation 1)20, 

0.8 

0.4 

0 < 
QC 
n 

-0.4 

-0.8 

-1.2115 

variants thereof43, and other formulationss2. In equation ( l ) ,  r is the interatomic 
distance or an effective distances3. For a pair i-.-j, the parameters of energy (e i j )  and of 
distance (r;)  are usually54, but not always49, made to depend on atomic parameters. 
With Hill’s original constants (A = 8.28 x lo5, B = 1/0.0736, C = 2.25), the 
minimum occurs at r/r* = 1.0070, whereat enb = -1.2115; also, enb vanishes at 
r/r* = 0.8935. The latter point defines the transition from the zone of non-bonded 
repulsion to that of non-bonded attraction (Figure 1). 

E,, is taken as a painvise sum of interactions between chargess5 (‘monopole approxi- 
mation’) or between dipolar bondss6 (‘point-dipole approximation’). The charge 
formula is given in equation (2), 

- Repulsive branch 

- 

Non-bonded repulsion 

Non-bonded attraction 

- 

- 

Attractive branch 
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and the dipole formulas7, in scalar form and convenient notations8, is given in equation 
(3): 

(3) ees,ij = - (cos xi j  - 3 cos a; cos aj). 

In these equations d is the dielectric constant, qi represents a point charge and p i  the 
moment of a bond. In practice these are put, respectively, at the atom or at  the 
midpoint of the bond. rij is the distance between qi and qj  or p i  and p j ,  and the angles 
a;, aj and x i j  (dipole angle) are, respectively, between pi and rij, pj and r,j, p i  and p j  
(Figure 2). 

The torsional term does not occur in spectroscopic force fields and was not con- 
sidered by Westheimer. Hendrickson put it in33 and subsequent fields34 used a one- 
term cosine function elor = $V,(l + s cos nu), where w is the dihedral angle between 
planes ABC and BCD of a four-point sequence A-B-C-D, n is the periodicity of 
internal rotations9, and s is plus or minus one. In ethane and ethene n equals 3 and 2, 
respectively, and it became customary to take tV3(l + cos 3 w )  and iV2(l - cos 2 0 )  
for rotation about single and double bonds3'. Yet, reproduction of the change in total 
energy ( E J ,  along the path of internal rotation, requires a more-than-one-term 
periodic function60d5. It  was found helpfuP also to expand etor in a series, e.g. 
equation (4):49 

(4) 

The constants Vi should not be confused with constants (say, U k )  that occur in the 

PiPj  

dr3 

e,,, = t V , ( l  + cos w) + tV2(1 - cos 2 w )  i- tV3(l t cos 30). 

periodic development of E ,  itself (equation 5): 

E , = ' Z U  2 k(1 - coskw). 
k 

For example, an analysis of internal rotation in CICH2CH2CI could start with the 
estimation of E, for several rotamers. Each of these E, values is the sum of many 
terms, including nine etor values (CI-C-C-CI, CI-C-C-H, etc. cf. equation 4). 
These El values once at hand, they can be united (equation 5) as a function in, say, 
w(C1-C-C-CI). The U, values can be interpreted in terms of fundamental physical 
effects62,63.67*68. Such interpretations do not necessarily carry over to  the Vi values, 

-e -- I- 
I:. 

FIGURE 2. Point-dipole parameters. 
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inasmuch as most current force fields have been parameterized by trial-and-error 
searches and the uniqueness of the ensuing parameters not ascertained66. 

Cross-terms evolve automatically in the mathematical d e r i ~ a t i o n l ~ . ~ ~  but are only 
partially retained i n  molecular-mechanical force ficlds. The stretch-bend interaction 
terrn4'q6' (esb) is introduced to reproduce the elongation of C-C bonds that accom- 
panies the closure of B(CCC) in cy~ loa lkanes~~ .  Quantum-chemically, the inter- 
dependence is ascribable to variation in the hybridization at the central carbon70 or to 
repulsion between its sub~ t i tuen t s~~ .  

What about C-Hal bond lengths? In CH3CH2Br, I(C-Br) - 1.950 A, determined 
by microwaves (MW)72; it is -1.975 8, in (CH3)3CBr (MW)73. In an attempt to 
identify the cause for elongation within the molecular-mechanical model, calculations 
were conducted for (CH3)3CBr with various interactions 'turned First, the 
non-bonded interactions of bromine were omitted by setting E(Br) = 0 (equation 1). 
Optimization under this constraint led to I(C-Br) = 1.947 (too short) and O(CCBr) = 
107.2" (probably too small). The sum of non-bonded interactions at this geometry 
(from a separate calculation) would amount to 2.80 kcal mol-l, 2.24 of which due to 
H-aEr. Next, E(Br) was revived but e s b  eliminated. This led to [(C-Br) = 1.972 
(almost correct) and B(CCBr) = 108.4". With all constraints removed, I(C-Br) = 
1.975 (correct) and B(CCBr) = 108.4". The sum of non-bonded H-..Br interactions at 
this geometry is 0.735, while the corresponding number in CH3CH2Br is only 
0.137 kcal mol-I. One concludes that f?sb has very little effect74, and that the primary 
cause for elongation in this case is H...Br repulsions. 

In the example cited, a slight expenditure of stretching energy relieves several times 
its value of non-bonded strain: recall how steep is the repulsive branch of e n b  (Figure 
1). Bond angles are more pliable than lengths, and their deformation can become even 
more beneficial to the molecular energy32. Still, force fields have been described that 
constrain C-Hal lengths and even bond angles to fixed 

It has been estimated77 that the C-H bond length in ethane changes by 0.019 8, on 
going from the staggered to the eclipsed rotamer. In halides, rotamerization is 
expected likewise to be attended by changes in bond lengths and angles. The energetic 
implications may be illustrated by the following results4' for barriers to internal 
rotation in CCl3CH2C1, CC13CHC12 and CC13CC13. The barriers computed for rigid 
rotation (that is, without ailowing relaxation in bond lengths and angles) were grossly 
exaggerated: 17.7, 29.4 and 49.5 kcal mol-I, versus the experimental 10.0, 14.2 and 
17.560. Yet, when B(CCC1) was increased by 1" in eclipsed CC13CCI3, the computed 
barrier diminished to 25.1 kcal mol-1 - a saving of about 24 kcal in E n b  at an expense 
estimated as no  more than 1.5 kcal in E b !  

the major conformations of 2-fluoroethylamine in the gas phase (6, 7) have a F/NH2 
Hydrogen bonding leaves its mark on the stereochemistry of some halides. 

H H 
(7) 

skew-relationship. In 2-fluoroethanol the gauche conformer is exclusive in the vapour 
and predominant in the liquid7' (Scction IX). Ways to incorporate hydrogen bonding 
in the force field procedure have been developed80.81 but not applied as yet to simple 
halides. 

The opinion is sometimes expressedx2 that 'with so many components in E, and so 
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many parameters in these components, anything on Earth can be shown'. The follow- 
ing two cases, where both quantum chemistry30 and molecular mechanics are still at  
sea, are of some interest in this regard. 

A. The 1 -Halopropane Problem 
There is e v i d e n ~ e ~ l , ~ ~ ~ ~  that the gauche form in 1-halopropanes (8) is somewhat 

more stable (not just more abundant) than the anti form (9). Dipole-dipole interaction 
was invoked as an i n t e r ~ r e t a t i o n ~ ~ . ~ ~  as well as X-.-CH3 attractionz7. In one study4', 
the effect was reproduced in CH3CH2CH2F but not in the chlorine and bromine 
derivatives. The differences, AE, = - El,s, came out in that study as follows (all 
values in kcal mol-*): 

Fluoride Chloride Bromide 

-0.06 
0.49 

-0.01 

+0.44 

-0.48 
0.37 

-0.18 

-0.29 
- 

-0.18 
0.14 

-0.12 

-0.16 

This suggests that AEnb and AEes act in opposition, the former favouring XICH3-a 
(9), the latter favouring X/CH3-g (8), such that A E l  reflects a very delicate balance. 
What still displeases the stereochemist is not that exceeds El,*. Ratherg7, asstressed 
in Figure 3, it is that gauche-CH3CH2CH2X is the structural analogue of axial-C6H1 lX, 
anti-CH3CH2CH2X the analogue of equatorial-C&, lX, and in monohalogenated 
cyclohexanes the equatorial conformer is the more stable". Consequently, a force 
field that fits 1-halopropanes would hardly fit halocyclohexanes, and vice versa. In 
recent force fields parameters were chosen so as to fit to h a l o c y c l o h e x a n e ~ ~ ~ ~ ~ ~ .  

Conversely, one wonders what would happen if a field was parametrized to fit 

H$$-13 kllCH3 H H 

H H 

gauche (8) anti (9) 
(more stable) (less stable) 

X H 

t!i H 

H H 

A H 

axial equatorial 
(less stable) (more stable) 

FIGURE 3. 1-Halopropanes and halocyclohexanes. 
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1-halopropanes and then applied, say, to 1-fluoro-2-propanol. Because of hydrogen- 
bonding, F/OH-a (10) can be excluded, and analogy with CH3CH2CH2F suggests that 
F/Ha (11) would be preferred to F/CH3a (12). A microwave study, however, 
indicates that the predominant rotamer is 12, not 118s. The same goes for epifluoro- 
hvdrins9. where the more stable conformer is F /CH2a (13), not FI0-a (14) nor 
FjH-0 (15). 

OH 

H 

H 

(1 3) 

FH3 

H F 

B. The 1 -Halopropene Problem 

Another problem, and an obvious rest case for both quantum chemistryg0 and 
molecular mechanics, has to do  with cis-trans isomerism and the barrier to methyl 
rotation in 1-halopropenes, XCH=CHCH3. The pertinent numbers are assembled 
in Figure 4. In brief, the cis-form (16) is more stable than the trans (18), and the barrier 
is higher in trans (19) than in cis (17). 

The problem came up in a molecular-mechanical study of internal rotation in 
substituted p ~ o p e n e s ~ ~ ,  where the energy equation did produce somewhat lower 
barriers in the cis isomer (for X = CI, Br). However, the order of isomer stabilities 
was reversed, with cis being calculated as less stable than trans. More recently, 
calculations of fluoro-olefins were reported2’ wherein an acceptable value was 
obtained for AE(trans-cis) in FCH=CHCH3. This time, however, the barriers to 
internal rotation in cis and in trans came out too close. 

111. INTRAMOLECULAR ELECTROSTATICS 
The estimation of intramolecular electrostatic interactions is inseparable from 
the computation of molecular dipole moments. In reviews of the force field method 
the topic is touched at only brieflyg8, probably because of the tendency to ignore E,, 
and dipole moments in dealing with saturated hydrocarbons3’. 

We denote by p(CX) the moment of bond C-X, and by p the overall moment of a 
molecule. The  organic chemist’s ‘Jeans (for Bottcher’s ‘ideal is 
herein called ‘the point-dipole equation’. The local (or ‘microscopic’) dielectric 
constant, a parameter attributed to intramolecular space, is denoted d ;  E refers to the 
bulk dielectric constant of a liquid or a vapour. 
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(1 6) 
cis. minimum 

E = O  

fH 
x\ ,C-H 

'H 
H,c=c 

(1 7 )  
cis, maximum 

E (above 76): 
1.06 ( X =  F, Ref. 91) 
0.62 ( X  = CI, Ref. 92) 
0.42 (X = Br, Ref. 93) 

(1 8)  (1 9) 

trans, minimum trans, maximum 

E (above 16, Raf. 95): 
0.75 ( X =  F) 2.20 ( X =  F, Ref. 96) 
0.76 (X = Cl) 2.17 (X = CI, Ref. 97) 
0.73 ( X =  Br) 

FIGURE 4. Energy relationships (in kcal mol-') in 1-halopropenes. 

E (above 18) 

A. Bond Moments 
The justification for ignoring polarization in C-C and C-H bonds is that long- 

range electrostatic interactions in saturated hydrocarbons are of little consequence, 
short-range interactions still small and accountable through e,,, and eb, and dipole 
moments frequently of no concern. The dipole moments of unsubstituted alkenes and 
alkynes are not insignificant, as Table 1 shows'"'. Still, they can be compounded to a 

TABLE 1. Dipole moment (in dcbyes) of some hydrocarbons 

Compound Dipolc moment, D Reference 

CH3CH2CH3 0.08 101 
(CH313CH 0.13 101 
CHz=CHCH3 0.36 102 
CH 2=C( CH 3)2 0.50 102 
CH2=C(CH3)CH=CH2 0.25 102 
(CH3)2CHCH=CH2 0.3-0.4 65 
CH3CH2CECH 0.75 103 
CH3(CH2)2CECH 0.81 104 
CH~(CHZ)~C=CH 0.83 104 
CH3(CH2)4C=CH 0.85 104 
(CH3)2CHC=CH 0.72 103 
(CH3)3CCECH 0.66 103 

Et hynylcyclopropane 0.89 103 
Vinylcyclopropane 0.50 102 
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fair approximation from C -I+ C= and C -t+ C E  bond moments, with p(CH) and 
paraffinic p(CC) kept at zero 31*105. Monosubstituted alkanes can be treated analog- 
ously, by ascribing a moment only to  the bond from carbon to the substituent. E,, is 
then zero47. E,, would come out non-zero if the molecule contains two or  more bonds 
that are not C-H or paraffinic C-C (e.g. CH3CSCCI, CICH2CH2Cl, but not 
CH3CH2CH2CI). In most applications the interaction between geminal dipolar bonds 
(e.g. in CH3CHC12) is also ignored. 

However, experimental dipole moments are not constant even in simple sericslo6: 
for example'", CH3C1, 1.89; CH3CH2CI, 2.04; CH3CHClCH3, 2.17 D. So, if theore- 
tical dipole moments are to be compounded from bond moments, either p(CX) is to be 
admitted wild or else the polarization in C-C and C-H bonds is to be included. 
Furthermore, C-H bonds in alkanes, alkenes and alkynes are electrically d i ~ s i r n i l a r ' ~ ~  
and their moments cannot be neglected simultaneously. A striking illustration'08 of 
what happens when p(CC) and p(CH) are ignored is reproduced in Table 2. 

A reasonable way to proceed for a given type of skeleton (say, alkane) and sub- 
stituent (say, chlorine) could be as follows45. Select a value for p(CH), either from 
calculation107 or experiment"'.' lo, by arbitrary choice or  some roundabout means1 ' l. 
Use the experimental geometrj  and dipole moment of CH3X to estimate p(CX) by 
vectorial decomposition. Proceed to CH3CH2X aFd derive p(CDCm). Experience s!mws 
that the polarization in C-C bonds further away can be ignored. Then turn to disub- 
stituted molecules of unambiguous conformation, such as ck-l,2 (20) or cis-1,4 (21) 

(20) (21 1 
disubstituted cyclohexane, and use their dipole moments to estimate the apparent 
bond moment p*(CX), that is, the bond moment of C-X when c!ose to another 
strong dipole112. Do this for several molecules and formulate p*(CX) as a function of 
the distance and relative orientation of C-X with respect to other strong dipoles in 
the molecule. This is the approach of Miyagawa (1954), put to the test (1964) by 
Quivoron and NCel' l ,  and recently revived27.45.46.48. We return to it in Section 1II.D. 

A sample of what can be done is given in Table 3. The last entry refers to the 
optimized geometry of la,2e,3e,4e,5a,6a-hexachlorocyclohexane (gammexane), a 

TABLE 2. Apparent bond monents (in debyes)'" 

Apparent C-CI 
Compound Dipole moment, D momenf, D 

CH3Cl 1.56 1.86 
CH2C12 1.60 1.39 

CH3CH2CI 2.03 2.03 
CH3CHC12 2.05 1.78 

CH2CICC13 1.39 1.24 
CHCI2CC13 0.92 0.92 

'Assuming p(CH) = p(CC) = 0. 

CHC13 0.95 0.95 

CH3CC13 1.77 1.77 
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TABLE 3. Dipole moments (in debyes) of saturated  chloride^^^.'^' 

Dipole moments, D 

Experimental Compound Calculated 

CH3CH2CI 2.04 2.04 
CH~CHZCH~CI 2.05 2.05 
CH3CHCICH3 2.14 2.17 
(CH3)3CCl 2.22 2.15 

cis- 1,2-Dichlorocyclohexane 3.13 3.12 
cis- 1,4-Dichlorocyclohexane 2.87 2.89 
trans-l,2-Dichlorocyclohexane 

Chlorocyclohexane 2.15 2.1-2.2 

ax,ax 0.95 1.07' 
e4 re4 3.24 3.32a 

2P,3a-Dichloro-Sa-androstane 1 .23h*C 1.27116 

1 a,2e,3e,4~,5a,6a-Hexachloro- 
2a,3P-DichIoro-Sa-androstane 3.22b.d 3.441'6 

cyclohexane (gammexane) 2.62' 2.8211' 

'Estimated independently of bond-moment ~ u m m a t i o n ~ ' ~ .  

cw(CI,CCCI,), 153" (exptl'15, 156"). 
dw(CI,,CCC1,q), 61" (exptl'15, 61"). 

as prescribed in Ref. 45. 

molecule with six interacting strong dipoles. This geometry is far from standard but 
still not as far as the geometry reported for the crystal117. Inrer a h ,  the C1C6C5 
valency angle is computed (113.5") larger than other CCC angles but not as wide as 
reported for the crystal (123"). O(CCCl), 110.3-112.0" (versus 103-116" in the 
crystal); o(CICCCI), 159.2" (ax, ax) ,  51.6" (ax,  eq),  54.6" (eq, eq).  When the calcula- 
tion was repeated with chlorine interactions 'turned off', angles relaxed to a more 
standard geometry, with f3(CCCl) in the range 198.6-109.7" and o(CICCCI), 166.9" 
(ax, ax), 50.6" (ax, eq) ,  62.4" (eq,  eq ) .  The computed moment (2.79 D) became 
closer to the experimental. Arr- earlier calculation' assumed standard geometry 
(tetrahedral valency angles, dihedral angles of 60" or 180") and produced 2.84 D. 
Details on the two calculations are given in Table 4. 

The data in Table 4 show that the quality of the geometry that one assumes cannot 
be tested by the quality of the dipole moment that one computes, and that the set of 

TABLE 4. Two estimations of bond moments and the dipole moment (in debyes) of gammexane 

Early calculation New calculation'14 
Geometry Standard Optimized 

2.05 1.60 
0.35 (H negative) 0.33 (H positive) 

1.03 1.91 
1 .oo 1.70 

1.70 1.02 
1.70 1 .oo 

1.03 1.91 
2.58 1.17 

2.62 Dipole moment 2.84 

PYCCU 
P(CH) 
P(C'C9 
P(C2CI) 
P(C3C1) 
P(C4CI) 
P(C5C9 
P(C6CO 
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bond moments that reproduces a given dipole moment is not unique. Since dipole- 
dipole interactions are taken proportional to bond moments and made to depend on 
the geometry (equation 3), it follows that the electrostatic component in E, could vary 
appreciably from one force field to another. 

A further difficulty concerns the moment ascribed to the C-H bond. If it is to be 
picked up at  will, one may well ask whether p(CH) = 0 is a good choice. Test cases are 
rare and not obvious, since C-H moments are small anyhow, often cancel (e.g. ortho 
and meta C-H moments in chlorobenzene) or can be incorporated in the moments of 
other bonds (para C-H in chlorobenzene). In a recent study of organic amineslls, 
moments were alloted only to C * N (0.04 D), H * N (0.76), N * lone pair (0.60), 
but not to C-H bonds. As a consequence, the computed dipole moment depended 
only on the pattern of substitution, not on the nature of the alkyl groups: one obtained 
1.33 D for monoalkylamines, 1.10 for dialkylamines, 0.64 for trialkylamines. This is 
quite representative as open-chain amines go, but the number 0.64 D was by necessity 
obtained also for quinuclidine (22), where the experimental value is much higher: 1.17 
in C6H12 or 1.22 D in CgH6119. The discrepancy (-0.5 D) is just of the order120 of 
p(CH), and indicates that the moment of bond C4-H ought not to be omitted. 

f 
(22) 

Finally, a famous paper by Coulson121 led to confusion as to  the direction of the 
C-H bond moment’22. It seems to be accepted n ~ ~ n d a y ~ ~ ~ ~ . ~ ~ ~ ~  that the proper sense 
should be -CH+. 

B. Point-dipole Approach 

equation 3) by using Figure 5. 

The potential created by this dipole at a point P(r, 0) is 

It is helpful to recall the derivations7 of the point-dipole equation (Section 11, 

Let a dipole of moment pi = ql be defined by charges -q and +q at a distance 1. 

I f  the distance 1 is sufficiently small with respect to r ,  r; - ri - 1 cos 8 and rirj - r2, so 
that V = pi cos 0/r2 and the components of the field &at P become gr = 2pi cos 8/rJ  
and go = pi sin 8/r3 .  On introducing unit vectors and further development one obtains 
an expression for &(at P), and then an expression for the potential energy of a dipole 
p2 placed at  P, ees = -pj - 8. Division by the dielectric constant d provides the relation 
sought, 

ees = pip,(cos x - 3 cos ui cos uj)/dr3. 

Strictly speaking, then, equation (3) applies intramolecularly only if the lengths of the 
interacting dipoles are ‘small enough’ 124 with respect to their distance. Removal of 
this limitation is possible100a but has not been attempted. Other weak points are that 
bond moments are not unequivocal (Section 1II.A) and that it is hard to pinpoint the 
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& 

I 
FIGURE 5 .  Field of dipole ql at point P. 

centre of the dipole5*. In practice one usually places p ( X Y )  at the midpoint of bond 
X-Y. Because of the uncertainties, conclusions as to the reliability of the equation 
have to be based upon its performance. In particular, it is relevant to check whether 
results by equation (3) compare with the sum of Coulomb interactions, as given by 

This equation is a variant of equation ( 2 ) ,  where qs are the two charges that define 
pi and q, the two charges that define pi. A literature scan produced meagre findings: 
for most molecules that have been calculated by both formulations, the moments 
used with equation (3) were inconsistent with the charges used with equation (6). 

One case in which equation (3) was checked against equation (6) is the E-2 
equilibrium in 2-halobenzoic esters'25 (23, 24, with R = CH3 or CH3CH2 and X = F, 

E Z 



1. Molecular mechanics and conformation 15  

C1, Br, I). By dipole moments (in benzene solution) and the carbonyl stretching 
frequency (in decalin solution) at room temperature, conformation E prevails for 
X = F (-64%, R = CH3), but its abundance diminishes as X grows (-45% for X = I, 
R = CH3). In the calculations, moments were first assigned to bonds, and the charges 
on individual atoms were then obtained by dividing the bond moment by its length and 
summing at each atom. Predictions by the chzrge formula and point-dipole equation 
different at most by 6% in the population, being 3% on the average. The charge 
calculation yielded 68%) E for X = F, and 62% E for X = I (R = CH3). 

A statement to the contrary was enunciated by Stolow in the late 1 9 6 0 ~ ' ~ ~ .  The 
conformational equilibria (chlorine equatorial G= axial) in 4-chlorocyclohexanone (25) 
and its ethylene ketal, 8-chloro-1,4-dioxaspiro[4.5]decane (26) were under scrutiny. 

By NMR there is an axial 
solution, 31 "C; ketal, 58% 

CI CI 

(25) (26) 

excess in both compounds: ketone, 67% axial in CCI4 
axial in CFCl?, -74°C. Stolow argues that whichever 

conformation (axial or equatorial) happens-to be computed as t i e  more stable in 25 
would be computed as the less stable in 26, since in 25 the moment of the carbonyl 
points away from the six-membered ring while in 26 the dioxolane moment points 
towards it. Put differently, cos x in equation (3) changes sign on passing from 25 to 26, 
and so would the computed ecs. 

In Stolow's reasoning, the entire eq-ax energy difference is ascribed to electro- 
static effects and variations in steric strain are ignored. Also, the interaction between 
two polar groups only (C=O and C-CI in 25, dioxolane and C-Cl in 26) is taken to 
represent the entire electrostatic term. In addition, effects of solvent are ignored. Even 
so. one is curious to know how badly such an approximate calculation for the ketal 
could turn out since cosx  in the ketone has the right sign to make the axial con- 
formation more stable. To check this pointI2' the geometry of the conformers was 
optimized by standard procedureslZ8, standard bond moments were then ascribed to 
C-Cl (1.7 DIz9) and to the dioxolane (1.47 D130, pointing towards the six-membered 
ring) and the interaction was computed by equation (3). With d = 1 this gave ees,Pq - 
eesTar = -0.19 kcal mol-', whereas experimentally -AGO = +0.13 kcal mol-' in 
solution. The sign is wrong, of course, but agreement is still to within 0.3 kcal mol-' 
(or better, if d > 1). 

Optimization of 26 revealed, incidentally, that it is not a 'reversed counterpart' of 25. 
The dipole angle x(C=O/C-Cl) differs markedly in the two conformations of the 
ketone, being 108' in the axial and 133" in the equatorial form4'. In the ketal, by 
contrast, x(dioxolane/C-Cl) comes out as 52" in the axial and 54" in the equatorial, 
thus virtually independent of conformation. 

One has even contested the  applicability of equation ( 3 )  to the ketone 2513'. In a 
confrontation of equations (3) and (6), using charges consistent with bond moments, 
the  C=O and C-CI dipole lengths were taken as 1.22 and 1.5 A (equation 3) and the 
charges distanced at 1.22 and 1.56 A (equation 6). It is claimed that the computed 
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Aees was acceptable only with the charge formula while the point-dipole prediction 
deviated by 0.47 kcal mol-'. The  geometrical parameters that computation requires 
(r, x ,  a l ,  a2, see Figure 2) were measured on a Dreiding model. They are not cited in 
the publication and cannot be checked against the optimized numbers47. 

The two approaches were applied to trans-l,4-dichlorocyclohexane132, but with 
inconsistent charges and bond moments. The same was done for vicinal d i b r ~ m i d e s ~ ~ .  
In BrCH2CH2Br, for example, gauche was computed less stable than anti by 1.68 
(dipole) or 1.67 kcal mol-' (charge), versus the e ~ p e r i m e n t a l ' ~ ~ . ' ~ ~  1.7 kcal mol-' or 
more. In trans-l,2-dibromocyclohexane ee wzs obtained above aa by 1.65 or 
1.49 kcal mol-' (experimenta1113*i35 > 1.5 kcal mol-I); in rneso-CH3CHBrCHBrCH3, 
Br/Br-g is above Br/Br-u by 1.73 or 1.54 kcal mol-' ( e ~ p e r i m e n t a l ' ~ ~ . ' ~ ~  -1.5 kcal 
mol-I). An interesting observation was that fitting to experimental energies required 
e,,,(BrCCBr) to be taken to be different in the two approaches: in conjunction with 
equation (3), 

e,,,(BrCCBr) = 5[0.71(1 - cos 2 0 )  - 0.83(1 + cos 3w)l; 

when point-charges are used, however, the appropriate position was e,,,(BrCCBr) = 0. 
This is another demonstration of the corrective role of E,,, (Section I). 

Some point-dipole calculations were r e p ~ r t e d ~ ~ . ~ ~  for molecules with dipoles at a 
1,3-relation (XCCCY). The available data do not suffice for stringent checks of the 
results. 

Whether equation (3) performs reliably for 1,2-dipoles (XCCY) is a question that 
can hardly be answered, since e,,,(XCCY) would automatically smooth out any 
insufficiencies. As to 1,l-dipoles (XCY), their energy of interaction need not be 
computed at all: most of it cancels when taking differences (e.g. when comparing 
eclipsed with staggered CH3CHXY), and the remainder is implicitly incorporated in 
eb(XCY) during the process of parameter-fitting. 

A final remark concerns the local dielectric constant. Since d occurs in the denomi- 
nator of interaction terms, choosing a high value for this constant is tantamount to de- 
emphasizing intramolecular electrostatic effects. In the early days of molecular 
mechanics one looked up to theory to supply appropriate values ford .  Kirkwood and 
Westheimer's work138 was taken as The model has since been further 
d e v e l ~ p e d ~ ~ ~ . ~ ~ ~  but nowadays one tends to regard d as one of the adjustable constants 
in the force field'j2 or as a parameter to be selected on pragmatic grounds18. Table 5 
gives an idea, not too gratifying, of the present status of the problem. 

C. Point-charge Approach 

at the atoms -and the electrostatic interaction is given in equation (7); 
In this alternative, charges are distributed at certain points in the molecule -actually 

Here q i  is the excess charge (positive or negative) associated with atom i, rJ is the 
distance between point charges i and j .  The components of the dipole moment are given 
by equation (8), 

( 8) ~u = C qiui, 
i 

where u = x, y or z ,  and the total moment is 



T
A

B
L

E
 5

. 
L

oc
al

 d
ie

le
ct

ri
c 

co
ns

ta
nt

 

Y
ea

r 
d 

C
on

te
xt

 
R

ef
er

en
ce

 
Ju

st
if

ic
at

io
n 

gi
ve

n 

19
70

 
1 

H
al

id
es

 
42

 
d 

#
 1

 is
 t

an
ta

m
ou

nt
 t

o 
in

cl
ud

in
g 

d 
in

 

19
71

 
1
 

Su
bs

tit
ut

ed
 c

yc
lo

he
xa

ne
 

14
3 

d 
#

 1
 is

 n
on

se
ns

e 
19

75
 

1 
EP

EN
 f

or
ce

 fi
el

d 
15

 
B

et
te

r 
th

an
 g

ue
ss

 
19

68
 

1 
or

 2
 

A
no

m
er

ic
 e

ff
ec

t 
14

4 
C

on
fo

rm
at

io
n-

de
pe

nd
 e

n 
t 

19
78

 
1.

5 
D

ik
et

on
e 

in
 g

as
 p

ha
se

 
14

5 
D

is
tin

ct
io

n 
fr

om
 s

oI
ut

io
n 

19
80

 
1.

5 
D

ih
al

id
es

 
47

 
19

80
 

1.
96

 
C

hr
ys

an
th

em
ic

 a
ci

d 
14

2 
O

pt
im

iz
at

io
n 

19
58

 
2 

H
al

o k
et

on
es

 
13

9 
C

lo
se

 to
 I
 

in
 h

yd
ro

ca
rb

on
 s

ol
ve

nt
s 

19
78

 
2 

D
ih

al
id

es
, h

al
ok

et
on

es
 

14
6 

M
ol

ec
ul

e 
(n

ot
 v

ac
uu

m
) 

be
tw

ee
n 

di
po

le
s 

19
77

 
2.

21
 

2-
H

al
ob

en
zo

ic
 a

ci
ds

 in
 b

en
ze

ne
 

12
5 

d
=

E
 

19
79

 
3 

A
lc

oh
ol

s 
an

d 
et

he
rs

 
18

 
W

ith
 sm

al
l d

, o
pt

im
iz

at
io

n 
a1

1 
bu

t i
m

po
ss

ib
le

 
19

80
 

3 
C

ar
bo

hy
dr

at
es

 
14

7 
G

eo
m

et
ri

es
 b

et
te

r 
th

an
 w

ith
 d

 <
 3

 
19

65
 

3.
5 

Po
ly

pe
pt

id
es

 
14

8 
A

s 
m

ea
su

re
d 

fo
r 

so
lid

s 
19

71
 

3.
5 

Su
ga

rs
 

14
9 

A
s 

ad
vo

ca
te

d1
4'

 
19

74
 

3.
5 

E
th

an
ed

io
l a

nd
 e

th
er

s 
55

 
C

lo
se

 to
 e

 o
f 

so
lv

en
ts

 
19

66
 

4 
Po

ly
pe

pt
id

es
 

15
0 

C
lo

se
 t

o 
va

lu
e 

ad
va

ca
te

d1
4*

 
19

78
 

4 
H

al
id

es
 

46
 

W
ith

 s
m

al
le

r d
, E

,, 
do

m
in

at
es

 E
, 

19
80

 
4 

[ 2
.2

]p
ar

ac
yc

Io
ph

an
es

 
15

1 
B

y 
fi

tti
ng

 
19

69
 

5 
B

ic
yc

le
[ 2

.2
.2

lo
ct

an
oi

c 
ac

id
s 

15
2 

T
he

or
et

ic
al

 c
on

si
de

ra
tio

ns
 

I9
80

 
5 

E
th

er
s 

15
3 

B
y 

fi
tti

ng
 a

nd
 a

na
lo

gi
cs

 
19

62
 

5.
5 

B
ic

yc
Io

[ 2
.2

.1
 Jh

ep
ta

di
en

e 
15

4 
A

s 
in

 d
ia

m
on

d 
19

78
 

8
 

D
ik

et
on

e 
di

ss
ol

ve
d 

in
 b

en
ze

ne
 

14
5 

E
ff

ec
tiv

e 
e 

of
 s

ol
ve

nt
 

19
76

 
V

er
y 

la
rg

e 
Bi
cy
cl
o[
2.
2.
2]
oc
ta
ne
di
oi
c 

ac
id

 
14

1 
T

he
or

et
ic

al
 c

on
si

de
ra

tio
ns

 
19

79
 

V
er

y 
la

rg
e 

H
is

ta
m

in
e 

in
 s

ol
ut

io
n 

15
5 

T
o 

el
im

in
at

e 
E

,, 

qu
an

tu
m

-c
he

m
ic

al
 H

am
ilt

on
ia

n 

I
<

~
<

E
 



18 A. Y. Meyer 

Various schemes are being used to partition the charge. Charges were taken to 
comply with bond or treated as atomic constantss0 (sometimesla 
readjusted further to preserve c qi = 0), or the product qiqj  considered a pair- 
constant42. More frequently, however, charges are derived by a preliminary quantum- 
chemical c a l c ~ l a t i o n ' ~ ~ . ~ ~ ~ . ~ ~ ~ . ~ ~ ~ .  This brings in a dilemma of con~istency'~': unlike 
their employment in molecular mechanics, the quantum-chemical 'charges' do  not 
relate to the dipole moment through equation (8). 

In brief, let (Pk = C ( p ) C k p x p  be a molecular orbital, where x p  represents an atomic 
orbital tied at atom M by normalization, 

( ( P k l ( P k )  = 1 c k p c k w s p v  
P V  

= 1 c 2 p  + 2 c c k p c k , s p ,  = 1. 
(3;) 

(9) 
Ir 

If overlap integrals are ignored or not explicited, 

and one may identify cz, with that portion of the charge in x p  that is associated with 
electrons in ( P k .  Let n k  denote the number of electrons in (Pk (usually nk  = 2) .  The gross 
charge on atom M is 

q$ = c 1 n k c z p .  (11) 
p € M  kocc.  

By subtracting the number of electrons that atom M donates, one obtains the excess 
charge (or simply, the charge) qM on M. These qM values fit equation (7) and are 
consistent'59 with equation (8). Huckel n-charges fall in this category. They have been 
used widely in the past to compute dipole moments of unsaturated hydrocarbons160 
and, in conjunction with a-charges, of unsaturated heterocycles161. 

When overlap integrals are not suppressed, equation (9) does not reduce to equation 
(10). Following Mulliken16*, one lets p and Y share equally the ( p ,  u)-component in the 
right-hand term of equation (9), which leads to a gross atomic population: 

1 q z  = 2 I n k  c z p +  c c k p c k w s p v  
pEM k o c c .  ( V+P 

= q 8  + 2 1 n k  c C k p c k w s p w .  
p € M  kocc.  v Z p  

Now the gross charge qf i  is but one of two addends. A complex expression ensues for 
the dipole equation (8) does not apply, and it is not clear'64 what to 
pose in equation (7). Furthermore, Mulliken's partition of charge is itself arbitrary, and 
not necessarily the most appropriate choice'65. 

A very simple way out is to deal with saturated molecules, or with the a-skeleton of 
unsaturated molecules, in a manner analogous to the Huckel method. The method of 
Del Re'66, which has been adapted to halogen compoundsI6', is now making its entry 
into molecular  mechanic^'^^. Only bond orbitals are here explicited, overlap is 
suppressed, and extensive parametrization compensates for the missing factors. 
Consider a bond based on x p  E M and x v  E N. The doubly-occupied molecular orbital 
is 

(Ppv = c p x p  + cwx, 
with c,' + c t  = 1 .  The net charge q p  in x p  and the net charge QM of atom M are, 
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respectively, 

where q M  is the quantity that cquations (7) and (8) require. Approximately, 

where epv is now a constant of the bond and the constants 6, depend through further 
parameters y,, on all atoms to which atom M is bonded (equation 12): 

v bonded 
10 M 

Thus, the molecular connectivity dictates a system of linear equations in 6, and their 
solution provides Q," and hence Q+ An obvious shortcoming is that the computed 
charges depend only on the ordering of bonds in the molecule and are  not sensitive to 
rotamerizat ion. 

Smith and Eyring's partition of charge167 suffers in its original formulation from the 
same deficiency. Here one expresses the moment of bond M-N as a function of its 
polarizabilitp, length, and of the effective charges and covalent radii of atoms M and 
N. This provides the charge on M due to bond M-N and, by summation, qh,. Some of 
the required parameters were adapted from other work, others were assigned by 
fitting, and the scheme was simplified168 by putting p(CH) = 0. The method has been 
applied to alkyl halides'"', a , w - d i h a l ~ a l k a n e s ~ ~ ~ ,  formyl and carbonyl halides17*, 
alkenyl halides172, to fragments derived from alkyl halides173 and, very re~cnt ly"~ ,  to 
l-chloro-4,4-difluorocyclohexanc and to 1,l  -bis(trifluoromethyl)-4-chlorocyclo- 
hexane. 

A novel development is the 'modified Smith-Eyring' method (MSE) of Allinger 
and W ~ e s t h o f f ' ~ ~ ,  where the charge on M is made to depend on all M-..N pairs, not 
just M-N bonds. MSE is sensitive to geometry and has been used in the theoretical 
analysis of mono- and dihaloalkanes and halo ketone^^^.'".'^^. 

D. Variability in Bond Moments 

In the point-charge methodology, the Smith-Eyring and Del Re constructions 
operate by 'sigma induction' 176: a polar bond affects other bonds in the molecule by 
successive polarization of the intervening bonds. MSE allows also for through-space 
interaction. In the point-dipole approach, the effect of one  polar bond on the moment 
of another is introduced through 'field induction' 100b.112*177. Applications, other than 
in molecular mechanics, have been reviewed'78a-179a.180. Here we dwell on the practical 
aspects of computation. 

A dipole adjacent to a polarizable group induces a moment in the same direction but 
of reversed sense from its own. Hence two dipoles in a molecule affect each other in a 
way to modify - usually reduce - their respective moments. The  energy of 
inductionloob is amall enough to be ignored in present-day applications, but changes in 
bond moments and the ensuing changes in ees and E,, are  significant. For example45, 
the dipole moments of monochloroalkanes can be fitted by the set p(CC1) = 1.60, 
p(CH) = 0.33 and p(C,C,) = 0.28 D. With these bond moments one would calculate 
p = 3.49 D for cis-1,2-dichlorocyclohexane, whereas the experimental value is only 
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3.12 D - corresponding to p(CCI) = 1.38 D. The C-CI bond moment is thus reduced 
by 0.22 D, and e,,(C-CI/C-CI) by a factor of (1.38/1.60)* = 0.74. If p(CH) and 
p(C,C,) are taken to be zero, p(CC1) has to be lowered in this particular case by 
c. 0.33 D18*. This shows not only that the reduction is appreciable but also that its 
magnitude depends on the computational framework. 

The inductive interaction between two dipoles depends on their polarizability, 
distance, and relative orientation in spaceloob. These factors were taken into account 
empirically in early studies of 2-haloketonesyy. Thus182, in the axial conformer of 
2-fluoro-3-cholestanone (27) the dipole angle x(C=O/C-F) is large and induction 
expected to be small; in the equatorial conformer (28) the angle is small and the effect 
large. In calculating dipole-dipole interaction, therefore, p(C=O) was taken high 
(3.01 D) in 27 and low (2.84 D) in 28. 

F H 

In a study of polychlorinated alkanes, Miyagawa18’” proposed to reduce the C-CI 
bond moment by 0.46 D for each geminal and by 0.24 D for each vicinal C-CI bond 
(see Ref. 111). Smyth gives the following table of moment reduction for geminal 
dihaloalkanes: C-Cl by C-CI, 0.36; C-CI by C-F, 0.56; C-F by C-CI, 0.11; 
C-F by C-F, 0.21 D17‘b. 

Let ,uo be the reference bond moment (before induction is taken into account), 
p* the apparent moment (with induction), and A p  = po - p * .  By equation (3) 
(Section II), equation (13) is obtained: 

ees = PlP2F9 (1 3) 
where F = (cos x - 3 cos crl cos cr2)/dr3. Denoting by 1 2  the longitudinal polarizability 
of bond 2, the  longitudinal change in p 2  (Ap2) due to induction by p1  is given by 
equation (14): 

Ap2 = pz - P; = 12plF. (14) 

In a pioneering investigation, Quivoron and NCel derived p* for C-CI bonds in a 
number of 1,2,3,4,5,6-hexachlorocyclohexanes, assuming idealized geometries”’. For 
example, 1,3-diaxial C-CI bonds were taken parallel, so that cos x = 1, cos orl = 
cos cr2 = 0 (Figure 2). With d = 1, 

or 

p* = P o  

1 + Air3 

In this manner, overall dipole moments were expressed as function of p”(CCI), 
p(CH) and 1, and these parameters were estimated by comparison of the resulting 
expressions with experimental dipole moments. 

The approach has been made compatible with the force field procedure and applied 
to f,uoro-J6, ~ h l o r o - ~ ~  and bromoalkanesJ8, and to fluorinated olefinsz7. Only the 
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induction in C-Hal bonds is considered: bonds of other types (C-C, C=C, C-H) 
are either not polarizable enough and/or not polarizing enough, and their moments 
are small anyhow. For C-Hal bonds, one approximates equation (14) further to get 

,u; = p z  - l l z p l  F -  pg - I z p P F  
- - ~ ' 2 0  - (&/PP)PPP;F = ~ ' 2 0  - kze,.. 

o r  

A p 2  = k2ezs 

Here, ezs is the interaction (equation 13) at the reference values of bond moments, 
and k 2  is taken as a constant of the bond. If the molecule contains several C-X 
bonds, equation (1 5) is obtained: 

In the force field calculation, a first optimization is performed with thc reference bond 
moments p 0 .  This provides e;, for all pairs, at a geometry that is virtually final. 
Equation (15) then furnishes the apparent moments p* and the calculation is repeated 
to provide the final dipole moment and the final E,, = cecs, As an example, the 
apparent C-CI bond moments in gammexane were given in Table 4. 

IV. SOME HALIDE FORCE FIELDS 

It is advantageous to base the force field for a group of functionalized hydrocarbons on 
a well tested force field for tinsubstituted hydrocarbons. This helps when effects of 
substitution are to be analysed, or  when parameters for dissimilar substituents have to 
be used conjointly (e.g. halogen and carbonyl in haloketones). Many of the results 
cited in this chapter were obtained by an of Allinger's 1973 force 
field183. In this schcnie, El is the sum of E,, Eb, E,br Enb, E,,,, E,b (torsion-bend 
cross-term), and E,>. For E,, the point-dipole approach is used, with p(-CH+, 
paraffinic) = 0.33, p(-CH+, olefinic) = 0.52 D, and d = 4. 

In 1977 Allinger came up with the MM2 program49 which was later extended to a 
variety of functional groups, including halides47. In this set-up, d = 1.5 and E,, is 
evaluated at choice, either by the point-dipole formula with p(CH) = 0 or through 
MSE and the point-charge formula (Section 1II.C). The computer program also 
furnishes the heat of formation of mono halo alkane^^^. The  point-charge option has 
been rendered compatible with the computation of solvation energies. 

In conjunction with electron diffraction studies, Stglevik and coworkers calculate 
conformational energies, geometries, barriers to internal rotation and torsional force 
 constant^'^^. Their energy is given by equation (16): 

El = E, -+ Eb + El,, + E,, (1 6) 

where L', = tk,(l - f#, e b  = $kb(e - eo)?, etor = f V3[ 1 + cos 3 ( 0  - 4 3 ,  and e, 
includes van der Waals' repulsion and attraction and the charge interaction. Appli- 
cationscentre about polyhalo-derivativesof open-chain alkanes, e.g. CICFzCF2CFzC1185 
and C12CHCH2CHC1,186. 

The last two terms in equation (16) define Abraham and Parry's pioneering force 
field for halides4', wherein flexibility in bond lengths and valency angles was not 
permitted and dipole moments were not sought. Results by this field for a large 
number of mono- and polyhalogenated  alkane^^^.'^^, and for halogenated aldehydes 
and acyl halides188, have been reported. 
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V. FLUORINE COMPOUNDS 

Fluorine seems sometimes to have a logic of its own. Of the two conformations 
available to compounds of :ype XCH2CH2X, gauche (29) and anti (30), fluorine 
prefers the g ~ u c h e ' ~ ~ - ~ ~ l  (by 1-2 kcal mol-') while other halogens prefer the anti192a 
(by 1-2 kcal mol-I). Gauche corresponds also to the global minimum'93 in FOOF and 
FSSF, as it does in the parent hydrides HOOH and HSSH. The tendency of fluorines 
to approach each other is further illustrated by FCH2COF: the conformers here are194 
F/F-a (31) and F/F-syn (32), while these are Cl/Clu (31) and Cl/CI-g (33) in 
CICH2COC1'95. F2CHCOF is a mixture of F/H-g (34) and F/Hu (35), of which 35, the 
conformer with clustered fluorines, is lower in energy by 0.26 kcal mol-' 196. Fluorine 
crowding in this molecule is assisted by the tendency of vicinal C-H and C=O bonds 

v 

to eclipseI9'. 

T 

H*: H 

(34) (35) 
Cases are known, on the other hand, where the conformation of lower energy has 

the fluorines farther apart than in the alternative. These are not devoid of their own 
peculiarities. In 1,1,2,2-tetrafl~oroethane'~~ conformation 36 is stabler than 37, as it is 
in the chlorine and bromine analogues; the reported energy difference (-1.2 kcal 
mol-l), however, exceeds the values r e p ~ r t e d ' ~ ~ , ~ ' '  fcc C12CHCHC12 (0.5-0.8), 
Br2CHCHBr2 (0.6-1 .l), C12CHCHF2 and Br2CHCHF2. In 1,1,2-trifluoroethane con- 
formation 38 is more stable than 39, but now the energy d i f f e r e n ~ e ~ ~ . ~ " '  (0.9-1.4 kcal 
mol-l) is lower than in the chlorine (1.8-2.0) and bromine  analogue^'^'. Strangely 
enough, quantum-chemical reasoning3"" prefers 37 to 36 and 39 to 38, and actual 

Nx*;; A*xb H 

K X  
H H 
(W (37) 
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computation”’ makes 37 either too stable or too unstable. Other examples are N2F4 
and P2F4 which are antizo3, the presence of fluorines thus overriding the ‘gauch effect’ 
that the parent hydrides m a n i f e ~ t ’ ~ ~ . ~ ~ *  - unlike in FOOF and FSSF. Trans is also the 
more stable isomer of l,2-difluorocyclopropane20s. 

Flourine tends more than other halogens to approach localities of unsaturation. 
Benzyl halides (PhCH2X) provide an example. When X = C1, Br or I, the C-X bond 
lies in a plane perpendicular to the aromatic ring; fluorine, like hydroxy206, prefers a 
periplanar orientation207. In CH2=CHCH2F, F/C=C-syn (40, X = F) is preferred 
to H/C=C-syn (41, X = F) by 0.17 kcal mol-I 20s; solution data suggest a reversed 
order of stability in the chlorine and bromine compounds209. Another type of oddity 
is discerned when one passes from CH2=CHCH2F to CH2=CFCH2F: the gap 
between 42 (low) and 43 (high) widens from 0.17 to 0.42 kcal mol-I 210. With 
1,2-difluoroethane in mind, one would expect the gap to close rather than open. It 
is still lower than the gap in CH2=CClCH2C! (about 0.9 kcal mol-’ 211). 

(42) (43) 

Such peculiarities have prompted extensive efforts along quantum-chemical 
lines2”26,30~202.2’2~213, but results for some molecules are numerically unsatisfying 
(e.g.62 FCH2CH2F) and other molecules just refuse to obey the quantum chemist’s 
insight (e.g.I6” F2CHCH2F and F2CHCHF2). Also, the contrast between fluorine and 
other halogens - e.g. when confronting FCH2CH2F with ClCH2CH2CI - does not 
come out distinctly. It seems that ab initio calculations are too sensitive to the basis 
set24,214 and input geometry2I5, and that the correlation energy differs too significantly 
in the structural variants24. An extreme illustration is provided by oxalyl fluoride, 
FCOCOF. Using the same basis set (4-31G) but somewhat different geometries, the 
secondary minimum was obtained in one study2I4 as F/F-syn, with energy 0.54 kcal 
mol-l above anti, and in another2I6 as gauche (a - 15”) with energy 3.93 kcal mol-’ 
above anti! 

Very little, by contrast, has been attempted along molecular-mechanical lines. An 
interesting observation concerning X2CHCHX2 and related molecules was made by 
Miyagawa and coworkers217 in 1957. In geminal dichlorides, Q(XCX) would exceed 
the tetrahedral value (it is about 112” in CH2C12218) which shifts the CI atoms of 
C12CHCHC12 as indicated by arrows in formulae 66 and 37. This aggravates the two 
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TABLE 6.  Energy-cornponcnt analyses (in kcal rnol- I )  for XzCHCHXz and XzCHCH2X 
(x = F, c1)4? 

E(37) - E(36)  E(37)  - E(36)  E(39) - E(38)  E(39) - E(38) 
X = F  x = c1 X = F  x = CI 

Non-bonded -0.06 -0.52 -0.06 0.99 
Torsion 0.01 0.06 -0.01 -0.11 
Elcctrostatic 1.36 0.75 1.53 1.06 

Total 1.31 0.29 1.46 1.94 
Skew w(XCCX) 62" 66" 62" 68" 

skew CI...CI interactions in 36 but decreases one of the three CI*.-CI skews in 37. In 
geminal difluorides6, on the other hand, O(FCF) is smaller than tetrahedral. It is about 
108.3' in CH2F2198, 107.4" in CH3CHF2*01, 106.8" in F2CHCH2Fz1' and 107.3" in 
F2CHCHF2220. For X = F, then, the arrows in 36 and 37 should be reversed, which 
implies a rise in conformational energy on  passing from C12CHCHCI2 to F2CHCHF2lg2'. 
As for CI2CHCH2Cl, internal rotation (shown in the formula by arrows) can relieve 
some strain in conformation 35 but not in 39. In FZCHCHZF, FCF-closing could push 
conformation 38 even lower. 

1,1,2-Trihalo- and 1,1,2,2-tetrahaIoethanes count among the first halides calculated 
by the force field method42. The field used stresses non-bonded and electrostatic 
interactions (d = 1) but ignores relexation in bond lengths and valency angles. The 
component analyses are cited in Table 6. One notes that changes in electrostatic 
interaction are more pronounced with fluorine, while changes in non-bonded inter- 
action are more pronounced in the chlorine analogues. The preference in F2CHCH2F 
and FzCHCHFz is thus interpreted as determined by AE,,, while it is the balance of 
AEa and AEnb that counts in CI2CHCH2CI and C12CHCHCI2. 

An alternative force field for fluorides46 de-emphasizes electrostatic interaction 
(d = 4) and relegates to AE,,, a highsr share in AE,;  it does include stretching and 
bending terms. Results for F2CHCH2F and FzCHCHF2 are similar to the above, 
except obviously that AE,,, is substantial in the sum AE,,, + AEcs. Consider, however, 
results by this field114 for the more crowded molecule CH3CF2CF2CH3 (44, 45): 

F 

Energy component E(45) - E(44) ,  kcal mol-' 
~~ 

Steric (mainly bending) 0.476 

Torsion 1.563 
Electrostatic 0.405 
AE,  2.2 

Non-bonded -0.226 

- 
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The computed AEl exceeds in this instance the  quantum-chemical estimate2”* (< 1.8, 
probably around 1.4 kcal mol-’) and might be overestimated. But the analysis recalls 
attention32 to bending strain: inter a h ,  CCC angles are forced to open and FCF angles 
to close in Me/Me-g (45). Furthermore, it illustrates that Enb can be smaller in the 
conformer of higher energy; one should not confuse AEnb with la?21. By compu- 
tation, all anti-interactions in CH3CF2CF2CH3 and also the  Me/Me skew-interaction 
fall in the attracrive brarich of the Hill potential (Figure 1). The average values in 44 
and 45 are obtained as: Me/F-anti, -0.128; Me/F-skew, +0.065; Me/Me-anti, 
-0.273; Me/Me-skew, -0.224; F/F-anti, -0.060; F/F-skew, +0.018 kcal mol-I. The  
Me/Me interaction energy is similar in the two conformers, as is the sum of F/F 
interaction energies. In comparison with 44,45 enjoys then the more favourable Me/F 
anti-interactions. This, however, does not suffice to make i t  more stable than 44. 

With this perspective, let us refer back to Table 6 and note than Enb is not a simple 
measure of the number of skew X.. .X  interaction^^^".^^^. One anti-interaction is 
replaced by skew both o n  going from 36 to 37 and from 38 to 39 but, for X = CI, 
AEnb comes out negative in the former transition and positive in the latter. Whether 
non-bonded interactions are additive at all is q~es t ionable’~ ,  but in molecular 
mechanics they are taken to be so. The exar’nple of CH2CF2CF2CH3 serves to show 
that all pairs - anti and skew -should be taken in consideration, not just the count of 
skew-interactions or of X.-X skew-interactions (see Ref. 45, p. 135). 

To conclude this section let us recall that in 1,2-difluoroethene thecis isomer is more 
stable than the f r ~ n s ‘ ~  (Section I). A preference for cis isomers is also manifested by 
FCH=CHCl, FCHZCHBr,  FCH=CHI, FCH=CFCl, ClCH=CHCI, and 
BrCH=CHBr23.223*224. Unlike the case in d i i r ~ i i d e ~ ~ ~  ( H N z N H ) ,  cis is the more stable 
isomer of di f luor~diaz ine’~~ (FN=NF) and, in distinction from CH3N=NCH3226 and 
CF3N=NCH3, the more stable isomer of CF3N=NCF3 is almost certainly cis227. 

VI. “ON-BONDED ATTRACTION’ 

It happens in some molecules that a conformation with large substituents close to each 
other is stabilized with respect to other conformations, or is relatively more stable than 
a corrcsponding conformation in a less crowded analogue228. For example, 
AE(= Eg - E,) isc. 0.97 kcal mol-l in CH3CH2CH,CH3, 0.81 in (CH3)2CHCH2CH3, 
but only 0.05 in (CH3)2CHCH(CH3)222’‘2”; it is positive in (CH3)3CCH2SiH2CH3 but 
negative230 in (CH3)2CHSiH(CH3)2. In solutions of ~~~O-(CH~)~CCHC~CHCIC(CH~)~ 
there is a higher percentage of gauche forms23’ than in solutions of ClCH2CH2C1232. 
The anti conformation is not the global minimum in BrCH2CRCCH2Br233 and is not 
the predicted global minimum in FCH2CZCCH2F63. H c x a f l u ~ r o b u t a d i e n e ~ ~ ~  and 
hexach lo r~bu tad iene~~~  prefer a skewed conformation (F2C=CH-CH=CF2 is 
s - t r a n ~ ~ ~ ~ ) .  

The phenomenon is sometimes referred to as non-bonded attraction, even if this is a 
biased molecular-mechanical term. The term implies that Enb is (or is assumed to be) 
less positive or more negative in the crowded arrangement, and that AE,b dominates 
AEl. In some instances computation supports this interpretation. A now classical 
example is 1,3,5-tri(neopentyI) benzene, where the predominant rotamer has all three 
tert-butyl groups on the same side of the aromatic ring’”. Another example23x is 
provided by endo-isomers of 1,2,3,4,5,6-hexamethyIbicyclo[2.2.0]hexane (e.g. 46) 
that are more stable than the corresponding exo-isomers (e.g. 47). A third is 1,1,2,2- 
tetracyclohexylethane which prefers the gauche conformation in solution and also in 
the crystal23y. Quantum-chemistry has its own methodology for dealing with 
c rowdednes~~~ .~“0  - as does inorganic chemistry, e.gZ4l in interpreting the eclipsed 
conformation of (C14Re-ReC14)-2. 
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(46) (47) 

Among halogen compounds242, best known is the case of 2,2’-dihalobiphenylsga. 
The conformation with close halogens (48, X, Y = Hal) prevails, in the gas at high 

(48) 
temperatures, to the extent that no other rotamer is observable. In the crystal, the 
halogens approach each other closer than to the sum of Pauling’s contact radii. This is 
not unexpected, since halogen Y would be attracted not only to X but also to other 
atoms in ring A, as would X to atoms in ring B243. 

Another instance has to do with 1,5-hexadiyne and its 1,6-dibromo analogue242. 
Electron-diffraction studies detected 75% anti in the former (49, X = H) but only 47% 
anti in the latter (49, X = Br), and the trend (not the numbers) is reproduced by 
c o m p u t a t i ~ n ~ ~ .  An electron-diffraction study2j4 of BrCH2CH2CH2Br, at a nozzle 
temperature of 65”C, detected 67% of gg (50) with only 30% of ag (51) and 3% of 
aa (52). Molecular-mechanical results48 correspond to 56, 24 and 1 WI, respectively. 

H 
[#H 

x-CGC-c, 
c-c=c-x 

H)$yH 
Brh H Br 

BrnH 
H H  BrH 

BrygBr 
H H  H H  

(50) (51 1 (52) 
The stabilization of gauche with respect to anti in 1-halopropanes has been noted 

above (Section 1II.A). One may ask whether this preference, which characterizes also 
b u t y r ~ n i t r i l e ~ ~ ~  and me thoxya~e ton i t r i l e~~~ ,  carries over to higher homologues. A 
sharp answer cannot be given: either there are too many conformations for a safe 
analysis or, when a few, there are ponderant factors on top of halide preferences. 
The conformational energies in 1-bromobutane have been calculated by a field that 
does not reproduce the guuche-preference in l - b r ~ m o p r o p a n e ~ ~ .  The computed 
relative E, values were: aa, 0; ag, 0.37; ga, 0.60; gg, 0.86 kcal mol-I, where the left 
symbol refers to the conformation of the sequence C-C-C-C and the right symbol 
to that of Br-C-C-C. These numbers do seem representative, judging by the 
agreement of the derived populations (vapour, 25°C) with the experimental247: aa, 
30% (experimental 36%); ag, 33 (24); ga, 22 (24); gg, 15 (16). 

In (CH&CHCH2Br, the conformation with methyls flanking the bromine has been 
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reported as somewhat less stable than the alternative248. I t  is, however, reported24y 
that in (CH3)2CBrCH2CH3 the conformation with one Me/Me-skew and one Br/Br- 
skew is appreciably preferred to the conformation with two Me/Me-skews. In 
dissolved (CH3)2CBrCH(CH3)225", the conformation with a flanked bromine (XIH-a, 
53) is preferred to the alternative (X/Me-u, 54): AGO - 0.39, AHo - 0.1 1 kcal mol-I. 

x x 

A CH3 

(53) (54) 

The theoretical c ~ u n t e r p a r t ~ ~  of the latter number (vapour) has the following 
components: 

Component E(54) - E(53) kcal mol-l 

0.006 
- 0.342 

0.600 
-0.758 

0.669 
- 0.020 

0.16 

The preference is thus interpreted as reflecting a balance of opposing factors, not 
domination of AE, by AEnb. One may add that the chloride and iodide also prefer 53, 
but 54 is preferred in the fluoride and the hydrocarbon itself shows no bias25"~,251. 

Evidence for non-bonded attraction should also be sought in the molecular 
geometry. A case in point is truns-l-chloro-l,3-butadiene (55) where the CLH bond 
is stretched to 1.129 A and the angle C1=CLH is compressed to 114.6", which 
enable CI and H to approach each other252. In the cis isomer (56) one has discerned an 
analogous interaction, between chlorine and the hydrogen atom four bonds away253. 
Cognate phenomena have been encountered in other instances254. 

H H  CI ....... H 
I I I I 

I 
H 

I 
H 

I 
H 

VII. 1,P-DIHALOETHANES 

1,2-Dihaloethanes, obvious prototypes for vicinal disubstitution, have been repeatedly 
studied since the early days of conformational analysis192a-255. Recent reports are 
available on  FCH2CH2Br256, FCH2CH2CI, FCH2CH21, C1CH2CH2Br257, 
FCH2CH2F1yo.191, CICH2CH2ClZS8, BrCH2CH2Br134, ICH2CH2125y, as well as on the 
cyano analogues CICH2CH2CN260, BrCH2CH2CN261, NCCH,2CH2CN2h2. As already 
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TABLE 7. Conformational energies (E, - Ea, kcal mol-') and dipole moments (in debyes) of  
1,2-dihaloethanes 

FCH2CHzF FCH2CHzCI ClCH2CH2Cl CICH2CH2Br BrCH2CH2Br 

0.009 
0.041 
0.086 

0.363 
-0.742 

-0.24 
---3.0 

67" 
0.14 
0.09 
2.66" 
2.67" 

0.00 1 
0.015 
0.044 
0.016 
0.292 

0.37 
0.3-0.5 

65" 
0.13, 0.22 
0.09, 0.1 5 
1 . 9 9  
1.85" 

- 

0.012 
0.086 
0.1 15 
0.733 
0.252 

1.20 
1.2 

65" 
0.21 
0.15 
1.24 
1.12c 

0.01 2 
0.124 
0.167 
0.912 
0.21 1 

1.43 
1.4 

69" 
0.18, 0.17 
0.14, 0.12 
1.15" 

- 

1.09d 

0.01 5 
0.199 
0.258 
1.198 
0.178 

1.85 
-1.8 

73" 
9.15 
0.12 
0.8Y 
0.81e 

~~~~ ~ ~ 

"Cauchc form, Ref. 263. 
bAt 33"C, Ref. 264. 
'Ref.  255. 
dAt 66"C, Ref. 265. 
'At 66"C, Ref. 266. 

mentioned (Section V) the gauche conformation is much more stable in FCH2CHlF 
than the anti form. Ir! the other molecules the anti form is favoured. Solvation and 
liquefaction stabilize gauche with respect to anti (Section IX.B), which reverses in 
some cases the order of ~ t a b i l i t y ' ~ ~ . ' ~ ~ .  

A molecular-mechanical view, by the field that de-emphasizes electrostatic inter- 
a c t i o n ~ ~ ~ . ~ ~ . ~ ~  (d = 4), is offered in Table 7. Results for the symmetrical molecules 
(XCH2CH2X) were obtained by adjusting constants in elo,(XCCX) such that AE1 
(Eg - E o )  fit the experimental. In FCH2CH2F, the calculated AEl  is not negative 
enough: when the field was developed, the extent of gauche-stabilization in this 
molecule had not been appreciated, and later attempts to improve the computed 
AEl  (= Eg - E,)  without affecting other output were not su~cessful"~.  In the unsym- 
metrical cases (XCH2CH2Y), e,,,(XCCY) was taken as the average ~[e,,,(XCCX) + 
e,,,(YCCY)] and not rcadjusted. O n e  sees that A E l  comes out appropriately for 
FCH2CH2CI even though the result for FCH2CH2F is not representative. This implies 
that some effect o f  consequence, specific t o  the combination F...F, is not contained in 
the molecular-mechanical set-up. W e  return to  the problem presently, but would like 
to  note here also that ah initio calculations cannot cope with 1 , 2 - d i f l ~ o r o e t h a n e ~ ~ - ~ ~ .  
CND0/2, INDO and PCILO can267, and Extended Huckel Theory produced in 1970 
the best ever prediction268 - at the time it must have been considered a failure of the 
met hod! 

Table 7 contains the following informatioil on the intramolecular electrostatics: the 
difference in E,, between the two conformers (A&); the reduction in the C-X bond 
moments ( A p ) ;  the dipole moment ( p )  calculated for the conformational mixture, a s  
estimated from A E l  and the moments computed for the separate conformers. The table 
shows that dipole-dipole interaction favours the anti conformation in all cases, its 
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significance diminishing with decreasing electronegativity. Non-bonded interaction 
also favours anti, and its importancc increases as the halogen grows. I n  this particular 
force field most of the strain resides in AE,,, and, in the terminology of Section I ,  is by 
necessity viewed as  'unexplained'. The computed dipole moments illustrate the 
smooth performance of the algorithm for p*(C-X) (Section 1II.D). The gauche-angle 
w(XCCY), is quite open. There are  i n d i ~ a t i o n s ~ ~ ~ t h a t  in ICHzCHJ it opens up to 85". 

A n  alternative view42, by the field that emphasizes electrostatic interaction (d = 1)  
but avoids computaiion of geometries and dipole moments, is given in Table 8. The 
results - even if nuncrically less satisfying than before - corroborate the trends: 
AEe, decreases and A Enb increases as the halogen becomes bigger. 

The period of internal rotation about bond A-B is N,Nb/J,  where N;, is the number 
of symmetry planes in A that intersect the bond A-B, N b  the corresponding number 
for group B, and J is the maximum number of such planes in A and in B that can be 
brought simultaneously into c o i n ~ i d e n c e ~ ~ .  The potential of internal rotation is given 
by equation (5) (Section 11): E , ( o )  = f 'c U,(1 - cos k w ) .  Experimental o r  theoretical 
information on internal rotation in a given molecule can serve to solve for the 
constants U,.  The magnitude and  relative magnitude of these constants may then shed 
light on the physical effects that  underlie the dependence of El o n  w .  For example, 
U3 is frequently the leading term in expansions for derivatives of ethane, even in cases 
where the period of internal rotation differs from 3 ( ~ 2 . g . ~ ~ ~  in CH3CH2CH2CECH 
where the period is 1) .  Hence the prominent disturbance in such molecules is of 
threefold periodicity, as it is in ethane itself. This suggests that the main disturbance is 
similar in origin to that in ethane itself, and has little to do with the nature of the 
subs t i tuen ts. 

The magnitude and sign of the constants U3, U2 and U1 have been interpreted as 
reflecting three intramolecular effectsz70. The first effect (U3, threefold) is some form 
of bond-bond repulsion. The second (U?, twofold) is the stabilizing influence of back- 
donation from lone-pair orbitals a t  one end of the molecule into antibonding a-orbitals 
at the other, o r  of n - c ~ n j u g a t i o n ' ~ ~ .  The third effect ( U ] ,  onefold) is the interaction of 
dipoles at the two ends of the bond and/or non-bonded i n t e r a c t i ~ n ~ ' ~ .  

Let us consider the three-term expansions for CH3CHzCHZCH3, ClCHzCHzCl and 
FCH2CH2F. Data on internal rotation in butane are For a rough 
appreciation of 1,2-dichloroethane one can use the old  estimate^"^ of 2.8 and 
4.5 kcal rno1-I (above Cl/CI-u) for the two barriers, together with data on the con- 
formation CI/CI-g (Table 7). T h e  expansion for 1,2-difluoroethane has been derived 
from electron-diffraction data (model CP in Table VI of Ref. 191): One has (in 
kcal mol-I): 

TABLE 8. Results of 'unrelaxed optimization' for 1.2-dihaloethanes (E ,  - E", kcal m 0 1 - l ) ~ ~  

FCH2CH2F FCHzCH2Cl ClCHzCHzCl CICHzCH2Br BrCHzCH2Br ICHzCHzI 

Component analysis 

AEn h -0.04 - 0.09 0.49 0.46 0.68 1.41 
AE10r -0.07 0.01 0.18 0.18 0.18 0.34 
AEcs 1.43 1.17 0.83 0.77 0.70 0.46 -- - - - 

AEI 1.32" 1.09 1 S O  1.41 1.56 2.21 

w(XCCY) 64" 62" 70" 70" 70" 74" 

"Diminishes to 0.6 on geometric r e l e ~ a t i o n ' ~ ~ .  
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CH3CH2CH2CH3 ClCHzCHzCl FCH2CH2F 

2.38 2.0 0.67 
u2 -0.95 -0.3 -2.53 
UI 

u3 3.62 2.5 2.21 
~ 

~~ ~ 

The three molecules have then in common positive Ul and U3, and a negative U2. 
Traces of 1 - cos w ,  -(I - cos 2w) ,  and 1 - cos 3 0  are shown in Figure 4 .  It is seen 
that a positive U, reflects destabilization (dipole-dipole and non-bonded) of X/X-syn 
with respect to X/X-u; the negative U2 reflects destabilization (electronic) of the 
coplanar with respect to the orthogonal arrangement of X-C-C-X; the positive U, 
reflects destabilization (bond-bond) of eclipsed with respect to staggered rotamers. 

+2  

+1 

0 

-1 

-2 
10 

W 

FIGURE 6. Angular change in the components of the torsional potential. 
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In FCH2CH2F the term in U2 is leading, which reflects a drive of the sequence 
F-C-C-F to adopt the orthogonal arrangement (57). It has been pointed od2.66 
that such an arrangement enables the two fluorines to partake simultaneously of 
hyperconjugative interaction with the vicinal methylerle grouping (schematized in 57 

C2 -+ C' and C' - F'; the corresponding arrows that 
and C2+ F2, are not marked). This could then be the 

by the electron-shift arrows 
involve F2. namelv C1 --+ C2 
quantum-chemicaieffect that molecular mechanics misses i n  the combination F...F . It 
is of little consequence in F..-CI and in other X . - . Y  combinations. For CICH2CH2CI, 
U2 is small though still negative. As in CH3CH2CH2CH3, the global minimum at 
CIICI-a is interpreted as due to the drive to decrease dipole-dipole, non-bonded, and 
bond-bond interactions. 

VIII. CYCLIC HALIDES 

Conformational analysis, in a way, started with the six-membered ring274, and confor- 
mations of halogenated cyclohexanes played an important role in its development. 
The accumulating material was reviewed in 1962275, in 196599, in 1971276, and in 
1974232. Halogenated c y c l o b ~ t a n e s ~ ~ ~ . ~ ~ ~  and c y c l ~ p e n t a n e s ~ ~ ~ * ~ ~ ~  were reviewed 
recently. 

Substituted cyclohexanes are mostly being studied in solution and there still seems 
to be some disagreement as to the entropic contribution to the free-energy difference 
between conformerszg0. Extrapolation of solution data to the vapour requires cor- 
rective factors232 (Section IX) and here again there is room to mix up free energy 
with enthalpic quantities281. The t.heoretician finds himself in the peculiar position of 
not knowing which numbers he is expected to reproduce or to predict. Consequently, 
component analyses can become less meaningful for cyclic than for acyclic halides. 
For example, - AG "(ee-uu) for trans-l,2-dibromo-l-methylcyclohexane, as measured 
in CC14, is 1.45 kcal mol-' 1 3 ;  a calculated value for AE, is 1.73 kcal mol-' 48. Is this a 
'good' calculation? Could one infer from its details that a diaxial conformer predomi- 
nates because the compound is a cyclic analogue of BrCH2CHBrCH3 (wherein 
Br/Br-a is computed more stable than Br/H-a or Br/Me-a by 1.7 kcal mol-')? It is 
correct then to conclude that ring-formation is but of little consequence? Such 
questions still rest unanswered. 

As in other known monosubstituted cyclohexanes" (excluding mercury com- 
pounds2g2) the equatorial form of a cyclohexyl halide is lower in free energy and 
enthalpy than the axial. Reported energy differences are 0.17 kcal mol-' for F 
(gas)283; 0.45 for CI ( A H " ,  CFCI3); 0.52 (gas)284, 0.45 ( A H " ,  CS2)285 and 0.47 ( A H " ,  
CFC13)280 for Br; the iodide would be close in value to the bromide286. AH" is lowered 
by 4,4-dimethylati0n~~~ (C1, Br), and calculation consistently p r e d i ~ t s ~ ~ , ~ ~  that a 
4-eq-tert-butyl group also stabilizes an axial halogen. Though small (-0.08 kcal in the 
bromide48), the effect seems real, and is attributable to a non-bonded attractive 
interaction between the axial halogen and the bulky alkyl group; an equatorial halogen 
is too far to be affected. 

In halocyclobutanes the halogen is predominantly equatorial277. In cyclopentanes, 
there is some preference for the axial position28R. Calculations for envelope+yclo- 
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pentane, with chlorine at  the prow-carbon, suggest that bending deformations are 
responsible: the angles C'C2Cl and C1C2C3 are computed as 113.2" and 103.0" in the 
equatorial conformer, versus values that are closer to normal, 110.9" and 104.6", in 
the axial4'. In these calculations, however, C-H bond moments were ignored, and the 
extent of eventual attraction2H8 - between axial C-CI and bonds C3-H and C4-H - 
could not bc assessed. 

The foregoing citations demonstrate that the equatorial preference in halides is 
relatively weak. It can be enhanced by the drive to avoid 1,3-diaxial interaction, as in 
ci~-l,3-dibromocyclohexane~~~. The equatorial drive may yield, however, to features 
of conflicting requirements, as in cis-l-bromo-4-methylcyclohcxane29", where 
ux-Br-eq-CH3 (58) is favoured over eq-Br-nw-CH3 (59). Other examples are the 
preference of axial (60) to equatorial (61) in 1 -chloro-4,4-difluorocyclohexane 
( A H  " = -0.68 kcal mol-1 in CFC13 solution), and in l-chloro-4,4-bis(trifluoromethyl) 
cyclohexane ( A H "  = -0.59 in CFC13)174. 

O n e  may recall here the anomeric e f f e ~ t ' ~ ~ . ~ ~ * .  In particular, the halogen in 2-chloro- 
and 2-bromotetrahydropyran is axial (as in 62, not as in 63). The energy difference has 
been estimated2y3 as 2.7 (CI) and >3.2 kcal mol-I (Br). The quantum-chemical 
analysis2" is in terms of interaction betwecn the polar C-X bond and the non- 
bonding oxygen electrons (marked in 62), or, alterna!ively, between the halogen non- 
bonding electrons and bonds CLO and C6-0. Such effects have no explicit counter- 
part in the molecular-mechanical xodel ,  where one would start by examining the 
C6-O/C2-X electrostatic 

x 
(62) (63) 

A pioneering estimation of AEcs by the point-charge approach, with d = 1 in 62 and 
d = 2 in 63, was reported'" in 1968. It favoured the axial form by 2.8 kcal mo1-l in the 
chloride and by 2.6 in the bromide. True126*291, readjustment of d is inelegant and the 
number for the bromide is too low. But the point is made that AE,, is substantial in 
AE,. Nowadays the calculation could be improved without affecting this conclusion by 
supplementing torsional (X-C-0-C, X-C-C-C, etc.). Torsion 
would serve as the molecular-mechanical guise of the quantum-chemical factor that 
favours the axial conformation: resonance involving C-X and the axial lone pair on 
oxygen 2y5. 
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The situation comes to a head in truns-1,2-dihalocyclohexanes: the preference of 
each separate halogen for the equatorial position, which implies a diequatorial 
conformation, 64, is counteracted by the drive of the entire vicinal combination to 
assume an anti relationship, i.e. the diaxial conformation, 65. The dibromide has 
recently been c a l c ~ l a t e d ~ ~ .  By calculation, compromise in this compound consists of a 
conformational mixture wherein a 'quasi-diaxial' form is more stable; that is, a 
structure derived from 65 by rotating the C-X bonds so as to close the X-C-C-X 
dihedral angle. Concurrent changes must take place, as indicated in formula 65 by 
arrows. The calculated dihedral angles in the dibromide are marked in formula 66; the 

Y 

Br 

Br 

(66) 
Br-C-C-Br dihedral angle is 161 ". Calculation apart, this interpretation is 
supported by the crystal structure of trans-2,3-dichIor0-1,4-dioxane~~~, the high dipole 
momentslol of truns-2,3-dibromodecalin (1 .I5 D), 4-rert-butyl-truns-1,2-dibromo- and 
-dichlorocyclohexane (1.2 D), and of truns-diaxial-l,2-dichlorocyclohexane l 3  

(1.07 D). It is also corroborated by the crystal structure of 2P,3a-dichIoro-Sa- 
cholestanc' l5 and the dipole moments of several 2P,3a- and Sa,6P-dihalo-Sa- 
cholestanes116 (halogen = Br, CI). 

Experimentally, a diaxial preference has been noted to varying extents in dissolved 
dibromo-, dichlcro-, diiodo-, bromochloro- and chloroiodo- cyclohexanes, but not in 
the fluoroiodo derivativezy7. In truns-l,2-dichloro- and -dibromo-1-methylcyclo- 
hexane, the diaxial combination (where methyl is equatorial, i.e. 67, not 68; R = H) is 
further stabilized; in truns-l,2-dichloro-l,4,4-trimethylcyclohexane it is destabilized, 
even if the methyl at position 1 is now forced into an axial orientation (68, not 67; 
R = CH3)l13. 

RJ9-+c"3 R X R*: CH3 

(67) (68) 

One has wondered at the 'effect of the disappearance of effects' 2y8 in cyclicdihalides 
and in cognate moleculeszy7 and a 'repulsive gauche effect' was invoked to cover the 
phenomena29y. It seems that the situation is puzzling only as long as one views 
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C6H1&Y as a superposition of C6HI1X and C6HIIY. It ceases to  be so if the molecule 
is viewed as a cyclic derivative of XCH2CH2Y, and its conformational composition as 
a compromise between the spatial demands of XCH2CH2Y (more often strong) and 
those of C 6 H l I X  and  C6HI1Y (always weak). In BrCH2CH2Branti  is much morestable 
than gauche (-1.8 kcal mol-I) and thc prefercnce, diminished as expected (down to 
about 0.8 kcal mol-I) is conserved in C6HIOBr2. In FCH2CH21, by contrast, unfi would 
be only somewhat more stable than gauchezs7; correspondingly, the diaxial form of 
C6tI181 is not favoured300. 

Whether this sort  of argument is extensible to  other groups of molecules remains to  
be chccked. It should become unsafe when the  opposing tendencies are not markedly 
unbalanced. An obvious test case which has  not been considered as  yet is the con- 
frontation of haloacetaldehydes with 2 -ha lo~yc lanones~"~ .  

Solvent effects obscure the interplay of intramolecular interactions. For 2-halocyclo- 
hexanones, an attempt was reported to extricate information o n  the free molecules 
from solution data47. The  conformational equilibrium in these compounds, cq(69) * 
ax(70) shifts to the left as  the medium becomes more polar302. Calculation consisted 

H 4 k  " LO +O 

(70) (69) 

of searching such values for E,(eq) and E,(ux)  that  would, when corrected for the effect 
of various solvents, yield E,(eq) - E,(ax) close to the experimental AGO; then, of 
searching torsional constants for the sequence O=C-C-X such that E,,,(eq) and 
E,,,(ux) would produce, when taken together with other strains in each conformation, 
energies close to the required E,(cq) and E,(ax). Matters are complicated by the 
sensitivity of computed strains to  geometrical details which, in turn, are sensitive to  the 
torsional constants. As an illustration of what can be done, the energy/free energy 
differences (eq - a x ,  in kcal mol-I) in 2-chlorocyclohexanone are as follows: 

Phase 

Free molecule - 0.70 ( A E , )  
C6H 12 0.74 0.54 
CClJ 0.58 0.49 
CHC13 0.12 0.12 
C6H6 0.00 - 0.03 
CH3CN -0.30 -0.38 

The  computed AE,  values (E,(eq) - E,(ux), in kcal mol-I) for 2-fluoro, 2-chloro-, and 
2-bromocyclohexanone turn out  to be compounded as  follows: 

Fluoride Chloride Bromide 

AEst -3.18 - 1.99 -0.12 
AECS +3.04 + 2.69 + I S 8  
AE,  -0.14 +0.70 +1.46 
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Thus, steric effects favour the equatorial disposition, electrostatic effects favour the 
axial, and effects of both types decrease from F to CI to Br. Also AE,, becomes 
progressively less important with respect to A&.. Hence, the equatorial excess in 
2-fluorocyclohexanone is not interpreted as due to a low electrostatic repulsion 
(C=O/C-F) in the equatorial conformer; the  repulsion is therein high, but so turns 
out to be the torsional strain (O=C-C-F) in the axial conformer. Here, too, one 
suspects that the adjusted torsional term covers up for some quantum-chemical effect 
(cf. discussion of FCH2CH2F, Section VII, and of 2-halotetrahydropyrans above). 
This could be 'no-bond resonance' of the type depicted by arrows in formula 70303. 
Such an electron shift is morc likely with chlorine and bromine than with fluorine, 
which explains why the steric strain comes out rclatively high in the axial form of the 
latter. I 2  other words304, the stabilizing n ( X )  + n*(CO) chargc donation is easier with 
the larger halogens than with F. Using a still different parlance305, the axial tendency 
of a halogen at position alpha to thc carbonyl augments with its polarizability. 

2-Halocyclohexanones constitute but one class of 2-substituted cyclohexylidcne 
derivatives306 (71). Studies of nitronate salts, certain oximes, iminoxyl radicals and 

ax 

(71 1 
o-methoxyphenylhydrazones of cyclohexanones suggest that the axial preference of a 
substituent at position alpha is the ruIc307. 

IX. SOLUTION EQUILIBRIA 

Table 9 cites free-energy differences in various solvents between conformers of three 
molecules. It is evident that these differences are solvent-dependent; that is, the 
conformers of a given molecule are stabilized to different extents by solvation. This is 
the solvent effect on conformational equiIibria3O8. A change in medium can affect 
conformational equilibria considerably, because free-energy differences between 
rotamers and solvation ent!?alpies of dipolar solutes frequently compare in magnitude. 
In the last two examples of Table 9 even the order of stability depends on the solvent. 

The first two cases in Table 9 illustrate the dictum that 'solvation stabilizes better 
the conformer of higher dipole moment'. In the third molecule (tram-1 ,Cdichloro- 
cyclohexane) both conformers are devoid of dipole moment but solvation has still a 
sizeable outcome. All three cases illustrate the dictum that 'the effect of solvent 
increases with its polarity'. In consequence, the dipole moment of a solute would 
generally increase on going from a less polar to a more polar solvent - i f  several 
conformations that differ in dipole moment are allowable. The same applies to 
liquefaction. Solvation can also modify geometrical detai1300'.310. 

Clearly, data on a dissolved compound have to be processed prior to confrontation 
with theoretical numbers. The obtention of theoretical numbcrs requires itself a force 
field constructed by fitting to processed data. It cannot be by mere chance, for 
example, that molecular-mechanical studies of organic iodides have been so frag- 
r n ~ n t a r y ~ ~ . ~ ~ . ~ ' ~ :  vapour-phase data are yet to be reported"' even for the key molecule 

Organic halides have also played a role in the development of theories of solvation. 
Early work was discussed by M i z ~ s h i m a ~ ~ ~ .  Subsequent results were reviewed by 
Laszlo3I2 and by Abraham and B r e t ~ c h n e i d e r ~ ~ ~ ,  and examined within a wider context 

ICH2CHJ25'. 
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TABLE 9. Solvent effect o n  conformational energies 

Conformational energy, kcal mol-' 

,CH2CH2, 
Solvent € b  CICHlCH2CF BrCH2CHOd ClCH CHCle 

'CH 2CH2' 
truns 

C6H 12 2.0 0.91 +0.04 

CFCI3 2.5 0.14 
cs2 2.6 0.87 0.08 

CC14 2.2 0 

CHC13 4.7 -0.10 -0.03 
CH3COCH3 20.7 0.26 - 0.43 -0.43 
CH3CN 36 0.12 -0.50 
(CH3)zNCHO 50 -0.57 -0.60 

'From NMR measurements. 
'Dielectric constant of solvent. 
'Reported as AE (Ref. 232) .  Garrclie (72) abovc anri (73). 
d A G o  (Ref. 301). Br/Ha (74) less abundant than H / H a  (75) in C6H12. 
'AG at -65°C (Ref. 132). Diequatorial (76) less abundant than diaxial (77) in CFC13. 

(74) 

CI $Cl H 

H-&q CI H 

(76) (m 
by Reichardt313 and by other authors314. For discussion of halides see, in particular 
Refs 2 and 232. 

A. Formulation 

component in the expression for the solvation energy315. 
In applications to organic halides, it is still customary to retain only the electrostatic 
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By Onsager’s modeI3l6, if a rigid dipole of permanent moment p is introduced into a 
cavity of radius a in an unpolarized, isotropic and continuous medium of dielectric 
constant e ,  dipoles are induced in the medium. These dipoles exert in turn a reaction 
field R p  on the immersed dipole. Mizushima3I7 made the electrostatic stabilization of 
the dipole, taken as a point in the centre of the cavity, amount to 

With Onsager’s expression for R one obtains equation (17): 

where ED is the lowering of energy due to interaction of the dipole with the solvent. To 
obtain El,  in kcal mol-I, with p in debye’s and a in Angstroms multiply by 14.3942. 
ED is but one term in the electrostatic contribution to the solvation energy (equation 
18): 

E ~ = E D + E Q +  . . . ,  (1 8)  

where S stands for solvation, D for dipole, and Q for quadrupole. In Abraham’s 

with x = ( E  - 1 ) ( 2 ~  + l ) ,  1 = 2(nb - l) /(n& + 2), and g is the quadrupole moment 
of the solute molecule, placed at  its centre. For very polar solvents an additional term 
is required in Es  (equation 18)318. For alternative formulations see Ref. 312. 

In evaluating AEs,  the dipole moment of a given conformation may be estimated by 
calculation, by analogies, or from vapour-phase datazss. It is customary, even though 
not evident319, to identify the volume of the cavity with the dimension of the solute 
molecule. The effective radius (a)  is equated to the radius of a sphere of volume equal 
to the molecular volume, that is, u 3  = 3M/47rpNo (for a in Angstroms and p in 
g ~ m - ~ ,  a3 = 0.3964M/p). M is the molecular weight, No - Avogadro’s number, p - 
the density. If the demity is not known from measurement, the  molar volume, 
Vhl = M / p ,  may be estimated by assuming additivity320 in closely related substances. 
Additivity Cali also be assumed in the molar refraction3”, which leads to the refractive 
index, [RIM = ( n b  - l)VM/(tz& + 2). In calculating EQ (equation 20) a centre has to 
bc chosen in the solute molecule. Thcre is still disagreement as to the preferable 
c h o i ~ e ~ ~ ~ ~ . ~ ~ ~ .  The centre of mass and the centre of volume have both served in recent 
applications. 

Now, if AE’ represents thc energy difference between rotamers in the vapour, the 
corrcsponding difference in solution is 

A E S =  AE’ - AEs. (21) 

A E I  = AEV - AEL, (22) 

where L (liquid) replaces S. Once AEs (or AEL)  has been computed, equation (21) 
(or equation 22) can be used to relate theory with experiment. The computed A E s  

For a ncat liquid one has 
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(or AEI) lead to the predicted populations of rotamers in solution (or in the liquid) 
and, hence, to a predicted value of the overall dipole moment. The 'experimental' 
dipole moment of a neat liquid can be derived from its dielectric constant by a formula 
due to OnsagerLooc. With numerical values for the constants and appropriate con- 
version factors. this formula is given by equation (23): 

(E - n h ) ( 2 ~  + nil) M T  p 2  = 1.4757 x .- 
E ( n b  + 2)2 P 

where p is in debyes, p is in g ~ m - ~ ,  and T is in kelvins. 
One sometimes encounters calculations that bypass equation (1 8)1455.32i. In these the 

solvent is considered to penetrate t h e  solute molecule and affect its energy by modify- 
ing the inrrumolecular electrostatic strain, E,, = c ees.  The contributions ees are 
computed by equation (2) or equation (3) as they are for the vapour (Section 11), 
except that E replaces d .  I f  E > d (i.e. if the dielectric constant of the solution exceeds 
the value assigned to the parameter d in vapour-phase calculations), and if E,, > 0 
(which is determined by the molecular structure), one gets indeed a reduction in the 
computed E,,, and hence in E,. To meet the first requirement ( E  > d )  i t  is customary 
in this approach to assign a low value to d ,  lower even than the dielectric constants of 
hydrocarbon solvents. The second requirement (Ec ,  > 0) cannot hold in all cases: 
E,, is quite frequently negative. However, it probably holds if one ignores C-H bond 
moments, eliminating thereby from the summation attractions of the type C+X-/ 
C-H'. The interactions conserved, CLX-/C 'Y-, are usually repulsive and add up to a 
positive E,,. 

B. Computational Pathways 
Our first example is a Mizushima-type passage from AE" to AEl  in 1,2-dichloro- 

ethane. The two coexisting conformers are CI/CI-g (72) and CIICI-a (73). From the 
temperature-dependence of the  dipole moment in the gas p h a ~ e ~ ~ ~ ~ . ~ ~ ~ ~  A E v  = Ev(g)  - 
E'(a) - 1.22 kcal mol-' and p g  - 2.62 D; pa is virtually zero. One assumes324 that the 
bulk density ( p  = 1.2462 g cm-3)325 and the bulk dielectric constant (E = 10.66) 
characterizes each of the two conformers. The density leads then  to a3 = 31.475 A3; 
equations ( I  7) and (22) then furnish ED,R = 1.36, E D , ,  = 0, A E L  =  EL,^ - EL., = 1.36, 
and A E  = E'(,q) - E 1 ( u )  - -0.1 kcal mol--'. The two conformers of CICH,CH;?CI 
are indeed of roughly equal energy in the 

As a second examplelI4 consider an Abraham-type calculation for meso- 
CH3CHBrCHBrCH3, where Br/Br-a and Br/Br-g coexist. Force-field  calculation^^^ 
provide AE" = 1.57 kcal mol-I, p g  = 2.96, p o  = 0 D, and the bulk liquid constants are 
known from mea~uremcn t~ '~ :  p = 1.7747 g ~ m - ~ ,  !zl) = 1.5091, E = 6.245 at 25°C. 
When these numbers and the theoretical geometry (required to evaluate q in EQ, 
equation 20) are put in equations (19) and (20), one obtains: E D ,  = 1.322, 

EQ,  = -0.612 and AEs = 0.71 kcal mol-I. One notes that AEQ is sizeable in this case 
and opposite in sign to A E o .  By equation (22), AEI = 0.86, which corresponds to 
-68%) Br/Bru in the liquid and an overall dipole moment of 1.68 D. The experimental 
counterparts are c. 70% Br/Br-a (NMR327) and 1.65 D (by equation 23). 

Abraham himself used the formulation in order to derive AE" values from data on 
organic halides in s o l u t i ~ n ~ ~ ~ ~ ~ ~ ~ ,  and Ivanov applied it to 1,2-dihaIo-l,2-diphenyl- 
ethanes, predicting the trends of changing composition as the polarity of the medium 

A modification due to Allinger was applied to halogenated cyclohexanes 
and cyclohexanones (Section VIII), this time for converting calculated A E v  into A E s  
 value^^^.^^^. Thus, a multi-purpose tool is at hand. Under current analysis are the 

E o , ~  = 0.374, ED,(, = 0, E o , ,  = 0.986, A E D  = E D ,  - ED,, = 1.322, A E o  = EQg - 
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TABLE 10. Energy difference9 (in kcal mol- ’) in 2 -ha Ioe thano l~~~  

Compound Vapour Liquid 

39 

FCH2CH20H >2.00 1.44 

ICHzCHzOH - 0.00 

CICH2CH20H 1.20 0.28 
BrCH2CH20H 1.45 0.09 

“Anti above gauclie. 

distinction between enthalpic and free energy quantitieszx1, the limits of the two-term 
expansion in equation (1 8) and of neglecting non-electrostatic contributions to 
ES3lS, and the assumption that all conformers have the same molar 

Hydrogen bonding evades equation (18). 2-Haloethanols provide a case in point. As 
Table 10 shows, the gauche conformation (78) is definitely more stable in the gas but 
liquefaction stabilizes the anti form (79). Since 78 and 79 would have very similar 

dipole it is not A E D  that makes AE‘differ so much from AE“. The change 
is interpreted in terms of hydrogen bonding. In the free molecule inrrumolecular 
bonding accounts - at least in part331 - for the stabilization of gauche79; on lique- 
faction, intermolecular bonding can come into effect and stabilize anti330. 

X. CONCLUSION 

When I started collecting material for this chapter, I presumed that a review of 
knowledge would ensue. Now that it is written, it looks more like a questionnaire. 
What are the secrets that the torsional term underlies? Why d o  the 1,2-dihaloethenes, 
the 1-halopropanes and the 1-halopropenes make the wrong stereochemical decisions? 
Are the terms in the energy equation too many332 or perhaps too few? What makes 
some 4,4-disubstituted cyclohexyl halides prefer the axial conformation? Is the 
point-dipole equation applicable in the intramolecular context, and should the charge 
distribution reproduce the dipole moment? Is there a way to account simultaneously 
for  the conformational bias in FCH2CH2F, FCHzCHF2 and F2CHCHF2? What does 
the intramolecular dielectric constant stand for, and might not its nature dictate its 
value? And what is the matter with cyclopentyl halides? 

More questions are listed in the preceding pages and there are  still more that have 
not found their way into the chapter. Some regard specific compounds. HOW come that 
both B(HCH) and Q(ClCCl) in CH2CI2 exceed the tetrahedral value333? Why is the 
C-X bond comparatively short in l - h a l ~ a d a m a n t a n e s ~ ~ ?  What about the twisted 
conformationzo2 of perfluorinated polyethylene? Others regard the model itself. HOW 
far can one go assuming additivity in non-bonded interactions? How far can one go 
ignoring interaction between geminal s u b ~ t i t u e n t s ~ ~ ?  Can one go further letting the 
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torsional term take care of itself66? When would molecular mechanics and quantum 
chemistry meet and, more intriguing, where334? 
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1. INTRODUCTION 

Much research work has been reported on the diamagnetic bchaviour of organic and 
organometallic compounds in attempts to find applications of diamagnetic measure- 
ments in structural chemistry. Systematic studies on the diamagnetic behaviour of 
organic compounds containing carbon-halogen bonds were initiated by French and 
Trew’ and anomalous diamagnetic behaviour was reported for halomethanes. Gupta 
and Mital’ have also reported anomalous diamagnetic behaviour of compounds 
containing carbon-halogen bonds in comparison to analogous compounds of other 
series and ascribed this to thc strong interactions between the carbon and halogen 
atoms. To account for such anomalous diamagnetic behaviour several theories were 
developed and methods wcre worked out to estimate diamagnetic susceptibilities of 
such compounds. None of these was satisfactory till 1964, when Heberditz13 reported a 
method for thc calculation of diamagnetic susceptibilities of organic compounds. 
Gupta and Mita14 have modified the Haberditzl method to calculate the diamagnetism 
of di- and polysubstituted benzenes and their derivatives, accounting for interactions 
between substituents. By now, a large number of organic compounds have been 
studied and it has been established that such investigations are  useful in studying the 
nature of bonding in carbon-halogen bonds. No review has appeared on this topic 
and an account of diamagnetic behaviour of organic compounds containing carbon- 
halogen bonds is presented here. 

II. MEASUREMENT OF DIAMAGNETIC SUSCEPTIBILITY 

A. Gouy Method 

The Gouy method5 is the most widely used technique for the measurement of the 
diamagnetic susceptibilities of organic compounds. I t  is discussed here briefly and 
for details Refs 6-18 should be consulted. 

1. Theory 

The substance is considered in the form of a rod and to satisfy this requirement a 
glass tube (known as a Gouy tube) is uscd. This is filled with the substance and 
suspended vertically from one arm of a balance maintaining its lower end near the 
middle point of the field bctween the poles of the magnet and the upper end abovc the 
pole gap, out of the influence of the magnetic field. Bates18 has shown that the force 
(dF) acting in an homogeneous field ( H  gauss) on an element (dV, dm) of the material 
along the gradient (dH/dX) is given by equation (1): 

d H  

d X  
d F  = Hk d V  - , 

where k is the volume susceptibility of the substance. The ends of the Gouy tube are in 
fields of H and Ho gauss and the force acting on the tube can be expressed by equation 
( 2 ) :  

A 
F = T k ( H 2  - Ha) ,  

L 

where A is the area of cross-section of the Gouy tube. 
The  Gouy tube comprises a form of hollow specimen and a force is exerted o n  the 

tube in the field. This force 6g (6 is the apparent change in the weight of the empty 
Gouy tube in the field) should be subtracted from the force acting on the Gouy tube 
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when it  is filled with the substance in order to get the force acting on the substance. 
The force acting on the  Gouy tube is negative, since it is made of glass. When the 
Gouy tube is filled with the substance, the air, which possesses a fair amount of 
magnetic susceptibility and contributes to the force acting on the Gouy tube in the 
field, is displaced, and correction is applied for this while calculating the force acting 
on the substance in the field. The force acting on the substance alone in the field can 
be expressed by equation (3): 

where k l  is the volume susceptibility of air. Since the upper end of the Gouy tube is out 
of the influence of the field, Ho may be neglected. Equation (3) is reduced to equation 
(4): 

A 
2 

F = - H 2 ( k  - k , )  + Bg,  (4) 

where F = gdw (dw is the apparent chaIige in the weight of the substance in the field 
and g is the gravitational constant) and k = x,(m/V) ( x s ,  m and V are the mass or 
volume susceptibility, the mass and the volume of the substance, respectively). 
Equation (4) can be transformed into equation (5): - - 

(5) 

where V k ,  is constant and can be obtained by multiplying the volume susceptibility of 
air and the volume of the substance in the tube. Let V k ,  = a. The second term, 
2Vg/AH2,  is also constant (because A and V are constant for the given Gouy tube,g is 
constant for a particular place and H is kept constant for a set of measurements). Let 
2Vg/AH2 = p. Equation ( 5 )  then takes the form of equation ( 6 ) ,  

cz + /3(dw - 6) 
x s  = 9 m 

dw and 6 are in milligrams and m is in grams. 
constant. By determining the values of a and 
conditions and substituting thesw.ralues in equation (6), x s  is calculated. 

is known as the tube calibration 
for a given Gouy tube under a set of 

2. Instrumentation 

The Gouy balance consists of three parts. 

a. Balance. A semi-micro balance is used to measure the apparent change in the 
weight of the substance in the magnetic field. The Gouy tube is hung from one of the 
arms, with its lower end at the centre of the pole gap (in the maximum field) and its 
upper end out of the magnetic field. To exclude air draughts the Gouy tube is sur- 
rounded by a glass jacket. 

b. Gouy tube. The Gouy tube is generally made of Pyrex glass. It is 6-10 cm in 
length and 3-9 mm in diameter, depending on the nature of the substance under 
investigation. 

c. Magnet. Generally a magnet capable of producing a field strength of 5000- 
12 000 gauss is employed. A pole diameter of approximately 3.5 cm is capable of 
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producing a pole gap of 1.5-2.5 cm, which is sufficient for measurements at room 
temperature. Both permanent magnets and electromagnets are used. Permanent 
magnets produce fields up to 8000 gauss, but the field strength for a given pole gap 
cannot be changed. Electromagnets with a current regulator can produce field 
strengths up to 15 000 gauss, which can be changed for given pole gaps by varying 
the current. A plot between current and field strength provides the field strength for a 
given pole gap. 

B. Faraday Method 

The force given in equation (1) can be transformed to that in equation (7): 

k H d H  H d H  
d F =  -ddV-  = xsdm - 

n d X  d X  
(7) 

where dm is the mass corresponding to the volume dV of the substance. Since the 
volume of the substance is small, H dH/dX is fairly constant and d F  is proportional to 
xs and forms the basis for thc Faraday method”. To measure force (dF), either a 
torsion head2s24 or an o p t i ~ a l ~ . ~ ~ . ~ ~  arrangement is employed. 

1. Torsion head arrangement 

A torsion balance is employed to measure the force. The sampk is suspended in the 
pole gap by a quartz torsion fibre and is free to move horizontally. Thc sample is 
displaced from the zero position when the field is switched on and the  weights are 
adjusted to twist the torsion head till it returns to the original position. This twist of 
the torsion head measures the force re-quired to balance the magnetic force at the zero 
position. Measurements are carried out for a standard substance of known suscep- 
tibility and for the substance under investigation. x\ of the substance is calculated 
from equation (7). 

2. Optical arrangement 

To measure the force, an optical system is used. The sample (generally placed in a 
fused quartz bucket of about 1 mm internal diameter) is suspended by a quartz fibre 
from a phosphor-bronze ring fitted with an optical arrangement. On switching on the 
field the sample is displaced and the displacement is magnified several hundred times 
by this arrangement. The balance, suspension and sample systems are enclosed. Let 
Qb, Or and 8, be the respective deflections in* the field for the empty bucket, for the 
bucket containing the standard reference substance and for the bucket containing the 
test sample. It can be shown that the deflection is proportional to the force experienced 
by the sample in the field and, from equation (7), equation (8) can be obtained: 

H d H  
dx 

d F  1 xS dm -, (7) 

Put H dHJdx = C1 (a constant), then 

dFJCI = xs dm;  

again put d F  = C26 (C, is a constant) and thcn 

C28JC, = xsdm,  
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C8 = xsdrn. (8)  

where C2/CI is again a constant, say C. Hence 

If x s ,  is the susceptibility of the reference substance, equation (8) is reduced to 
equation (9): 

C(Or - 0,) = xs,(dmr - dmb). 

Similarly, 

(9) 

c(es - 0,) = xs(dlns - dmb)? (1 0) 
where dmh is the mass of the empty bucket. drn, is the mass of the bucket containing 
the reference substance and drn, is the mass of the bucket containing the test sample. 

On dividing equation (10) by equation (9), equation (1 1) is obtained: 

By noting the successive deflections for the empty bucket, the bucket containing the 
standard reference substance, and the bucket containing the test sample and sub- 
stituting the values of Or, &,, and Or in equation (12), x\ can be calculated. 

C. Nuclear Magnetic Resonance (NMR) Method 

A method based on chemical shifts in NMR spectra has been reported by Evans26. 
This can be applied only to paramagnetic substances and it will not be discussed here. 
Frei and Bernstein” reported on an N M R  method based on the difference in chemical 
shifts arising from differences in  the shape factors for a sphere and a cylinder. They 
inserted spherically and cylindrically shaped reference tubes (each containing disttlled 
water as a reference material) in a conventional spinning sample tube of 4 mm (outer 
diamcter) and obtained two sharp signals corresponding to two different reference 
tubes. The separation of signals has been found to be linearly dependent on  thevolume 
susceptibility of the sample in the sample tube. Volume susceptibility has been 
calculated from equation ( 1  3): 

(1 3) 

where 6 is the chemical shift and 6cyl(ref) - dsph(ref) is obtained irom the NMR 
spectra, g is the geometrical constant and for ideal geometry (gcyl - gcph) = 2x13- 
2.095. Frei and Bernstein” have found this factor to be 2.058 from a slope of least 
squares treatment for 15 compounds. By substituting values of different constants and 
factors, K(samp1e) is calculated from equation (13), and is converted into x c  by 
dividing K (volume susceptibility) by the density of the sample. 

Gcyl(ref) - Gsph(ref) = [gc,l - gcph][K(ref) - K(sample)] 

111. THEORETICAL CALCULATION OF DIAMAGNETIC SUSCEPTIBILITY 

Methods used to  calculate the diamagnetic susceptibilities of organic compounds are 
discussed here in brief. 

A. Pascal Method 

This method was developed by P a ~ c a l ’ ~ ~ ‘  and is based on  the atomic concept of 
susceptibility. Molecular diamagnetic susceptibilities kM) are considered to be 
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TABLE 1. Atomic susceptibility data6,7 

Atom A XA 

C 6.00 
H 2.93 
0 in alcohols and ethers 4.61 

0 in carboxylic acids 3.36 
N in monoamides 1.54 
N in diamides and imides 2.11 
N in ring 4.61 

F 11.50 
CI 20.11 
Br 30.64 
I 44.64 

0 in aldehydes and ketones - 1.72 

N in open chain 5.55 

composed of atomic susceptibilities of atoms constituting the molecules. It is expressed 
by equation (14): 

xA is the atomic susceptibility and 1 represents constitutive corrections for structural 
factors. Pascal has derived susceptibility values for several atoms and the constitutive 

TABLE 2. Constants for constitutive corrections6~' 

Structural unit 
Constitutive 
correction, 1 

c=c 
c=c 
c=c-c=c 
CEN 
C=N 
N=N 
N=O 
c-CI 
CI-c-c- CI 
c-CI 
C-Br 
Br- C- C- Br 
c-I 
C in monocyclic systems such as benzene, cyclohexane, etc. 
C in bicyclic systems such as  two of the carbon atoms in naphthalene 
C in tricyclic systems such as  two of the carbon atoms in perylene 

C@ 
C(3) 
q 3 ) T  Cf3). q 3 )  

A4) C" 

-5.47 
-0.77 
- 10.60 

-0.77 
-8.15 

1.83 
-1.73 
-3.07 
-4.30 
- 1.44 
-4.10 
-6.25 
-4.10 
+0.24 
+3.10 
+4.03 
+1.30 
+0.50 
+ 1.30 
+1.55 
+0.50 
+ 1.55 

C(3) is a tertiary carbon atom and a, /3, y. 6, e represent its position in a molecule with respect to  a 
functional group. Similarly, C(4) is a quaternary carbon atom. 
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corrections for different structural factors. These values have been modified and 
corrected and the values relevant to the present work are included in Tables 1 and 2. 
Diamagnetic susceptibilities of several compounds containing carbon-halogen bonds 
have been calculated by this method and the calculated zM values are summarized in 
Table 3. All susceptibility values are expressed in c.g.s. units x throughout. 

TABLE 3. x.,, values calculated by the Pascal method 

Compound XM 
~ ~~ 

o-Bromoaniline 
rn-Bromoaniline 
p-Bromoaniline 
Bromobenzene 
p-Brorno-N,N-dimethylaniline 
o-Brornophenyl methyl ether 
rn-Brornophenyl methyl ether 
p-Bromophenyl methyl ether 
o-Bromothiophenol 
rn-Brornothiophenol 
p-Bromothiophenol 
o-Chloroanilinc 
nz-Chloroaniline 
p-Chloroanilinc 
Chloro benzene 
ni-Chloro-N,N-dimethylaniline 
p-Chloro-N,N-dimethylaniline 
Chloroethylene 
o-Chloronitrobenzene 
rn-Chloronitrobenzene 
p-Chloronitrobenzenc 
o-Chlorophenyl methyl ether 
rn-Chlorophenyl methyl ether 
o-Chlorophenyl methyl sulphide 
ni-Chlorophenyl methyl sulphide 
p-Chlorophenyl methyl sulphide 
o-Chlorothiophenol 
nz-Chlorothiophenol 
p-Chlorot hiophenol 
1 -Chloro-l,2,2-trifluoroethylene 
o-Dichlorobenzene 
rn-Dichlorobenzene 
p-Dichlorobenzene 
l,l-Dichloro-2,2-difluoroethylene 
Dichlorodifluoromethane 
Dichlorofluoromethane 
1,l-Dichloroethylene 
cis- 1,2-Dichloroethylene 
~rurzs- 1,2-Dichloroethylene 
Difluorochloromet hanc 
l,l-Difluoro-2,2-dichloroethyl butyl ether 
1 ,I-Difluoro-2,2-dichloroethyl ethyl ether 
1,1 -Difluoro-2,2-dichlorocthyl methyl ether 
1,l-Difluoro-2,2-dichloroethyl arnyl ether 
1 ,l-Difluoro-2,2-dichlorocthyl propyl ether 
rn-Chloroaniline 

86.3 
86.3 
86.3 
78.5 

108.6 
94.7 
94.7 
94.7 
93.9 
93.9 
93.9 
77.70 
77.70 
77.70 
69.2 
99.7 
97.7 
35.4 
75.10 
75.10 
75.10 
85.8 
85.8 
97.4 
97.4 
97.4 
85.0 
85.0 
85.0 
61.1 
83.50 
83.50 
83.50 
69.7 
69.2 
60.6 
52.66 
52.6 
52.6 
52.0 

133.1 1 
109.39 
97.53 

144.97 
121.25 
66.3 
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Compound XM 

p-Fluoroaniline 66.3 

Fluorobcnzene 58.3 
tn-Fluoro-N,N-dimethylaniline 88.6 
p-Fluoro-N,N-dimethylaniline 88.6 
tn-Iodoaniline 99.9 

p-Iodoanisole 108.3 
Iodobenzenc 92.5 
m-Iodo-N,N-dimethylaniline 122.5 
p-Iodo-N,N-dirncthplaniline 122.5 
2-Me thyl-4-brornothiophenol 108.2 
o-Nitrobromobenzcne 85.3 
,,I-Nitrobromobenzenc 85.3 
p-Nitrobromobenzene 85.3 
m-Nitrofluorobenzcne 65.3 
p-Nitrofluorobenzene 65.3 
o-Nitroiodobenzene 98.9 
tn-Nitroiodobcnzcnc 98.9 
p-Nitroiodobenzene 98.9 
Tctrachloroethylc nc 86.9 
Tctrachloromcthanc 86.4 
1,2,2-Trichloroethylene 69.7 
1,2,2-Trichloro-l -fluoroethylenc 78.3 
Trichlorofluororncthane 77.8 

p-Fluoroanisole 74.7 

p-Iodoaniline 99.9 

6. Pascal, Pacault and Hoarau Method 

Pascal and coworkers4" have revised the Pascal atomic susceptibility data in order to 
rcduce the number of constitutive corrections and ixinimize the error. In the modified 
method a constitutive correction for methyl groups has also been introduced. The 
revised atomic susceptibility data and constitutive corrections reported in this method 
are summarized here in  Tables 4 and 5 respectively. Diamagnetic susceptibilities cal- 
culated for compounds containing carbon-halogen bonds are summarized in Table 6. 
Results obtained by this method are better than those obtaincd by the Pascal method. 

TABLE 4. Atomic susceptibility data4" 

Atom A XA 

C 7.36 
H 2.00 
0 (alcohols) 5.30 
C=O (aldehydes and ketones) 6.40 
C=O (acids) 15.13 
N 9.00 
CI 18.50 
Br 27.80 
1 42.20 
S 16.90 



TABLE 5. Constants for constitutivc 

Structural unit 
Constitutive 
correction, I 

c=c -5.5 
c-c -0.80 
c=c-c=c - 10.6 
CH3 +0.85 
Benzene ring +15.10 
Furan ring + 10.92 

+14.22 Thiophene ring 
-- 

TABLE 6. xM values calculated by Pascal, Pacault and Hoarau 
method 

Compound XM 
~~ 

i-Amy1 P-chlorovinyl ketone 98.62 
o-Bromophenyl B-chlorovinyl ketone 1 16.68 
p-Bromophenyl /3-chlorovinyl ketone 1 16.68 
Butyl bromide 76.05 
Butyl chloride 66.79 
i-Butyl P-chlorovinyl ketone 87.26 
Butyl iodide 91.65 
Carbon tetrabrornide 128.40 
Carbon tetrachloride 81.36 
Chloroform 64.86 
o-Chlorophenyl /3-chlorovinyl ketone 107.38 
p-Chlorophenyl P-chlorovinyl ketone 107.38 
n-Decyl B-chlorovinyl ketone 154.57 
1,4-Dichloro-2-butyne 73.64 
1 ,I-Dichloroethane 59.72 
Dichlorornethane 78.36 
Diiodomethane 101.10 
Dodecyl P-chlorovinyl ketone 177.29 
Ethyl chloride 32.17 
Ethyl P-chlorovinyl ketone 63.69 
n-Heptyl P-chlorovinyl ketone 120.49 
n-Hexyl P-chlorovinyl ketone 109.13 
i-Hexyl P-chlorovinyl ketone 109.98 
Methyl chloride 32.71 
Methyl P-chlorovinyl ketone 52.33 
p-Methoxyphenyl P-chlorovinyl ketone 107.54 
n-Nonyl P-chlorovinyl ketone 143.21 
n-Octyl P-chlorovinyl ketone 131.85 
n-Pentadecyl P-chlorovinyl ketone 211.37 

ri-Propyl P-chlorovinyl ketone 75.05 
i-Propyl P-chlorovinyl ketone 75.90 
Phcnyl P-chlorovinyl ketone 90.88 
o-Tolyl P-chlorovinyl ketone 102.24 
m-Tolyl B-chlorovinyl ketone 102.24 
p-Tolyl P-chlorovinyl ketonc 102.24 
Tridecyl P-chlorovinyl ketonc 188.64 
Trifluoroacetic acid 40.66 
Trifluororncthyl chloride 42.76 
Undccyl /?-chlorovinyl ketone 165.93 

Propyl chloride 55.43 
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C. Baudet and Tillieu Wave-mechanical Method 

Baudet and c o ~ o r k c r s ~ ~ ~ ~  introduced the bond concept of susceptibility and 
developed a method in which molecular susceptibility is considered to be contributed 
to by inner shell electrons (ISE), bonding electrons (BE), non-bonding electrons 
(NBE) and n-electrons. xM is expressed by equation (15): 

X M  = XISE + XBE + XNBE + Xn-electrons. (1 5) 

Bond susceptibility data for a number of bonds have been calculated wave-mechanically 
by using wave functions given by Slater46 and their parameters given by C o ~ l s o n ~ ~  
and Craig48. Contributions of inner shell electrons and non-bonding electrons for 
different atoms, and bonding electrons and n-electrons for different bonds, calculated 
wave-mechanically by Baudet and coworkers, are summarized in Tables 7,8, 9, and 10 
respectively. Diamagnetic susceptibilities calculated from these data and which are 
relevant to the present review are included in Table 11. 

TABLE 7. Contribution of inner shell electrons t o  molecular s ~ s c e p t i b i l i t y ~ ' ~ ~  

Atom Is' 2s2 2p6 3s2 3p6 3d1° 4s2 4p6 4d1° Total 

C 
N 
0 
S 
F 
c1 
Br 
I 

0.15 
0.105 
0.08 
0.019 
0.06 
0.017 
0.004 
0.002 

0.15 
0.105 
0.08 

0.34 0.53 0.889 
0.06 

0.29 0.46 0.767 
0.05 0.08 0.36 0.54 3.07 4.104 
0.01 0.03 0.11 0.17 0.92 6.43 0.77 1.13 9.572 

TABLE 8. Contributions of non-bonding electrons to molecular ~ u s c e p t i b i l i t y ~ ' ~ ~  

Atom P XNBE Atom P XNBE 

1732 1.37 
0 1.76 F 

N 

0 

s 

1 
1732 

2.22 
2.43 

1414 1.73 
1732 1.78 

1414 0.91 
1732 5.14 

CI 

Br 

1 

0 
1732 

5.37 
4.13 

X 2.58 

0 
1732 

0 
1732 

m 

X 

8.45 
7.46 
3.85 

14.19 
11.03 
6.34 

p expresses the state of hybridization of the atom: p = x represents pure p orbitals; p = 1732 
represents sp3 hybridization; p = 1414 represents sp2 hybridization; p = 1 represents sp 
hybridization; p = 0 represents pure s orbitals. /.LA and p~ express the states of hybridization of 
the atoms A and B. 
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TABLE 9. Contribution of bonding electrons to molecular ~uscep t ib i l i t y~*-~~  

Hybridization 

Bond P A  P B  XBE 

H-H 0 0 3.94 
C-H 1 0 3.33 

1414 0 3.74 
1732 0 4.05 

c-c 1 1 2.38 
1414 1 2.47 
1732 1 2.91 
1414 1414 2.60 
1732 1414 3.01 
1732 1732 3.10 

C-N 1 1 2.37 
1732 1732 3.15 

c-0 1414 1414 2.55 
1414 1732 2.5 1 
1732 1732 2.73 

c-s 1732 1732 4.83 
C-F 1732 1732 2.51 

1732 X 2.44 
c-CI 1732 1732 4.28 

1732 ZG 4.24 
C-Br 1732 1732 7.41 

1732 m 7.69 
c-I 1732 1732 7.88 

1732 oc 7.63 
N-H 1732 0 3.63 
N-N 1 1 2.18 
0-H 1732 0 3.34 
S- H 1732 0 5.28 
s-s 1732 1732 5.29 

See notes to Table 8. 

TABLE 10. Contribution of n-electrons to 
molecular s u ~ c e p t i b i l i t y ~ ’ ~ ~  

Bond Xn-electrons 

c=c 
c=o 
c-c 
C-N 
N E N  

3.42 
3.05 
4.94 
3.44 
2.35 

D. Pascal, Gallais and Labarrb Method 

Pascal and coworkers4’ also realized the importance of the bond concept of susccp- 
tibility and worked out bond susceptibility data for a number of bonds. Bond suscep- 
tibility data arc summarized in Table 12 and diamagnetic susceptibility values of a 
large number of compounds arc calculated using these data (Table 13). 
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TABLE 11. xM values calculated by Baudet and Tillieu wave- 
mechanical method 

Compound .YM 

i-Amy1 chloride 75.14 
i-Amy1 P-chlorovinyl ketone 103.90 

Butyl chloridc 63.79 
Butyl /I-chlorovinyl kctone 92.55 
Butyl iodide 90.74 
Carbon tetrachloride 69.91 
Chloroacetic acid 47.58 
Chloroacetone 53.40 
Chloral 68.61 
Chloroform 56.52 
l-Chloro-2,3-dihydroxypropane 63.68 
2-Chloropropylene 45.51 
n-Decyl P-chlorovinyl ketone 160.65 
1,2-DichIoroethane 54.48 
1,2-DichIoroethylcne 48.60 
1,3-Dichlor0-2-hydroxypropane 71.45 
Dichloromethane 43.13 
n-Dodccyl P-chlorovinyl ketone 183.35 
Ethyl chloride 41.09 
Ethyl chloroacetate 70.62 
Ethyl P-chlorovinyl ketonc 69.85 
n-Heptyl p-chlorovinyl ketone 126.60 
Hexachloroethane 108.04 
n-Hexyl P-chlorovinyl kctone 1 15.25 
Methyl chloride 29.74 
Methyl P-chlorovinyl ketone 58.50 
n-Nonyl /I-chlorovinyl ketonc 149.30 
n-Octyl P-chlorovinyl ketone 137.95 
Octyl chloride 109.14 
Pentadecyl P-chlorovinyl ketone 217.40 
Pentachloroethane 94.65 
n-Propyl P-chlorovinyl ketone 8 1.20 
i-Propyl P-chlorovinyl ketone 81.20 
I ,I  ,2,2-Tetrachloroethane 81.26 
ti-Decyl 8-chlorovinyl ketone 194.70 
Trifluoroacetic acid 40.25 
Trifluoromethyl chloride 36.25 
n-Undecyl P-chlorovinyl ketonc 172.00 

Butyl bromide 74.49 

E. Haberditzl Method 

H a b e r d i t ~ l ~ . ’ ~  has shown that the use of one-electron approximations in calculating 
magnctic susceptibility is inadequate and that the diamagnetic contribution of an 
electron pair forming a bond depends on the nature and number of other atoms and 
groups attached to these atoms. In the Haberditzl method molecular susceptibility 
is considered to be contributed to by inner shell core electrons, bonding electron 
increments and n-electrons and expressed by equation (16): 
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TABLE 12. Bond su~ceptibil i ty~~ - 
Bond X 

C-H 4.25 
C-C (alkanes) 2.90 
C=C (alkenes) 3.60 
C-C (alkynes) 10.30 
C-0 (alcohols, ethers and acids) 4.10 
C=O (aldehydes) 3.30 
C=O (ketones) 3.50 
C=O (acids) 7.00 
C-N (amines) 3.42 
c-s 10.20 
0-H (alcohols and acids) 5.60 
S-H 12.60 
s-s 15.40 
c-CI 20.00 
C-Br 29.30 
c-I 46.10 

Constitutivc correction for CH? Eroup 1 = 1.2 

XM = Xinncr shell core electrons -t Xbonding electron increments + Xn-electrons. (16) 

I n  this approach due consideration is given to structural parameters under the 
heading neighbouring-bond effects and it is the best method reported at  the time of 

TABLE 13. X M  values calculatcd by Pascal, Gallais and LabarrC 
method 

~~ 

Compound XM 

Carbon tetrachloride 
Chloroacetic acid 
Chloroacetone 
1 -Chloro-2.3-dihydroxypropane 
Chloroform 
Chloropropylene 
1,2-Dichloroethylene 
1,3-Dichloro-2-hydroxypropane 
Dichloromethane 
Ethyl chloride 
Ethyl chloroacetate 
Ethyl trichloroacetate 
Hexachloroethane 
2-Amy1 chloride 
Methyl chloride 
Octyl chloride 
1,1,1,2,2-Pcntachlorocthane 
n-Propyl chloride 
1,1.2,2-Tetrachloroethane 
Trichloroacetalde hyde 

80.00 
48.10 
51.75 
66.45 
64.25 
48.95 
52.10 
76.75 
48.50 
45.35 
71.95 

103.45 
102.90 
80.75 
33.95 

113.75 
107.15 
56.75 
91.40 
70.65 
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TABLE 14. Magnetic susceptibility contri- 
butions of inner shell core  electron^^,^" 

Atom A X 

C 
N 
0 
F 
CI 
Br 
I 

~ 

0.15 
2.40 
3.60 
5.00 

12.50 
20.00 
36.00 

TABLE 15. Magnetic susceptibility contributions of  bond^^,^^ 

Bond B 

C(I)-H 4.20 c 2)-cI 8.10 
C(Z)--H 3.80 C L I  8.10 
c(3r-H 3.50 c(2)(C12)-cI 6.90 
C+ H 3.60 c(3)(C13)-cI 5.90 Cl')-H 3.20 c(4)(c14)-cI 4.20 

3.10 (2)- 

3.60 C(l)-Br 8.10 
C(Z)--Br 8.10 3.60 
C(I)+ 8.10 3.60 
%-I 8.10 3.40 
C(Clz)-F 1.50 3.60 
C(CI)-F 3.10 3.40 

4.80 
2.70 
2.20 
2.20 
5.30 

c+-c+ 2.40 N(l)-H 3.50 
1.80 0 1 - H  3.30 
1.70 O[&O)-H 3.60 
4.60 
4.60 
5.70 
4.30 
0.60 
0.20 

c+-O(l) 1.50 
C+(O)-O 4.00 
Cc2)(0)=O+ 1.80 
c ( 3 ) W  1 =o + 1.80 

XB Bond B XB 

C(O)-H 3.60 c ( 2 ) ( c ~ ~ - c ( 2 ) ( c ~ ~  
c(1)-cv ) 
c(1)-c(2) 

c(I)-c(4) 
c(2)-c(2) 
C(2)--C(3) 
Cm-c(4) 3.30 Cu)-"I) 
c(3)-c(3) 3.30 CW-N(I) 

3.30 Cw-Nw c(3)-c(4) 
c(4)-c(4) 
c-c+ 2.60 N(O)-H 

c(1)-c(3) 

3.30 C(2)-N(3) 

C(l), 
respectively; C(0) indicates a methane carbon atom. N(1), N(z), N(3) indicate primary, 
secondary and tertiary nitrogen atoms respectively; " 0 )  indicates an ammonia nitrogen atom 
0(0) and O(1) indicate oxygen atoms attached to  two and one hydrogen atoms respectively. 

C(3), C(4) indicate primary, secondary, tcrtiary and quaternary carbon atoms 
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TABLE 16. Magnetic suscepcibility contri- 
butions of n - e l e c t r ~ n s ~ . ~ ~  

63 

n-electrons X 

TABLE 17. XM values calculated by Haberditzl method 

Compound XM 

i-Amy1 P-chlorovinyl ketone 99.70 
Butyl bromide 75.60 
n-Butyl chloride 67.40 
i-Butyl P-chlorovinyl ketone 88.35 
Butyl iodide 91.60 
Carbon tetrachloride 66.98 
Chloroform 58.55 
n-Decyl P-chlorovinyl ketone 155.75 
1,4-Dichloro-2-butyne 73.50 
1,2-Dichloroethane 59.50 
Dichloromethzile 46.55 
n-Dodecyl 8-chlorovinyl ketone 178.45 
Ethyl chloride 44.70 
Ethyl P-chlorovinyl ketone 64.95 
n-Hexyl P-chlorovinyl ketone 110.35 
i-Hexyl P-chlorovinyl ketone 111.05 
n-Heptyl P-chlorovinyl ketone 121.70 
Methyl chloride 32.15 
Methyl P-chlorovinyl ketone 53.60 
n-Nonyl P-chlorovinyl ketone 144.40 
n-Octyl B-chlorovinyl ketone 133.05 
n-Pentadecyl P-chlorovinyl ketone 212.50 
n-Propyl chloride 56.03 
n-Propyl P-chlorovinyl ketone 76.30 
i-Propyl /I-chlorovinyl ketone 77.20 
n-Tridecyl P-chlorovinyl ketone 189.80 
Trifluoroacetic acid 43.50 
Trifluoromethyl chloride 45.05 
n-Undecyl P-chlorovinyl ketone 167.10 

writing. Magnetic susceptibility contributions for inner shell core electrons, bonding 
electron increments and n-electrons calculated by Haberditzl on a quantum- 
mechanical basis are presented in Tables 14, 15 and 16, respectively. Diamagnetic 
susceptibilities calculated by this method and relevant to the present work are 
presented in Table 17. 

F. Modffied Haberdftzl Method 

Gupta and coworkers4 have modified and improved the Haberditzl method to 
calculate molecular susceptibilities of di- and polysubstituted benzenes by accounting 
for additional interactions between the substituents which affect diamagnetism. This 
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TABLE 18. xbl values calculated by modified 
Haberditzl method 

Compound XM 

o-Bromoaniline 87.28 
tn-Bromoaniline 83.72 
p-Bromoaniline 85.12 
o-Bromotoluene 79.73 
m-Bromotoluene 88.17 
p-Bromotoluene 89.57 
o-Chlorotoluene 84.23 
m-Chlorotoluene 80.67 
p-Chlorotoluene 82.07 

provides different values of diamagnetic susceptibilities of 0-, m- and p-disubstituted 
benzenes and fits experimental observations. zM values calculated by the modified 
Haberditzl method arc included in Table 18. 

V. RESULTS AND DISCUSSION 

In order to make possible a systematic discussion of the results of diamagnetic 
susceptibilities of compounds containing carbon-halogen bonds they have been 
classified into five series, as detailed below. 

A. Halogenated Hydrocarbons 

Diamagnetic susceptibilities of both aliphatic and aromatic halogenated hydro- 
carbons have been studied extensively. Diamagnetic susceptibilities of chloro-, bromo- 

TABLE 19. Diamagnetic susceptibilities of alkyl and aryl halides' 

XM 

Halide Experimental Theoretical 

CH3CI 32.0 34.9 
CHzClz 46.6 52.1 

CH3Br 42.8 45.4 

CHC13 58.3 69.2 
CCl4 66.8 86.4 

CHzBr2 65.9 73.1 
CHBr3 82.2 100.7 
CBr4 93.7 128.4 
CH31 57.2 59.4 
CH2Iz 93.5 101.1 
CHI3 117.3 142.7 
CI4 135.6 184.4 
C~HSCI 45.0 46.8 
CzHsBr 55.5 57.2 
C2H5I 68.5 71.2 
C6H5CI 69.9 70.7 
C6HsBi 78.9 81.2 
C6HSI 91.3 95.2 
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Atomic number of halogen atom 

FIGURE 1. Plot of XM (x ,  theoretical; A and 0, 
experimental) against atomic number of halogen atoms 
for the series CH3X, C2HsX and C6H5X1. 

and iodoalkanes have been reporteds1 to deviate considerably from experimental 
values. This type of discrepancy is enhanced in dichloro, dibromo and diiodo com- 
pounds when both the halogen atoms are attached to the same carbon atom and it is 
attributed to the interaction betwecn the halogen atoms. Such abnormal diamagnetic 
behaviour is less marked in fluoro compounds. This type of abnormality in diamagnetic 
behaviour of C2H4, C2H4C12, C2H4Br2, C2H412 and CC14 has been explained on the 
basis of valency linkss2. 

French and coworkers' have made systematic and exhaustive diamagnetic investi- 
gations on alkyl and aryl halides and found that their experimental diamagnetic 
susceptibilities deviate considerably from the corresponding theoretical values 
calculated by the Pascal method (see Section 1II.A). Diamagnetic susceptibilities 
(experimental and theoretical) are  summarized in Table 19 for comparison and 
discussion. The plots (Figure 1 )  have been reported for diamagnetic susceptibilities 
(experimental and theoretical) of CH3X (X = C1, Br, I), CzHsX and X versus atomic 
number of halogen atoms. All the curves possess characteristic inflection points. The 
curves of experimental and theoretical values run almost parallel for the CH3X and 
C2H5X series, and a divergence is noted for the C6H5X series. Such an observation 
shows that the deviation between experimental and theoretical susceptibilities 
increases on passing from aryl chloride to iodide while it is almost of the same order 
for chloro, bramo and iodo compounds of methane and ethane. The deviations in 
diamagnetic susceptibilities of CH3X, C2H5X and C6H5X have been ascribed to the 
interaction between hydrogen and halogen, which produces an effect on the dia- 
magnetic susceptibility comparable to that caused by the formation of a double bond. 
It has been further reported that the hydrogen and halogen interaction in aryl halides 
increases on passing from a chloro to an iodo derivative and an additional divergence 
is introduced which enhances the lowering in diamagnetism of aryl iodide in com- 
parison to aryl chloride. In order to study additional interactions in dihalo and polyhalo 
methanes and ethanes which cause lowering in molecular diamagnetism the graphs be- 
tween the deviations in dizmagnetic susceptibilities and atomic number of halogen atoms 
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5 
Atomic number of halogen atom 

Plots of deviation against atomic number FIGURE 2. 
of halogen atoms for the series C2H;X, C2H4X2, C2H3X3 
and C2H2X4l. 
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FIGURE 3. Plots of deviations against atomic number 
of halogen atoms for the series C~HSX,  C2H4X2, CzHzX4 
and C2X6*. 
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have been investigated thoroughly. The graphs for mono-, di-, tri-, tetra- and hexa- 
haloethanes are shown in Figures 2 and 3, respectively. The deviation curves reveal 
that in the dihalide the hydrogen-halogen interaction is approximately double that in 
the monohalide series and there is a small but systematic rise in deviation on  passing 
from chloro to iodo compounds. It has been further reported that in dihalides, in 
addition to hydrogen-halogen interaction, there is a deformation of halogen atomic 
fields due to the polarization effect. The latter causes further lowering in dia- 
magnetism. The curves demonstrate the polarization effect which is in accordance with 
the order of polarizdbility of iodine, bromine and chlorine, resulting in more depres- 
sion in diamagnetism for iodo compounds than for chloro compounds. The increasing 
slopes of the deviation curves for tri- and tetrahalomethanes and tetra- and hexa- 
haloethanes reveal that the polarization effect increases with an increase in the 
number of halogen atoms in the molecule. The straight line character of the deviation 
curves also indicates the additive nature of these deviations which are  proportional to 
the number of halogen atoms producing them. Hence on increasing the number of 
halogen atoms in a molecule the polarization effect is enhanced and the depression in 
molecular diamagnetism should be pronounced, as  is indeed experimentally found. 
It has also been reported’ that the depression in the molecular susceptibility is 
greater when two or more halogen atoms are attached to the same carbon atom and 
has been explained using the Pauling view53, which states that in compounds contain- 
ing only one halogen atom there is no  possibility of resonance to give a double- 
bonded structure since there are only four orbitals for bond formation but in  com- 
pounds containing two or  more halogen atoms the resonance occurs as shown in 1, 
which causes additional lowering in diamagnetism. 

X- 

R-C=X+ 
I 
H 

Lacher and coworkers54 have reported diamagnetic studies of chloro and fluoro 
derivatives of methane and ethylene and the experimental data have been compared 
with those calculated theoretically by the Pascal method (see Section 1II.A). It has 
also been reported that the frans isomers have lower values of diamagnetic suscep- 
tibility than the corresponding cis isomers. Lacher and coworkerP  have also studied 
the diamagnetic behaviour of mixed (CI, Br, F) halomcthanes and they observed that 
tetrahedral interactions contribute to  thc diamagnetism. Tetrahedral interaction 
increments have also been reported for different bonds and are summarized in 
Table 20. 

D ~ r f m a n ~ ~  has studied polarity of carbon-halogen bonds using the diamagnetic 
susceptibility data and expressed the diamagnetic susceptibility of a compound by 
equation (17): 

X M  = X d  + Xpt 

where zd is the diamagnetic susceptibility contribution to the molecular susceptibility 
and xP is the temperature-independent Van Vleck’s paramagnetism. The values of 
xP per carbon-halogen bond for a number of molecules are summarized in Table 21. 
A critical examination of these values reveals that the value of xP per carbon-halogen 
bond increases with an increase in the number of halogen atoms in a molecule and 
consequently there is a drop in the polarity of carbon-halogen bonds. 

Gupta5’ has reported large bond-bond interactions in chloroalkanes by diamagnetic 
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TABLE 20. Tetrahedral interaction 
increments for bonds54 

Bond Value 

H-H 
F-F 
CI-CI 
Br-Br 
1-1 
H-F 
H-Cl 
H-Br 
H-I 
F-CI 
F-Br 
F- I 
CI-Br 
CI-I 
Br-I 

0.2 
0.8 
3.4 
6.4 
9.4 
1.4 
0.1 
0.2 
0.2 
2.4 
3.6 
5.1 
4.9 
6.4 
7.9 

TABLE 21. Values of xp pcr carbon-halogen bond in halogenated 
hydrocarbonss6 

Compound 
xp per carbon- 
halogen bond 

~~ ~~ ~~ 

Methyl chloride 2.00 
Methylene chloride 2.40 
Chloroform 2.83 
Carbon tetrachloride 4.67 
1,2-Dichloroethane 2.00 
1,l-Dichloroethane 3.00 
1,1,2,2-Tetrachloroethanc 2.90 
Pentachloroethane 3.20 
Hexachloroethane 3.70 
Methyl bromide 6.20 
Brornoform 10.13 
Carbon tctrabromidc 10.82 
Methyl iodide 11.80 
Methylene iodide 13.45 
Iodoform 31 .OO 

studies. Studies on organic iodides58 have been carried out at various temperatures 
and increase in diamagnetism with increase in temperature has been observed. 

6. Disubstituted Benzenes with Halo Substituents 

The diamagnetic behaviour of a large number of disubstituted benzenes with one or 
two halo atoms has been studied extensively. Gupta and coworkers5’ have reported 
systematic studies on the diamagnetic behaviour of such compounds in order to 
generalize the effect of substitution in (mono-) halohenzenes. They havz reported the 
values of XCI  in chloroanilines, chlorotoluenes, chlorobenzaldehydes and chloro- 
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TABLE 22. Values of y c ~  and y~~ in disubstituted benzenes59 

69 

Compound XCI or XBr 

o-Chloroaniiine 20.48 
o-Chlorotoluene 20.82 
o-Chlorobenzalde hydc 19.08 
o-Chloroacetophenone 18.46 
m-Chloroaniline 16.92 
m-Chlorotoluene 17.31 

rrr-Chloroacetophenone 21.38 
p-Chloroaniline 18.32 
p-Chlorotoluene 18.69 
p-Chlorobcnzalde hyde 18.23 . 
p-Chloroacetophenone 17.56 
o-Brornoaniline 28.82 
0-Bromotohene 28.81 
o-Brornoacetophenone 29.31 
rn-Brornoaniline 25.21 
m-Brornotoluene 25.38 
nr-Brornoacetophenone 32.99 
p-Bromoaniline 26.63 
p-Brornotoluene 26.70 
p-Brornoacetophenone 27.03 

ni-Chlorobenzalde hyde 21.33 

acetophenones and X B ~  in bromoanilines, bromotoluenes and bromobenzaldehydes. 
Values of XCI  and xBr are included in Table 22. The diamagnetic susceptibility contri- 
bution of the substituent depends on its position, the values being ortho >para  > 
meta. Such an observation has also been reported by French6" in dichlorobenzenes. 
Balliah and coworkcrs6' have correlated the diamagnetic behaviour with the nature of 
the other substituents. They have reported that the diamagnetism follows the order 
ortho > meta >para and rneta > ortho >para according as to whether the other substi- 
tuent is electron releasing or  electron withdrawing. Their explanation is based on effec- 
tive conjugative interaction of the other substituent and the halo atom through the 
benzene nucleus. Extensive diamagnetic studies62 have also been reported for metu and 
para chloro-, bromo- and iodoanilines and -N,N-dimethylaniliries and p-chloro, 
p-bromo-, p-iodo- andp-fluoroanisole. Diamagnetic susceptibilities of such compounds 
have also been calculated theoretically and compared with measured values. 

In  haloanilines a small positive divergence has been reported for fluoro compounds. 
However, negative divergence has been observed in chloro-, bromo-, and iodoanilines 
following the order iodoanilincs > bromoanilines > chloroanilines. These marked 
deviations have been ascribed to vacant d orbital participation of valence shells in 
resonance as shown below: 

- 
.OM2 - x - 

R = H or CH, 

X = F. CI, Br or I 

The behaviour of fluoroaniline is different from that of other haloanilines because 
fluorine does not have a vacant d orbital in the valence shell and there is no s x h  
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series H(CH?),, COC166. 

participation in the resonance. Even greater deviations have been reported for chloro-, 
bromo- and iodo-N,N-dimethylanilines and have been attributed to the greater 
effectiveness of -N(CH3)2 than -NH* in causing d orbital resonance. Diamagnetic 
behaviour of chloro- and bromothiophenols has also been reported63. Appreciable 
divergences have been observed in halo thiophenols but no explanation has been 
given. Diamagnetic studies64 have also been reported for meta and para halophenyl 
methyl sulphides, sulphoxides and sulphones. 

Diamagnetic r n e a s ~ r e m e n t s ~ ~  have also been used to study chelation and hydrogen 
bonding in disubstituted benzenes with one chlorine atom. 

C. Acyl Chlorides 

Diamagnetic measurements66 have been used to study the behaviour of the carbonyl 
group in acid chlorides to examine whether it behaves similarly or  differently as com- 

TABLE 23. Values of xco and xo for acyl chlorides, aldehydes, ketones, acids and 
e ~ t e r P * ~ ’  

Average valuc 

Series 
~ 

xco 

~ 

xo 
~~ ~ 

Acyl chlorides 7.0 - 0.40 
Aldchydes 5.9 - 1 S O  
Ketones 6.7 -0.65 
Acids 11.17 +3.87 
Acetates 10.69 +3.29 

Methyl esters 10.71 +3.31 
Propionates 10.74 +3.34 
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TABLE 24. Values of x&+ for acyl chlorides, 
aldehydes, ketones and 

Series xco2+ 

Acid chlorides 2.90 
Aldehydes 0.80 
Ketones 0.40 
Benzalde hydes 2.10 
Acetophenones 1 .oo 

Propionates 3.57 

Acids 2.83 
Acetates 3.56 

Methyl esters 3.56 

pared to that of aldehydes, ketones, carboxylic acid and esters. The plot of xhf versus 
n (Figure 4) for the series H(CH2),,COCI has been used to  obtain the value of 
H(CH2)oCOCI from the axial intercept. From the latter, diamagnetic contributions of 
t h e  CO group (,yco and the oxygen atom ( X O )  have been calculated and compared 
with those reported67 for aldehydes, ketones, carboxylic acids and esters (Table 23). 
The diamagnetic susceptibility contribution of the carbonyl ion (Xc02+) has been 
calculated by Yang's method68 and has been compared with values for other series69. 
Values of xc02+ for different series are summarized in Table 24. Tables 23 and 24 
reveal that ,YO, xc0 and xCo2+ are not fixed for all series, but their values depend on the 
environments in which the CO group is present. The diamagnetic beliaviour of acyl 
chlorides has shown that the CO group in acyl chlorides behaves differently from those 
of aldehydes, ketones, acids and esters and this shows that different electronic 
environments prevail in these compounds. 

Diamagnetic studies70 have also been reportcd for chloro-, dichloro- and trichloro- 
acetyl chlorides. They have been found to possess abnormal diamagnetic behaviour 

TABLE 25. Magnetochemical data and resonance energy of alkyl P-chlorovinyl ketones73 

Compound 

Resonance 

XM XI1 A K  g c m -  kcal mol-' 
Density, d,  energy 

~~~~~~~~~~ ~ ~ ~ 

Methyl P-chlorovinyl ketone 54.30 52.33 5.91 1.1300 13.76 
Ethyl P-chlorovinyl ketone 65.71 63.69 6.06 1.0702 13.36 
n-Propyl P-chlorovinyl ketone 77.02 75.05 5.91 1.0396 12.67 
i-Propyl P-chlorovinyl ketone 78.01 75.90 6.33 1.0317 13.45 
i-Butyl P-chlorovinyl ketone 89.30 87.26 6.12 1.0117 12.76 
i-Amy1 P-chlorovinyl ketone 100.60 98.62 5.94 0.9930 12.15 
n-Hexyl P-chlorovinyl ketone 111.07 109.13 5.82 0.9871 11 3 3  

n-Heptyl 0-chlorovinyl ketone 122.42 120.49 5.79 0.9733 11.61 
n-Octyl P-chlorovinyl ketone 133.75 131.85 5.70 0.9695 11.39 
n-Nonyl P-chlorovinyl ketone 145.15 143.21 5.82 0.9701 11.63 
n-Decyl /hchlorovinyl ketone 156.46 154.57 5.67 0.9773 11.54 
ti-Undecyl 8-chlorovinyl ketont: 167.84 165.93 5.73 0.9797 11.53 
ti-Dodecyl P-chlarovinyl ketone 179.15 177.29 5.58 0.9959 11.45 
n-Tridecyl P-chlorovinyl ketone 190.56 188.65 5.73 0.9801 11.55 

i-Hexyl 0-chlorovinyl ketone 111.99 109.98 6.03 0.9750 12.10 

n-Pentadecyl P-chlorovinyl ketone 21 3.40 21 1.37 6.09 0.9657 12.12 
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in the sense that their experimental values of diamagnetic susceptibility deviate 
considerably from corresponding theoretical values, and abnormality increases with 
increase in the number of chlorine atoms attached to the methyl group. 

D. Alkyl and Aryl p-Chlorovinyl Ketones 

The diamagnetic behaviour of a number of alkyl and aryl P-chlorovinyl ketones has 
been studied by Gupta and Mita171. An increase has been observed in the molecular 
susceptibilities of alkyl /3-chlorovinyl ketones with chain length. This has been 
attributed to the mesomeric effect which operates due to conjugation of the carbonyl 
with the C=C double bond, as shown below: 

It  has been further observed that the relative increase in molecular susceptibility 
decreases on passing from methyl /I-chlorovinyl ketone to higher homologues, i.e. on 
lengthening the alkyl chain, and thus the increase is associated with the COCH= 
CH-Cl unit of the molecule. Is0 isomers have been reported to be more diamagnetic 
than n-isomers, and this has been explained by Angus and Hill7*, who postulated that 
free rotation of alkyl chains lowers diamagnetism. 

Increase in diamagnetism7' has also been observed in aryl /I-chlorovinyl ketones. I t  
ranges from 2.92 to 6.82 c.g.s. units and increases with substitution in the benzene 
ring. This additional increase has been attributed to the  interactions introduced by the 
substitution. Meta isomers are more diamagnetic than ortho and para isomers. 

Mital and G ~ p t a ~ ~  have used diamagnetic susceptibility data to calculate the 
resonance energy of alkyl p-chlorovinyl ketones, expressed by equation (1 8): 

(1 8)  
where E is resonance energy, d is the density of the ketone and K is the magnetic 
anisotropy of the ketone, which is related to the molecular diamagnetism by equation 

(19) 

where is the principal susceptibility with the molecular plane parallel to the magnetic 
field. 

has been calculated following the Pascal additivity rule. Values of x ~ ,  x11, A K ,  d 
and E for alkyl P-chlorovinyl ketones are summarized in Table 25. The resonance 
energy rising from 11.39 to 13.76 kcal mol-' has been considered to be responsible 
for the increase in molecular diamagnetism of P-chlorovinyl ketones. 

E = 2.6 A K d  x lo6, 

(1917 

A K  = 3 ( x M  - xl l ) ,  

E. Miscellaneous Halo Compounds 

The diamagnetic behaviour of 1,l -difluoro-2,2-dichloroalkyl ethers has been 
reported74. Deviations have been observed from Pascal's additivity rule and have been 
attributed to interaction forces between non-bonded atoms directed along the edges 
of a tetrahedron. The diamagnetic behaviours of l-(o-chlorophenylazo)-2-naphthol 
and l-(p-chlorophenylazo)-2-naphthol have shown that they exist in the azophenol 
form7j. The molecular compound of aniline with 2,4-dinitrochlorobenzene has a 
lower diamagnetism than the value of xh4 given by the sum of the ~ h f  value of its 
component s76. 
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Mixtures of acetone with chloroform and trichloro-n-butyl alcohol have been 
I e p ~ r t e d ’ ~  to  deviate from Pascal’s additivity rule. Diamagnetic behaviours of 
azeotropic binary liquid mixtures containing organic halo compounds have also been 
studied7*. They obey the additivity rule and the magnetic data are not affected by the 
azeotropic nature of the mixtures. 
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1. INTRODUCTION 

Mass spectrometry has long been a useful tool in the study and analysis of halides. 
Positive ion studies of chlorides and chlorine isotopes were reported by Aston as early 
as 19191.2 with negative ion spectra being investigated a year later3, the studies being 
primarily concerned with the isotopic nature of chlorine. The active use of mass 
spectrometry to solve ‘relevant’ analytical problems involving halides continues today, 
with mass spectrometry being the preferred technique for analysis of the ubiquitous 
tetrachlorodioxins at the part per trillion l e ~ e l ~ . ~ .  

The situation concerning azides is not nearly so favourable. Studies of the mass 
spectra were instituted initially as part of the examination of the gas-phase 

75 
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decomposition of these compounds, electron impact being considered one way of 
imparting energy to the molecule. Thus we get the early reports of the mass spectra of 
triarylmethyl azides6 in 1966 and phenyl a~ides’ ,~  in 1967 and 1968, all three papers 
comparing electron impact-induced fragmentation to thermal or photochemical 
breakdown of azides. 

In consideration of the lengthy history of halide mass spectrometry, studies in the 
mass spectra of azides represent a relatively new field, never before reviewed and one 
for which much of the data in the literature involves incompletely tabulated mass 
spectra or uninterpreted raw data. It is thus our intention to report in some detail on 
the current state of the art of mass spectrometry as applied to azides. However, since 
halides have been extensively reviewed elsewhere, we will report some of the recent 
developments of interest in the mass spectra of halogenated compounds, selectively, 
in a second section of this chapter. 

II. THE MASS SPECTRA OF AZIDES 

A. Introduction 

As indicated in the previous section, study of the mass spectra of azides is a relatively 
recent endeavour. Researchers would do well to contemplate the possible reasons for 
this delay in application of mass spectrometry to azide chemistry. Surely chemists 
studying azides are not more resistant than others to the application of new 
techniques? Was it  perhaps the mass spectroscopist’s fear of damage to the expensive 
mass spectrometer from ‘explosive’ azide compounds? N o  use was made of the ‘oil 
company’ mass spectrometers in the 1940s. Even with thc development of the modern 
‘organic’ mass spectrometer and inlet systems in the late 1950s and early 1960s, 
almost a dccade passes before spectra begin to be reported. This fear on the part of 
mass spectrometer operators appears to be more severe than that which delaycd the 
application of mass spectrometry to organometallic chemistryg. This hesitation 
continues. Thus, we have not yet seen the application of the newer ‘soft’ ionization 
techniques such as field desorption, chemical ionization or fast atom bombardment 
(FAB) to azides. All the work done is with standard electron impact ionization 
sources. Similarly, only one partial negative ion study is reported, nor has extensive 
use been made of new techniques for studying metastable ions. If we were to make a 
prediction, i t  would be that the use of mass spectrometry, at the least for molecular 
weight characterization of azides, will increase vastly once ficld desorption instruments 
are more common, and the fragility of these instruments is disproven by use. The 
newly developed ‘FAB’ sources introduced by two mass spectrometer manufacturcrs 
(Kratos and VG) appear to be much easier to use than field desorption, and could 
easily become the favoured source for azide work if they are widely adopted, no direct 
heating of the sample being required. Various security agencies are experimenting 
with atmospheric pressure ionization sources for the monitoring of explosives, and 
in the course of their work it is suspected that they have looked at the mass spectra 
of azides in this fashion, but nothing has yet been reported to our knowledge. Since 
HPLC is far superior to gas chromatography as a separation tool for azides, a third 
area from which advances in the study of azide mass spectra will come, is the 
interfacing of liquid chromatographs to mass spectrometers. 

It is to be hoped that one outcome of this review will be an increase in the 
determination and reporting of the mass spectra of azides. The operators’ fears are 
groundless. We have not seen any report in the literature of source explosions from the 
attempted volatilization of unstable azides into a mass Spectrometer. Careful control 
of temperature and small amounts of the samples on a direct insertion probe will 
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minimize any possibility of damage, but these are the same precautions also taken for 
organometallic compounds. It is interesting to note that the first people to report on 
the mass spectra of azides were those already studying their thermolysis7.8. 

In the next sections wc discuss the important aspects of the mass spectra of azide 
derivatives of various compound classifications, and tabulate the compounds for which 
full (or partial) mass spectra data are available. It is interesting to note that few of 
these compounds appear in any of the computerized libraries of mass spectral data. 

B. Aromatic h i d e s  and Benzoyl h ides  

Studies of the mass spectra of aromatic azides were first reported in 1967 by Crow 
and Wentrup’, who report on the electron impact mass spectrum of phenyl azide, as 
part of an investigation into the generation of phenylnitrenes. This was followed a year 
later by a more complete study by Hedaya and coworkers8. The relationship of 
pyrolysis and photolysis studies to the mass spectra of azides will be discussed in detail 
in Section D. These studies were followed by more comprehensive mass spectral 
investigations of phenyl azide beginning in 19701”.”, a series of aromatic azides12-14, 
and partial spectra reported as part of further pyrolysis, photolytic or other 
spectroscopic ~ t u d i e s l ~ - ~ * .  In Table 1 we summarize aryl and aroyl azides and related 
compounds for which mass spectral data are available and note the completeness or 
incompleteness of the data and their interpretation. 

TABLE 1 .  Aryl azides, benzoyl azides and related compounds 

No. Compound Completeness of data Reference 

1 
1 
1 

2 
3 
4 

5 
6 
7 

8 
9 

10 

11 
12 
13 

14 
15 
16 

17 
18 
19 

Interpretcd spectrum 
Pyrolysis data 
Isotope labelling, fragmentation 

rearrangements 

Spectra and discussion 
Spectra and discussion 
Spectra and discussion 

Spectra and discussion 
Spectra and discussion 
Spcctra and discussion 

Spectra and discussion 
Spectra and discussion 
Spectra and discussion 

Spectra and discussion 
Spectra and discussion 
Spectra and discussion 

Spectra and discussion 
Spectra and discussion 
Spectra and discussion 

Isotope labelling, discussion 
Isotope labelling, discussion 
Isotope labelling, discussion 

7, 13 
8 
10,11 

12 
12 
12 

12 
12 
12 

12, 13 
12, 13 
12, 13 

12 
12 
12 

12 
12 
12 

12, 13 
12, 13 
12, 13 
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No. Compound Completeness of data Reference 

20 
21 
22 
23 
24 
25 
26 
27 
28 

29 
30 
31 
32 
33 
34 
3s 
36 
37 
38 
39 
40 
41 
42 
43 
44 
4s 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 

~ - O ~ N - ~ - C H ~ C ~ H S N ~  
2-02N-4-CH3CbH3N3 
3-02N-4-CH3C6H3N3 
~ - O Z N - ~ - C H ~ C ~ H ~ N ,  
2,6-(CH3)2C6H3N3 
2-BrC6H4N3 
3-BrC6H4N3 
4-BrC6H4N3 
C6H5CON3 

4-02N C6H4CON 3 

4-CH30C6H4CON3 
4-CH3C6H4CON3 
4-ClC6H4CON3 

~ - C ~ H S C ~ H ~ C O N ~  
C6H 5CH= CHCON 3 
4-CH3OC6H4CH=CHCON, 
2,4,6-(02N)3C6H2N3 
3-Azido-2-naphthoyl azide 
2,3-Diazidonaphthalene 
Methyl 3-azido-2-naphthoate 
2,2’-Diazidobiphenyl 
2,2’-Diazido-6,6’-dimethylbiphenyl 
4-Azidocarbazole 
4(2’-Azido-2-biphenylazo)carbazole 
2,2’-bis(o-Azidophenyl)azobenzene 
2,3-Diazido-l,4-dimethoxynaphthalene 
2-Azido-2‘-phenylazobiphenyl 
2-Azido-2’-(4-tolyIao)biphenyl 
2-Azido-2’-(2’-biphenylazo)biphenyl 
2-Azido-2’-(4-chlorophenylazo)bip henyl 
2,4-Br2C6H3N3 
2-N3-3,5-Br&HzCN 
2-N3-3,5-Br2C6H2N2C6H5 
2-N3-3,5-Br2C6H2COC6H5 
2-N3-3,5-BrzC6HzCHO 
2-Iodo-2’-azidobiphenyl 
l-Azido-8-iodona~htha!ene 

4-BrC6H4CON3 

Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 

Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data and interpre 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 

12 
12, 13 
13 
13  
13 
13 
13 
13 
13, 14 

13, 14 
13, 14 
13, 14 
14 
14 
14 
14 
14 
19 
15 
15 
15 
6 
6 
6 
6 
6 
17 

,tation 18 
18 
18 
18 
21 
21 
21 
21 
21 
22 
22 

All 57 compounds listed in Table 1 exhibit one important feature in their 70 eV EI 
mass spectra: a significant molecular ion is present in each case. Parent ion intensities 
vary from 1-296 to 30% and average about 10%) of the base peak. At 17 eV the 
molecular ion of phenyl azide increases to a conspicuous 70% of the base peak, 
carrying over 20% of the  total positive ion current. Thus, despite concerns ovcr the 
stability which may have precluded study of azide mass spectra, this is certainly not the 
situation for these aromatic derivatives. Neither instrument nor inlet system and 
temperature have significant effect o n  the observed spectra, though some difference in 
the metastable ions supporting fragmentation have been observed”-14 for some azides 
on changing instrumcnts. This behaviour is not limited to azides alone. Even 
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compounds with molecular weights over 400 gave good spectra and are thus amenable 
to mass spectrometric identification. Since aryl azides readily thermolyse in the 
140-170°C range, by using 3-cyanophenylazide as a model azide, Abramovitch and 
coworkers12 studied the effect of ion source temperature over the  range 165-250°C. 
Spectra were identical except for a change in ratio of M''/(M-N2)L' which changed from 
about 0.22 to 0.17 over the temperature range. This results from the nitrene or 
azepinium ion being formed both by fragmentation of the parent ion and by ionization 
of aryl nitrene produced by thermolysis. As ionization electron energy was reduced 
from 70 eV, little change was observed in the above ratio until the potential had been 
reduced below 12 eV. 

The base peak in the spectrum of phenyl azide corresponds to losses of N2 from the 
molecular ion7*". This mode of fragmentation is quite common, the (M-N3" ion 
being, if not the base peak, an ion of significant abundance for most of the azides 
discussed in this section. It has been shown that loss of N2 is not due to decomposition 
in the ion source. 

If we look first at  the spectrum of phenyl azide7, and both the 13C-labelled11 and 
2H-labelled10 compounds, the fragmentation can be well understood. The observation 
of metastable ions for the loss of N2 to give C,$ISN+ (formally ionized phenyl nitrene 
or on rearrangement [azepinium-hydrogen]+) prompted the labelling studies; m/z 90 
then showed a metastable ion supported loss of both acetylene and hydrogen 
cyanide7.'&12 as shown in Scheme 1, while the complete spectrum is shown in Figure 1. 
(Throughout this paper an asterisk (*) in a fragmentation scheme indicates that the 
transition is supported by the observation of metastable ions.) This loss is reminiscent 
of that observed in the spectrum of aniline. However, in contrast to the C6H7w' odd 
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electron molecular ion of aniline, the odd electron C6H5N" species from phenyl azide 
has been shown to undergo ring expansion with the insertion of nitrogen typical of 
carbenoid  specie^^^.^^ as proven by 13C labelling at the N3 carbonL1. This 
rearrangement precedes expulsion of hydrogen cyanide or acetylene. The data for IOSS 
of acetylene suggests that a C-N bond is broken and that insertion of nitrogen was 
specific, rather than random. The HCN loss is less specific in indicating the insertion 
site. A study of 2,4,6-d3-phenyl azide shows complete scrambling of hydrogen and 
deuterium prior to the loss of HCNL8. Abramovitch reported a general scheme by 
which the 'normal' fragmentation of many substituted azides could be described 
(Scheme 2), which was analogous to that of phenyl azide itself (Scheme 1). This 
scheme was appropriate to eight of 18 monosubstituted aryl azides studied, i.e. the 
three chloro and three cyano derivatives plus the 3- and 4-nitro derivatives. T h e y  
'normal' fragmentations are characterized by relatively high ion current for (M-Nz) , 
and/or 90 or 89 ,63 ,62  and 39-37. There is only low ion current at 77 ,76  and 52-50 
for these azides, suggesting strongly that ring fragmentation is determined by either 
the substituent X or by the ring expansion and nitrogen insertion; i.e. we do not get 
fragmentation based on the free phenyl ion. Abramovitch suggested that route a ,  i.e. 
loss of HCN from (M-N3" is iisually rare, but is observed for chlorophenyl azides12 
in the case of 'normal' fragmentation. However, Fraser and  collaborator^^^, as well as 
Abramovitch, report significant peaks and metastable ion-supported loss of HCN for 
systems which are exceptions to the 'normal' behaviour. These exceptions usually 
involve fragmentations of the functional group 'X' which introduces added complexity 
to the spectra. Another system which could be categorized as obeying 'normal' 
fragmentations is that of the three bromo derivatives13, but unlike the chlorides these 
do not exhibit HCN loss, bromine loss being preferred. These bromo derivatives were 
the first to show metastable ion-supported loss of the substituent from the molecular 
ion, in competition with N2 loss. 

I 
- H C N  or CZH2 I 

rnjz 37-39 

SCHEME 2 
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Looking at exceptions to normal behaviour, the first examplc to become apparent, 
that of 2-nitrophenyl azide, displays peaks due to a pronounced ortho effcct (mlz 120, 
78, 76 and 51) in addition to the expected m l z  90, 63 and 39. These have been 
rationalized as shown in Scheme 3. 

Abramovitch16 postulated the two routes to mlz 78 to account for the different 
76/78 ratio in the spectrum of this compound, compared to that of benzofuroxan (a 
thermolysis product), while FraserI3 shows the third route as well. 

In the methoxyphcnyl azides, one has competing CH3 and CO losses in addition to 
normal fragmentation. Again, however, ortho effects are observed for 2-methoxyphenyl 
azide, with a large mlz 120 being observed, rathcr than 121, the former presumably 
being a benzo species. Thep-methoxy derivative, unlike the other two, has large peaks 
at m / t  80 and 52, i.c. 

C3H2Nlt 
4 - - C2H2 C4H2N0 l+ - -co 

mlz 80 m/z 52 

0 

C3H2Nlt 
4 - - C2H2 C4H2N0 l+ - -co 

mlz 80 m/z 52 

0 
The spectra of the azidobiphenylsI2 arc characteristic of biphenyls in having most of 

the ion current carried by high m/z  ions. These ions have been postulated to fragment 
as shown in Scheme 4 below, with the intermediate proposed for the ortho derivative 
being analogous to those proposed for fragmentation of di- and triphenyl derivatives 
of phosphorus, arsenic and a n t i r n ~ n y ~ . ~ ~ .  
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SCHEME 4 

The spectra of these tneta and para isomers are almost indistinguishable, with the 
ortho-azidobiphenyl having a somewhat simpler spectrum than the other isomers. It 
would appear that the spectrum of the para isomer is mislabelled in the Abramovitch 
paper. the base peak being 167 and not 165. 

Tolyl azides"-13 have two possible routes for fragmentation after loss of N2 from the 
parent ion. One involves loss of hydrogen, and carbon insertion into the ring, as is 
usually postulated for the formation of tropylium ions from benzyl derivatives. The 
other suggests the incorporation of the nitrogen into the ring as postulated for 'normal' 
fragmentation in Scheme 2. Loss of N? givesmlz 105 as the  base peak for the tnera and 
para isomers, whereas rnlz 104 is the base peak for the orrho isomer, though, in all 
three cases, loss of hydrogen, tnlz 105 + 104, is supported by metastable ions. The 
ortho isonier also has a strange m/z 79 (loss of C2H2 from m/z 105) and shows a 
metastable ion for the tra+nsition mlz 78 -+ 77. High resolution12 showed that m/z  107 
is due both to (M-C2H2) . and to the more usual primary amine cation'?, formed by 
loss of Nz from the molecular ion, followed by hydrogen abstraction in the ion source. 
O n  the basis of varying m/z 104/105 ratios, Fraser13 suggests that ring expansion is 
unlikely. Abramovitch12, using 13CH3-labelled 2-13CH3C6H4N3 unambiguously 
established that C7H7N+' (mlz 105) fragments by loss of neutral CzH2, HCN and 
H2CN; giving 79+, 78' and 77+ and following loss of H'; C7H6N+. M l z  104 fragments 
exclusively by loss of HCN and H,CN, yielding ions at mlz 77 and 76. Thus, ions at  
mass 77 arise via two routes. It would be interesting to see some of this work repeated 
using the full metastable ion studies possible with modern instrumentation. Since the 
carbon label is lost preferentially, and unexpected loss of H occurs, it has been 
postulated6 that the following ion structures are responsible: 

the labelled methyl carbon being lost as acetylene but not as H13CN from the second' 
structure. The third structure may account for loss of H' and the small amount of 
H13CN lost. 

A weak loss of acetylene from the meta and para isomers may suggest that the 
quinoid structure alone might be more important than ring expansion involving either 
C or  N. 

Dimethylphenyl azides13 were shown to behave similarly to tolyl azides. Both show 
impurity peaks due to scavenging of hydrogen from the walls of the ion source by 
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SCHEME 5 .  Reproduced from Fraser et ~ 1 . ' ~  by permission of Heyden & Sons Ltd. 

the nitrenium ion. As shown in Scheme 5 ,  the ion at m/z 104 is a doublet arising from 
two processes. 

The spectra of azidonitrotoluenes combine the features of both tolyl azides and 
nitrophenyl a ~ i d e s ' ~ , ' ~ .  An ortho effect appears to be operative for these compounds, 
the MY(M-N2)" ratio being much larger in the ortho case, suggesting perhaps that the 
o-methyl group hinders the concerted cyclization-elimination of nitrogen, giving the 
proposed benzofuroxan (Scheme 3). 

Another well studied group of azides related to the simple aromatic azides are 
benzoyl azide, and a series of its para-substituted derivatives, first studied by 
Fraser's groupI3 and then examined more extensively by MatjekaI4. Benzoyl azide did 
not eliminate CO from the molecular ion, as do so many other benzoyl compounds, 
the usual azide fragmentation involving loss of N2 from .M" predominating. FraserI3 
suggested that the (M-N2)" ion did not rearrange to an isocyanate ion, since, as shown 
below, three modes of loss were observed from this ion; i.e. rearrangement is 

O=i, 
N3 

-N2 - 
or 

(q+ 
co  

-0 - 
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obviously necessary for CO elimination. Matjeka14, unlike Fraser and coworkers13, 
observed a metastable ion for loss of N3 from M" and did not observe loss of 0' from 
the (M-N?)'. ion. Thus the isocyanate ion may bc a possibility. 

Unlike p-nitrophenyl azidq, the nitrobenzoyl azide showed thc metastable ion that 
confirmed loss of NO' from the (M-N2)" and (M-N2-N)+ ionsI3. However, Matjeka14 
again reported a difference from Fraser's data, namely NO2 rather than the N O  
species being lost from the two species above, and the (M-N3)+ ion was shown to be 
formed directly from the parent ion. The reason for these differences is not apparent. 

The remaining 10 substituted benzoyl azides ( C H 3 0 ,  CH3, C1, Br and Ph 
substituents) all follow a standard route14 (Scheme 6) with (M-N3)+ being the base 
peak in most cases. The XC6H4N+ ion has most likely undergone ring expansion with 
the N being included in the ring (Scheme 2). The methyl derivative shows a large ion at  
m/z  134 corresponding to a loss of molccular nitrogen and a methyl radical. The 
resulting ion is postulated as a conjugated isocyanate ion by analogy with the species 
observed in the spectrum of p-methyldiazoacetophenone 14; i.e. 

Again, like p-phcnyldiazoacetophcnone, p-phenylbenzoyl azide fragments with loss of 
N2 and CO from W' at the expense of (M-N3)+. T h e  resulting m/z 167 ion is 
presumably similar to that observed for azidobiphenyllZ, where it is the base peak. 

Two other carbonyl azides, XC6H4CH=CHC(0)N3 (X = H or OCH3) were 
reported in thc same workI4, fragmenting by analogy to Scheme 6, i.e. loss of N3 and 
CO. or N7. rearrangement and loss of CO. HCN was also lost from the (M-Nz-CO)" 
ion; its fragmentation is characteristic of X, as was its daughter ion. 

Peek and  collaborator^^^ have reported partial data on 3-azido-2-naphthoyl azide 
and 2,3-diazidonaphthalene and methyl 3-azido-2-naphthoate. Not surprisingly, all 
showed parent ions, (M-Nz)+' ions and for the diazido compounds (M-2Nz)'. ions, i.e. 
both the ring and carbonyl bonded azides break down by the standard route - loss of 
Nz. Surprisingly, no (M-N3)+ is reported for the naphthoyl derivative, a distinct 
difference from that observed for benzoyl derivatives. Thc  naphthoyl derivative 
readily decomposed thermally to 3-azido-2-naphthoyl isocyanate, a fact which perhaps 
supports an isocyanate structure for the (M-Nz)" ion in benzoyl compounds. The 
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naphthoyl derivatives also showed peaks at m/z 169 corresponding to (M-N2-CH20)" 
and m/z 140, i.e. (NC,&16)+ results by loss of HC=O from 169. 

Yabe and Honda16 report partial data for several diazido and azido compounds 
(Table 1, compounds 41-45). All showed molecular ions and (M-N2)" ions, while 
diazido derivatives showed (M-2N2)" as yell. Yabe17 found similar results for a 
diazidodimethoxynaphthalene. 

Spagnolo and coworkersIx have reported partial uninterpreted mass spectral data on 
four 2-azido-2'-arylazobiphenyls, where the aryl group is one of phenyl, 4-toly1, 
2"-biphenyl and 4-chlorophenyl. It is clear that all four show loss of N2 and N31from the 
parent ions. Like the simple biphenyls themselves12, these more complex compounds 
also show loss of H' from the (M-N2)+. But loss of H is also seen from the (M-N3)+ ion 
in the first two cases. A peak is also observed at m/z 180 which could be assigned to 
the following species, which can eliminate N2 as shown, producing the 

m,p 180 mAz 152 

biphenylene ion .  The data also suggest that the (M-N3) + ion may eliminate CN2 with 
rearrangement. 

Muller has recently reported the mass spectrum of 2,4,6-trinitrophenyl azide.19 The 
base peak was the NO+ at m/z 30, but significant peaks were assigned to (M-N3", and 
losses of NOz, NO and NO2. This is not consistent with the fragmentation expected for 
n i t r~az ides~ ' . ' ~  where loss of N2 and O'arc observed. Major rearrangement would also 
be required for the loss of four nitrogen-oxygen species. One might, perhaps, have 
expected loss of 0' and N 2 0  from (M-N2)" to account for ni/z 150, but in the absence 
of the complete spectrum of metastable ion evidence, dcfinitive assignment cannot be 
made. 

Most recently, Dickson and Dyall" have reported partial mass spectral data for a 
series of up-dibromophenyl azides (Table 1, compounds 51-55). There was no 
pattern for these derivatives, with no common base peak. All show M" and (M-N?)'. 
ions. The 2,4-dibromoazidobenzene has as its base peak the (M-N2-Br)+ ion, a 
'normal' behaviour. FGi -52 the base peak again was (M-N2-Br)+. Further 
fragmentation occurs by loss of the second bromine and HCN. Significant HBr+ was 
reported. For 53, as a result of ring expansion with a nitrogen of the azobenzene 
substituent, the base peak is tn/z 91. No species were reported which correspond to 
single loss of one or two bromines. Compound 54 again shows (M-N2-Br)+, with a 
single phenyl ion tn/z 77 being the base peak. The azido benzaldehyde (55) shows 
(M-N2-CHO)+ ion as well as (M-N2)" and significant (M-N2-Br)+. This latter ion 
also shows loss of HCN and CO, i.e. ions at m/z 142 and 140. The base peak at m/z 87 
results from loss of Br and HCO from the (M-N2-Br)+ ion. Thus the basic 
fragmentations are what would be expected from the substituted aromatic azides. For 
neither of these carbonyl compounds are ions observed which correspond to the loss of 
N3 from the molecular ion, as was observed in the case of benzoyl azides. It is thus not 
the presencc of a carbonyl but rather the azide attached to the carbonyl that favours 

Benati and coworkers22 have reported that 2-iodo-2'-azidobiphenyl shows a strong 
molecular ion and that fragmentation begins with loss of N2. Similar behaviour is 
reported for 1-azido-8-iodonaphthalene. 

N3 IOSS. 
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C. Aliphatic h ides  
The first report of mass spectra of azides was in 1966. When Moriarty and 
Kirkien-Konasiewicz6 studied the electron impact decomposition of triarylmethyl 
azides (i.e. p-tolyl-, p-chlorophenyl- and p-nitrophenyl diphenylmethyl azides) only 
weak parent ions were observed. The base peak in all cases was (M-N3)+, i.e. the 
triarylmethyl carbonium ion, reminiscent of that observed14 for benzoyl azides. 
(M-N2)" intensities varied with substituent, but no evidence was presented favouring 
either of the two possible structures, i.e. the nitrene Ar3C-N", or a rearranged 
arylimino ion (Ar2C=N-Ar)'. Lowering the ionizing voltage from 70 e V  to 50 eV 
had little effect, which the authors took as suggesting nitrene formation by pyrolysis in 
the source prior to ionization. However, without reducing the ionizing voltage to the 
15-20 eV range, such a conclusion is invalid. No metastable ions were reported for 
either loss of N2 or loss of N3 from M+*. In Scheme 7, the major decompositions from 
the (M-N2)" and (M-N3)+ ions are shown for the p-tolyldiphenylmethyl azide. The ion 
a t  m / z  180 is preferentially assigned to  (C6H5-CEN-C6H5)+ on the basis of a 
similarity to  the spectrum of benzophenone N-phenylimine. Since the stability of the 
triarylmethyl carbonium ion appeared so important in controlling the electron impact 
fragmentation and since the ( (c&5)2ccOOH)+ ion should be much less stable than 

H U 

t;s 
SCHEME 7 
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(C6H5)3C+, the spectrum of azidodiphenylacetic acid was determined6. The  base peak 
for the acid now corresponded t o  ( ( C ~ H S ) ~ C N ~ C O O H - N ~ - ~ ~ ~ ) " ,  the same species 
as that which resulted from solution photolysis. 

Curci and coworkers26 report the unassigned spectrum of 1,2,3-tri-f- 
butyl-3-azidocyclopropene. As o n e  might expect, the  t-butyl ion forms the  base 
peak. T h e  primary mode  of fragmentation is loss of N3 from the molecular ion. This 
contrasts with the corresponding cyano derivative which loses Me3C rather than CN. 

R e e d  and L w ~ w s k i ~ ~  report partial data for I-azidonorbornane. A parent ion is 
observed, which then  shows loss of either N2 o r  C2H4, which cannot be distinguished in 
the absence of high resolution data.  Loss of 29, i.e. N2H o r  C2H5 is also observed and 
is of greater intensity than (M-28)". m/z 108 in fact becomes the  base peak in the 
13 eV spectrum. A second loss of 2 8  from m/z  107, or 2 7  from m/z 108 is observed, 
presumably either C2H4 o r  CH2N from m/z 107 and H C N  from m/z 108. T h e  base 
peak is observed a t  m/z  69, presumably either C a 4 +  o r  C4NH7+. No loss of N3 is 
reported. 

Barone  and collaboratorsz8 have reported partial data for a series of a-azidonitriles 
and  a-azidoaldehydes. These compounds (62-73) are  shown in Table 2. Parent ions 

TABLE 2. Aliphatic azides 

No. Compound Completeness of data Reference 

58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
87a 
88 

4-CH3C6H4(C6H5)2CN3 

4-02NC6H4(C6H5)2CN3 
(C6H5)2(COZH)CN3 
1,2,3-Tri-t-butyl-3-azidocyclopropene 
1-Azidonorbornane 
1 -Azidocyclododecanc-1 -carboxaldehyde 
(CH2)5C(CHO)N3 
(CH2) 7C(CHO)N3 
CH3(C6H5)C(CHO)N3 
(C~HSCH;?CHZ)~C(CHO)N~ 
(c-CSH~)CH~C(CHO)N~ 
1 -Azidocyclododecane 
(CH2)5C(CN)N3 
(CH2)7C(CN)N3 
CH3(C6H5)C(CN)N3 
(C6H5CH2CH2)ZC(CN)N3 
( c - C ~ H ~ ) C H ~ C ( C N ) N ~  

(C6H5)3CN 3 
2-C6HSC6H4(C6H5)2CN3 
C6H5CH(CH 3lN 3 

rrans-2-Azidocyclohex-3-enyl acetate 

2-Phenylisopropyl azide 
2-(4'-Bipheny1)isopropyl azide 
2-(2'-Biphcnyl)isopropyl azide 
2-Azido-2,3,3-trimethylbutane 
4-Azidoheptane 
(Tri-n-penty1)methyl azide 
2-Azido-2-methyl-4-phcnylbutane 
cis- 1 -Azido-2-chlorocyclopentane 
Trifo-azidothioacetoDhenone) 

Spectra and discussion 6 
Spectra and discussion 6 
Spectra and discussion 6 
Comment only 6 
Uninterprcted spectrum 26 
Uninterpreted spectrum 27 
Partial data 28 
Partial data 28 
Partial data 28 
Partial data 28 
Partial data 28 
Partial data 28 
Partial data 28 
Partial data 28 
Partial data 28 
Partial data 28 
Partial data 28 
Partial data 28 
Partial data 29 
Spectra and partial interpretation 30 
Spectra and partial interpretation 30 
Spectra and partial interpretation 30 
Spectra and partial interpretation 30 
Spectra and partial interpretation 30 
Spectra and partial interpretation 30 
Spectra and partial interpretation 30 
Spectra and partial interpretation 30 
Spectra and partial interpretation 30 
Spectra and partial interpretation 30 
Spectra and partial interpretation 31 
Partial data 33b 

cis- 1 -Azido-2-chlorocycloheptane Spectra and partial interpretation 31 
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were not observed for the aldehydes listed except that an  azido steroid, to  be described 
in Section E, showed a strong parent ion. Loss of N3 o r  N2 was general in some cases, 
but there was no  constancy in the mass losses suggesting a complex fragmentation 
scheme which would require high resolution data to resolve. However, many of the 
nitriles did show reasonable intensity parent ions, o r  in their absence, (M-N3)+ ions. 
A s  the primary loss is that of N3, there seems to be n o  particularly interesting 
fragmentation in these compounds except for simple phenyl derivatives for which 
(M-N3" ions are important. This suggests nitrogen incorporation here, as obsewed for 
aromatic derivatives. 

Becsi and Zbirz11~~ observed a weak parent ion for trans-2-azidocyclohex-3-enyl 
acetate, with consequent loss of N3 or  CH3COOH with significant intensity due t o  loss 
of both N3 and CH3COOH. 

The most varied and comprehensive study o f  aliphatic azides has been that of 
Abramovitch and Kyba3", who studied nine compounds (Table 2,75-84). These were 
divided into three categories. The first, consisted of triphenylmethyl azide and 
2-biphenyldiphenyl methyl azide, for which no parcnt ion were observed - surprising 
in view of Moriarty's results6. C-N bond cleavage is most important, with N-N 
cleavage being minimal, fragmentation of the biphenyl proceeding as shown in Scheme 
8, the base peak being presumably a 9-phenylfluorenyl cation. 

A second group consisted of a-methylbenzyl azide, 2-phenylisopropyl azide and 
2-(4'-biphenylyl)isopropyl azide. these having only one aryl group attached to  the 
azide-bearing carbon. Each showed a mo!ecular ion. with C-N cleavage 
predominating. The 2-(2'-biphenylyl)isopropyl azide showed no  parent ion and had as 
its base peak the 9-methylfluorene cation. The last group, 81-84, with n o  aryl group on 
the same carbon as the azide, showed no  molecular ion even a t  low ionizing electron 
energy, and the (M-N2)+ and (M-N3)+ ions are weaker, the latter, however, being 
10-100 times the intensity of the former. There is no evidence of HCN loss from any 
(M-N3+ ions, which probably confirms that rearrangements involving nitrogen have 
not occurred for these derivatives. 

Schweng and Zbira13' report partial data o n  two cis- l-azido-2-chlorocycloalkanes, 
these being characterized by weak or  absent molecular ions. The main loss is that of 
N2, which is then followed by loss of chlorine. 

Thus, although we can draw no general scheme for the fragmentation of aliphatic 
azides, parent ions can be observed in many cases. Certainly with modern soft 
ionization techniques one should be able to observe a molecular ion or  
quasi-molecular ion for aliphatic azides. The most general mode of decomposition, 

SCHEME 8 
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like benzoyl derivatives, involves loss of N3. Therefore rearrangement, with the 
incorporation of nitrogen into the remaining structure, as is so common for aromatic 
derivatives, is missing, except where there are nearby aromatic substituents such as in  
the triphenylmethyl a ~ i d e s ~ . ~ ~  or the azidoaldehydes and nitriles28. 

D. Pyrolysis, Photolysis and the Mass Spectra of h ides  

As indicated previously, most of the early mass spectral studies of azides were 
related to studies of pyrolysis and photolysis. o r  the partial spectra are simply reported 
as part of the characterization. Thus the earliest report of Moriarty and 
Kirkien-Konasiewicz6 described the decompositions of triarylmethyl azides on 
electron impact in order to compare it with the thermal32 and pho t~chemica l~~"  
decompositions. Both proceeded via loss of Nz, with subsequent aryl migration from 
carbon to nitrogen, to yield a Shiff's base, the thermal migration being selective while 
the photochemical is statistical. The (M-N3)+ ion is contrary to anything observed in 
the thermal or photochemical processes. Azidodiphenylacetic acid, with a less stable 
carbonium ion, however6, did give the same mode of fragmcntation as solution 
photolysis. The authors6 were able to conclude that the similarity of the EI mass 
spectra of the azides they studied to thermolysis or photolysis was extremely 
dependent on the specific compound. 

Aromatic azides have received more attcntion, starting with Crow and Wentrup7, 
who found little similarity in :he thermolysis and EI mass spectrum of phenylazide. 
Hedaya and coworkers8 carried out thermolysis of phenyl azide in the mass 
spectrometer inlet system. Initially, they observed M+' (m/z 119), C&15NH;' (m/z 93) 
formed by reaction of the nitrene produced with materials in the inlet system and 
C6H5w' ( m / z  91). M" decreased as the sample was heated above 300"C, while tn/z 9;1 
decreased until 500°C and then increased to a maximum at 8OO"C, tn/z 93 increasing 
continuously. The increase in m / z  90 above 500°C and the  decrease of dimeric species 
suggested that the phenylnitrene was isomerizing, perhaps t 3  cyanocyclopentadiene. 

Ashby and S ~ s c h i t z k y ' ~ ~  produced tri(o-azidothioacetophenone) (87a) for further 
pyrolysis study. While its mass spectrum showed no parent ion, the base peak was due 
to loss of Nz from the monomer, o-azidothioacetophenone; not surprising, since. at its 
melting point (147"C), i t  yielded monomer and then evolved Nz. 

Abramovitch and Kyba"' have studied the thermolysis of alkyl azides, and for the  
five tertiary azides observed equal amounts of C-N and N-N bond fission, with 
alkyl nitrenes shown to be intermediates by the isolation of intramolecular aromatic 
substitution products. Other azides did not show this behaviour. The substituted 
fluoroenes obtained in thermolysis of biphenyl-substituted methyl azides corresponds 
to species observed in their mass spectra. 

Unlike his phenyl azide study12, Abramovitch30 found that the mass spectrum of 81, 
2-C6HSC6H4C(CH3)2N3, was very dependent on the inlet system. The heated batch 
inlet (200°C) gave a spectrum quite different from the direct probe results at ambient 
temperature, the former being rationalized as a composite of the thermolysis products 
(azide 81 begins to decompose at 185°C). The thermal decomposition products are 
characterized by imine formation or loss of Nz, not inconsistent with weak peaks in the 
azide mass spectra. 

Peek and collaboratorsL' report the flash photolysis of 2,3-diazidonaphthalene, but 
since their report is limited to partial mass spectra, i t  is impossible to compare EI mass 
spectral rearrangement with the photolysis. Yabe and Honda16 report loss of N2 from 
2,2'-diazidobiphenyls on photolysis, consistent with their partial mass spectral data, 
suggesting nitrogen incorporation via ring formation. They reported no loss of N' in 
the mass spectra, contrary to a major photolysis product. Yabe17 also studied 
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SCHEME 9 

photolysis of 2,3-diazidonaphthalenes, where successive loss of N2 corresponded to 
the mass spectrum. 

Spagnolo and coworkersI8 has reported photolysis and thermolysis of some 
2-azido-2’-arylazobiphenyls. Loss of N2 resulted in formation of the first two product 
species shown in Scheme 9, and it is easy to see how the third also arises. 

The mass spectra are consistent with this behaviour, m/z 180 corresponding to  the 
third species. The absence of m/z 166 in any of the mass spectra suggests that the ion 
corresponding to the first species probably does not form, since it can be shown that 
this molecule eliminates the arylazo fragment to give m/z 166 as the base peak. 
However, although the fragmentations in the mass spectra of the second species, 
benzo[c]cinnoline N-arylimides correspond to species in the mass spectrum of the 
parent azide; they do not account €or all ions, perhaps indicating that more than a 
single thermolysis is occurring. 

Dickson and Dyall2I studied ortho effects in the pyrolysis of aryl azides, and found 
N2 elimination proceeded via an electrocyclic mechanism with formation of a new 
heterocyclic ring as shown below: 

where ring formation is impossible, as for 51 the nitrene abstracted hydrogen to form 
an amine. The partial mass spectral data do not appcar to show similar amine 
formation. There is insufficient mass spectral data to verify the analogous process in 
the electron impact mass spectra. 

McDonald and Chowdhury20 have generated a phenylnitrene anion radical, 
C6H5N-’ in a flowing afterglow apparatus and studied its ion molecule reactions with 
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phenyl azide. This is the only rcport wc have discovered in which any negative ion data 
for azide mass spectra are reported. 

In conclusion, we can say that. although there are many similarities observed in the 
mass spectral fragmentation and thermolysis of photolysis of azides, one has to take 
care in drawing conclusions from any one set of data. The mass spcctra must always be 
checked to eliminate the possibility of generation of the detected species by inlet or 
sourcc pyrolysis. Possibly the best way to do this is to observe a metastablc ion 
supporting its unimolecular formation from the rnolccular ion, or to carry out a 
variable temperature mass spcctral study. 

E. Steroid and Alkaloid Azides 

Katzencllenbogen and ~ o w o r k c r s ~ ~  were the first to report mass spectral data on 
azidosteroids. 2-Azidoestrone and -estradiol, and the model compounds 3-azido- and 
3,3'-diazidohexestrol, i.e. meso-3,4-his(4'-hydroxyphenyl)hexane (Table 3), all gave 
parent ions as expected of an azido group attached to an aromatic ring. The base peak in 
the first three cases was (M-26)" while m/z 28, presumably N2, formed the base peak in 
the latter three derivatives with the unusual lossof 26 still being observed for the 2-azido- 
estradiol. The species of mass 26 cannot be identified from their data, but would appear 
to be products of loss of CN as a result of major rearrangement. However, CzH2 
cannot be eliminated as a contributing s ccics since (M-25)' is also observed. The four 
steroids also show the expected (M-28) ion. From the partial data presented, n o  loss 
of either Nz or N3 is seen for the hexestrols, the diazido compound 94 showing an ion 
corresponding eithcr to symmetrical cleavage of the molecule, or  to a very high 
intensity for the doubly charged ion. Thc monoazido derivative shows similar cleavage 
between C3 and C4, thc non-azido sidc giving an ion at tn/z 135 almost as intense as 
the base peak. The ion corresponding to the azido side of the molecule was not 
reported, but there is an ion at nz/z 150 which could correspond to loss of 26 mass 
units from this species, analogous to the observation for the four steroids. No loss of N3 
was observed from any of these compounds. 

Astier and  coworker^^^*^^ report partial mass spectral data on some pregnane, 95, 
96, 98 and androstane derivatives 97 and candenolides 99-102. Weak molecular ions 
are observed in most cases, with (M-Nz)'. and (M-N3+) in most cases being a common 
factor; however, in cases where (M-42)+ is observed and in some where i t  is not, an ion 
corresponding to (M-43)+ is also reported. This could be due to loss of HN3 or 
alternately to loss of the common C3H7 hydrocarbon fragment, or CzH30  oxygen 
containing fragments, or, since we have an azide, the possibility of 43  being CH3N2 
exists. high resolution studies would be rcquircd to resolve these species. This (M-43)' 
species is the base peak in some cases. For the diacetoxyprcgnane 98, loss of OH or 
(44 + 17) are also observed from the parent ion. 

Barone and collaboratorsz8 report data for an azidopregnane aldehyde (103) and an 
azidopregnane nitrile (104), both showing good intensities (210% and 50% 
respectively) for the molecular ions. Neither show loss of Nz or N3, the fragmentation 
being dominated by the steroid. Loss of 55 and 57 atomic mass units (a.m.u.) occur for 
the former compound with 14, 31 and 54 a.m.u. losses being observed for the latter. 
Again, without high resolution or metastable ion data it  is impossible to assign these 
losses definitely. 

Schweng and Zbira13' report partial spectral data on 2-azido-2-cholestene. They did 
not observe a molecular ion, but thc (M-28)' ion was confirmed by exact mass 
measurement to correspond to loss of N2. Similarly, loss of 43  from the parent ion was 
assigned to loss of HN3. 

Cambie's g r o ~ p ~ ' . ~ ~  report a series of iodoazido steroids (106-109) and related 

p.. 
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TABLE 3. Azido steroids, alkaloids and related compounds 

No. Compound Completeness of data Reference 

J. M. Miller and T. R. B. Jones 

89 4-Azidoestrone 
90 4-Azidoestradiol 
91 3-Azidohexestrol 
92 2-Azidoestrone 
93 2-Azidoestradiol 
94 3,3’-DiazidohexestroI 
95 14-Azido(Sa, 14P,17a)pregnane 
96 20S,3~,20-diacetoxy-l4-azido(5a,l4/?,17a)- 

97 14-Azido(5P,14P)androstane 
98 20.~,3/3,20-diacetoxy-14-azido-S~-pregnane 
99 3~-Acetoxy-l4-azido(5/?,14~)canden-20(20)olide 

100 3 P- Acetoxy- 14-azido( 5 /3,14P, 1 7a)canden-20(22)- 

101 3/3-Acetoxy-l4-azido(5a, 14/3,17a)canden-20(22)- 

102 3p,  19-Diacetoxy-5-hydroxy-l4-azido(5/3,14~, 17a)- 

103 20-Azido-6/3-methoxy-3,5a-cyclopregnane-20- 

104 20-Azido-3~-hydroxy-5-pregnane-20-carbonitrile 
105 2-Azido-2-cholestene 
106 15/?,17-Diazido-l6a-iodo-l3 P-kuarang 
107 2~-Azido-3a-iodo-3-methy1-5a-androstane 
108 3P-Azido-2a-iodo-3-methyl-5a-androstane 
109 2a-( l-Azido-l-iodoethyl)-5a-A-norandrostane 
110 2-(l-Azidoethylidcne)-5a-A-norandrostane 
111 2/?-Azido-3a-acetyl-3~-rnethyl-5a-androstane 
112 r-l-Azidefrans-2-iodefrans-3-f-butylcyclohexane 
113 r-l-Azidetrans-2-iodecis-3-t-butyleyclohexane 
114 r-1 -Azido-rr.crn.s- 2-ioderr~ns-3-rnethoxycyclohexanc 
115 r-1 -Azid~rra,is-2-iodecjs- 3-mcthoxycyclohexane 
116 6-Deoxy-6-azidodihydroisomorphine 
117 6-Deoxy-6-azidodihydroisocodeine 
118 3-O-Ethyl-6-deoxy-6-azidodehydroisomorphine 
119 6-Deoxy-6-azido-14-hydroxydehydroisomorphinc 
120 6-Deoxy-6-azido-14-hydroxydihydroisocodeine 
121 6-Deoxy-8-azidopseudomorphine 
122 6-Deoxy-8-azidopseudocodeine 
123 6-Deoxv-8-azido-14-hvdroxvuseudocodeine 

pregnane 

olide 

olide 

canden-20(22)01ide 

carboxalde hyde 

Uninterpretcd spectrum 
Uninterpreted spectrum 
Uninterpreted spectrum 
Uninterpreted spectrum 
Uninterpreted spectrum 
Uninterpreted spectrum 
Partial data 
Partial data 

Partial data 
Partial data 
Partial data 
Partial data 

Partial data 

Partial data 

Partial data 

Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Interpreted data 
Interpreted data 
Interpreted data 
Interpreted data 
Interpreted data 
Interpreted data 
Interpreted data 
Intermeted data 

124 6-Deox~-6-azido-l4-h$drox$~socodeinc Interpreted data 

cycl~hexanes~’ (112-115). Weak parent ions are usually observed, but the most 
interesting species appear to involve the loss of IN2, IN3, and IN4 species. Those losses 
are shown in Table 4. Without metastable ion evidence, we cannot know if these are 
one-step, e.g. IN4, or multi-step, e.g. IN2 + N2 or N2 + N2 + I ,  losses. 

The only other observation related to these iodonitrogen compounds is the loss of C1 
and N2 reported by Schweng and Zbira13’ for 1-azido-2-chlorocyclopentane (87) and 
-cycloheptane (88). These halo compounds warrant proper metastable ion study. 

34 
34 
34 
34 
34 
34 
35 
35 

35 
35 
36 
36 

36 

36 

28 

28 
31 
37 
38 
38 
38 
38 
38 
39  
39 
39  
39 
40 
40 
40 
40 
40 
40 
40 
40 
40 



3. Mass spectra of azides and halides 93 

TABLE 4. Interesting losses from iodo azides 

No. Losses from molecular ion Reference 

106 IN2, IN3, IN4 37 
107 N2. N3, IN2 38 

109 HN2, N3, IN2 38 
112 N3, CH(CH3)3, 1, IN2 39 
113 IN2 39 
114 1, HI, (I + HN3) 39 
115 HI, (HI + HN3) 39 

108 N,  N3, (CH{N3), IN2 38 

A comprehensive mass spectrometic study of nine azidomorphine derivatives 
(116-124) has been carried out by Tamas and coworkers40, who reported unusual 
fragmentations which differ from those of either morphine or azides. All nine 
derivatives gave molecular ions of good intensity, although weaker than the molecular 
ion in the corresponding morphine alkaloid. Peaks characteristic of the morphine 
skeleton such as (M-57)+ are observed, i.e. loss of C3H7N, along with fragmentation of 
the amine bridge (mlz 70, 59, 58) and a peak a t  m/z  115. Most of the abundant 
fragments are derived from azido group fragmentation. Compounds 116-120 fragment 
primarily by loss of N2, and 121-124 by loss of N3. Thus we have characteristics similar 
to both aromatic and aliphatic azides. Actually, with respect to  the base peak, 

l? H\ 

[M-28+] 

(116) R' = H  (1?7) R' = CH, (118) R' = C,H, 

SCHEME 10. Reproduced from Tamds el nl.'" by permission of Heyden & Sons Ltd. 
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(M-N2.* ions are of similar intensity for all nine compounds, but (M-N3)+ varies 
between 3% and 8% for the first five, not much different from the (M-N2)'. intensity, 
but it becomes the base peak for the last four compounds. The first four compounds 
also show (M-57)+ ion, i.e. (M-C3H7N)+, and from this ion the formation of (M-128)+ 
and (M-141)+ ions, the former requiring a hydrogenation at  C-14. 

For compounds 116-118 the base peak is unexpectedly m/z  123, (shown by exact 
mass measure to be C7HI1N2+) which does not appear in the spectra of the other 
derivatives. Metastable ion scan techniques show that tn/z 123 arises for (M-N2)" as 
indicated by and shown in Scheme 10. Cleavage of at least four bonds is 
required for any reasonable generation ofrn/z 123 from (M-N3". The presence of the 
14-hydroxy group in 119 and 120 causes a difference, (M-112)' ion being formed from 
(M-28)+, this involving cleavage of C5-C6 and C13-Cl4 bonds along with 
C9--14, i.e. a bond p to both the OH group and the bridging nitrogen atom. 

Compounds 121-124 have a double bond in ring C, and show simpler spectra with 
fewer peaks, the base peak being due to (M-N3)+, as mentioned earlier. Tamas40 
attributes this to an allylic effect of the double bond, which weakens the polar C-N3 
bond and stabilizes the (M-N3)+ ion. This is consistent with the thermally induced 
allylic rearrangement in 

F. Heterocyclic h ides  

Azide-tetrazole tautomerism in tetrazoloazines has been investigated by W e n t r ~ p ~ ~  
who, from mass spectra, showed that for the labile tetrazoles, azide tautomerism 
followed by nitrene formation is the first step in the gas-phase pyrolysis. The same 
basic fragmentation, 

nr * I l l  

M" - (M-NZ)'. (M-N;?-HCN)", 

is common to  both tetrazoloazines and azidoazines. For both thermally stable 
tetrazolopyridines and -pyrimidines the (M-N2)'. ion was usually the base peak, but for 
those thermally unstable or existing as azides at room temperature, the (M-N2)" peak 
was weak, and an apparent (M-26)' ion was observed. These ions are shown to  be due 
to a thermal process ( (M-N3 + 2H)+ in the mass spectrometer source, only possible 
for the azide tautomer. This has been verified byISN labelling. The compounds studied 
(125-137) are listed in Table 5.  It is interesting to note that, even for these 
azido-substituted tetrazolopyrimidines, there is no loss of N3 observed from the parent 
ion, i.e. they are charactcristic of aromatic azides. Fragmentation is dominated by the 
tetrazolo part of the molecule tautomerizing, as shown below: 

R3 

R f - 1  N3 

~2)J-J; / N =  

R' R' 

The mass spectra of 130 and 131 werc studied under scveral sets of mass spectral 
conditions (variable temperature and volatage) and the results indicate that thermal 

R' 

(130) R ' =  CH,. R2= H 

(131) R' = H, R 2 = C H 3  
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TABLE 5 .  Heterocyclic azides 

No. Compound 

~~ 

Completeness of data Reference 

125 
126 
127 
128 
129 

130 
131 
132 
133 
134 
135 

136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 

Tetrazolo[ 1 S.a]pyrimidine 
5,7-Dimcthyltetrazolo[ 1.5 .a] pyrimidine 
5-Chloro-7-methyltetrazolo[ 1 S.a]pyrimidine 
5-Methoxy-7-methyltetrazolo[ 1 S.a]pyrimidinc 
5-Methoxy-7-methylmercaptotetrazolo[ 1.5.a]- 

5-Azido-7-methyltetrazolo[ 1 S.a]pyrimidine 
5-Azido-6-methyltetrazolo[ 1 S.a]pyrimidine 
5,7-Dimethyltetrazolo[ 1 S.c]pyrimidine 
5,7,8-Trimethyltetrazolo[ 1 S.c]pyrimidinc 
4-Azido-2,6-dimcthoxypyrimidine 
7-Methyl-5-methylmercaptotetrazolo[ 1.5.c]- 

Tetrazolo[ 1 S.a]pyrazine 
Tetrazolo[ 1 S.61pyridazine 
4-Azido-2,3,5,6-tetrafluoropyridine 
4-Azido-3-chloro-2,5,6-trifluoropyridine 
4-Azido-3,5-dichloro-2,6-difluoropyridine 
C-Methyl-C-azido-l,2,4-triazole 
C-Methyl-2N-methyl-C-azido-1,2,4-triazole 
C-dimethy lamino-C-azido- 1,2,4-triazole 
C-Methoxy-C-azido-l,2,4-triazole 
C-Methylthio-C-azido-1,2,4-triazole 
C-Methylthio-N-methyl-C-azido- 1,2,4-triazole 
8-Azido-5-me thyldibenzJc,e]azocine 

pyrimidine 

pyrimidine 

Data and interpretation 
Data and interpretation 
Data and interpretation 
Data and interpretation 
Data and interpretation 

Data and interpretation 
Data and interpretation 
Partial data 
Partial data 
Partial data 
Partial data 

Raw data 
Raw data 
Partial data 
Partial data 
Partial data 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Spectra and discussion 
Partial data 

42 
42  
42 
42 
42  

42 
42 
42 
42  
42  
42 

42 
42  
4 3  
4 3  
4 3  
44 
44 
44 
44 
44 
4 4  
45 

reactions are reponsible for the formation of the ions (M-N2 + 2ra, and 

Banks and S p a r k e ~ ~ ~  have reported o n  the mass spectra of tetrahalopyridines 
(Table 5 ,  138-140). Intense molecular ions are observed. Loss of N2 but not N3 is 
observed, characteristic of aromatic azides. The base peak for the 
azidotetrafluoropyridinc corresponds to C4F3N formed by loss of FCN from the 
(M-N2)" ion. The base peak of the dichloro derivative derives from CIF loss from 
the (M-N2)" ion. 

C-Azido-l,2,4-triazoles have been studied in detail. Heitke and M ~ C a r t y ~ ~  used low 
resolution 2H isotope labelling and 'normal' metastable ion techniques (Table 5 ,  
141-146). They observed only weak peaks for loss of N2 or  N3 from the parent ion 
even though a metastable ion is observed for (M-N2)+ formation. Rather, a strong 
parent ion is seen leading to the base peak, due to metastable ion-supported loss of an 
RN4 species shown in Scheme 11. 

Although it is not discussed by Heitke44, there is evidence for thermal reactions 
similar to those described by W e n t r ~ p ~ ~ .  The presence of (M-26) ions, which were 
proposed to arise from H-transfer, i.e. (M-N2 + 2H), suggests that such effects deserve 
careful consideration when proposals are made for fragmentation pathways or, in the 
simplest casc, when fingerprinting spectra. 

The partial mass spectra of 8-azido-5-methyldiben~c,e]azocine has also been 
reported45. The large peak is due to loss of nitrogen from the molecular ion with no N3 
loss observed. 

In summary, the mass spectral behaviour of heterocyclic aliphatic and aromatic 
azides under electron impact shows no significant deviation from patterns observed for 

(M-2N2 + 2)". 
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SCHEME 11 

the organic compounds. The  examples available are comprised entirely of N-hetero- 
cycles. Of these, the ~ y r i d i n e ~ ~  and tetrazole4' azides exhibit the 'normal' pattern of 
fragmentation which is typified by a reasonably strong molecular ion and a base peak 
resulting from expulsion of a nitrogen molecule by the parent ion. Only the triazole 
azides studied by Heitke and M ~ C a r t y ~ ~  exhibit 'abnormal' behaviour. In the latter 
case, the apparent driving force is a stable nitrillium ion formed via direct loss of HN4 
by the parent compound in each case studied. 

G. Sulphonyl hides, Phosphine hides and Inorganic Systems 

The mass spectra of the six alkyl and aryl sulphonyl azides, described by Campbell 
and D ~ n n ~ ~  (Table 6,148-153), provide a direct contrast to the normal carbon-azide 
patterns. 

Departing from the expected pattern of N2 loss, all of these compounds show a 
distinct preference for N3 loss, and in addition, for the isopropyl derivative (153), we 
have a significant ortho effect with the base peak corresponding to CH3N2 loss. The 
ortho effect has been noted for many substituted aromatics, in particular by Smith and 
coworkers47, who have studied a wide variety of isopropyl derivatives which showed a 
preferred ortho effect with the branched chain substituents. High resolution confirms 
this loss as CH3N2, not HN3 and leads us to view with some uncertainty the nature of 
supposed HN3 losses reported for other azide derivatives for which exact mass 
measurements are not reported. 

Abramovitch and Holcomb4* report very few details of the mass spectra of some 
ferrocene sulphonyl azides and it is likely that these decompose by simple N2/N3 
losses. Loss of 26 from the molecular ion was observed as the base peak 155, which 
could be due either to hydrogen abstraction in the ion source by the (M-N2)" ion to 
give amine ions as noted previously (in this case the disulphamyl species) or  loss of 
C2H2, which has been noted for some aryl azides12 and is also common in metal 
~yclopentadienyl~~.  Compound 156 showed the same behaviour. The azepine 157 had 
as its base peak m/e 92 corresponding to C a d + ,  the azatropylium ion. 

Reports of mass spectra of compour.ds involving P-N3 groups are limited to the 
works of Schroder and Miiller50~51. The compounds studied were of the 
dialkylphosphonyl class and consisted of R2PXN3, where R = CH3, CD3, C2H5 and 
X = 0, S, Se (158-165) and three diphenyl derivatives (166-168). The compounds are 
described as stable, monomeric and non-explosive. 
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TABLE 6. Sulphonyl, phosphorus and inorganic azides 

No. Compound Completeness of data Reference 

148 
149 
150 
151 
152 
153 
154 
155 
156 

157 

158 
159 
160 
161 
162 
163 
160 
165 
166 
167 
168 
169 
170 
171 
172 
173 

Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 
Partial data 

Partial data 

Spectrum and interpretation 
Spectrum and interpretation 
Spectrum and interpretation 
Spectrum and interpretation 
Spectrum and interpretation 
Spectrum and interpretation 
Spectrum and interpretation 
Spectrum and interpretation 
Spectrum and interpretation 
Spectrum and interpretation 
Spectrum and interpretation 
Partial spectrum and interpretation 
Partial spectrum and interpretation 
Partial spectrum and interpretation 
Spectrum 
Interpretation 

46 
46 
4 6  
46  
46 
46  
48 
48 
48 

4 9  

50 
50 
50 
50 
51 
51 
51 
51 
51 
51 
51 
54  
54  
54 
5 5  
56 

The mass spectra of this series appears to be dominated by two major 
considerations. Thc first is the relative strength of the P-X bond, an important factor 
noted in the mass spectra of R2PXY compoundss2 where Y is halide (F, CI, Br). The 
second consideration is the ‘normal’ azide tendency for fragmentation to be dominated 
by initial loss of nitrogen. The dimethyl compounds (CH&PXN3 (X = 0, S, Se) 
demonstrate these effects dramatically. The oxide spectrum gives no evidence for 
direct loss of molecular nitrogen, preferentially breaking down via N3 and HN3 loss 
(m/z  77 (M-N3)+ and m/z 43 (HN?) are base peaks). ’The mass spectra of the sulphide 
and selenide both indicate that N 3  loss is still common, yet Nz loss also becomes 
significant, while HN; is completely absent from the spectra of both compounds. This 
behaviour, which is confirmed in the spectra of the d3-methyl compounds, supports the 
premise concerning the importance of the P-X bond strength. Thus, unlike the 
sulphide and selenide, the oxide gives rise to very few fragment ions. 

Similar pattern is observed with the diethyl compounds where the preference for N 2  
loss is X = Se > X = S > X = 0 and the HNS ion is large for the oxide and very 
weak in the sulphide spectrum. A rather anomalous situation arises for the selenide 
where, despite the presence of a reasonable molecular ion, there are no ions 
corresponding to N2 or N3 losses and no other fragments resulting from small mass 
losses. Of notable fact, however, is that, unlike the dimethyl derivative, HNS has 
become the base peak for this compound. It appears that direct H N 3  loss is the major 
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fragmentation mode for this particular compound, with secondary pathways arising 
out of P-Se cleavage. 

In summary, when other factors such as P-0 bond strength are taken into account, 
the fragmentation of azides of this type differs little from the expected modes. The 
oxidation state of the phosphorus atom in these compounds could be an important 
influence on the P-N3 interaction and the procurement of data relatcd to the 
corresponding phosphinic azides R2P(N3) would be a useful exercise. 

For the aromatic S and Se derivatives 167 and 168 there is a greater stability of the 
(C6H5)P+ and (C,jH&P+ ions; the latter of which may well have rearranged to a 
dibenzphosphole species'-52. As usual, such species are not seen for the P=O 
compounds. 

The selenides appear to show loss of SeNZ, though there is little data to indicate 
whether or  not this is a one-step process. 

Although a large number of stable volatile main group organometallic azides have 
been prepareds3. most of this work was done in the mid 1960s when few 
organometallic chemists had access to mass spectrometers. As a result, there is little 
mass spectral data available on these azides. 

Shozda and Vernons3 report the spectra of sulphuryl azide chloride and two 
sulphamoyl azides (169-171). These give parent ions, the former showing loss of 
chloride or azide in almost equal amounts, while for the sulphamoyl derivatives 
fragmentation occurs between the SO2 and N3 moieties. N +  ions are observed. 

Colburn and coworkersss report on the spectrum of thiophosphonyldifluoride azide, 
FZP(:S)N3. A large parent ion is observed along with loss of both N? and N3. There is 
also evidence for SF loss with the azide remaining attached to the phosphorus. SN+ is 
also formed by rearrangement. 

The most recent work is that of Fawcett and  collaborator^^^ who reported the partial 
specta of azidopentafluorotungsten(V1). The molecular ion may lose N3 to give the 
base peak, which then shows successive fluorine losses or, alternatively, loss of a 
fluorine atom (67% of base peak), which then shows loss of NZ. The WF4NC ion then 
fragments either by loss of nitrogen or  by successive loss of fluorine down to a WN' 
species. This spectrum had to be obtained at a source tempcrature of 58°C to prevent 
decomposition. Thus, even somewhat unstable azides give reasonable parent ions and 
spectra. 

H. Conclusions 

Thus, we can conclude that the mass spectra of azides are not particularly 
mysterious. Of the 173 compounds listed, most give parent ions and there are no 
reports in the literature of particular difficulty or hazard in handling these azides in the 
mass spectrometer. 

111. THE MASS SPECTRA OF HALIDES 

A. Introduction 

Recently the emphasis on studies of the mass spectra of various halides has been o n  
the analytical use of mass spectrometry. Researchers have taken advantage of the 
potentially high specificity and sensitivity of high resolution mass spectrometry, high 
resolution gas chromotagraphy/mass spectrometry or  collisional activation mass 
spectrometry in order to detect and quantify organic halides, both in the environment 
and in biological systems. Other areas in which advances have occurred in the mass 
spectrometry of halides have involved the postulation of halonium ion structures to 
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explain observed intensities in halide mass spectra and in the study of halogen 
migrations in the mass spectra of organometallic compounds. Here, halide migration 
occurs from carbon to the central metal, some obscrved and unobserved transitions 
being explained in terms of hard/soft acid-base theories. 

B. Environmental Applications - Dioxins 

A very extensive literature on the mass spectrometric analysis of halogenated 
compounds has developed over the past few years. Papers are  to be routinely found not 
only in mass Spectrometry and analytical chemistry journals, but also in agricultural, 
food, environmental, toxicological, biological and medical journals, reflecting the 
concern about man-made contaminants in the environment and their effect on human 
health. Using the tetrachlorodibenzo-p-dioxins (TCDD) and, in particular, the most 
hazardous isomer, 2,3,7,8-TCDD, as an example, and drawing only from a small part 
of the chemical literature, we will attempt to illustrate the scope of the problems and 
the wide rangc of mass spectrometric solutions proposed. 

Firestone’s group5’ were the first to detect chlorodioxin in commercial 
chlorophenols. In early studics, high resolution and timc-averaging techniques 
preceded by tedious separation techniques gave lo-’’ g detection limits and the ability 
to measure T C D D  at parts per trillion levels in fishS8. Early attempts to improve the 
sensitivity of low resolution gas chromatograph/mass spectrometry for T C D D  
involved use of negative chemical ionization mass s p e c t r ~ r n e t r y ~ ~ * ~ ~ .  However, one 
result of the low resolution studies was the demonstration of interferences in 
2,4,5-trichlorophenoIs (the precursors to TCDD) from other chlorinated species with 
peaks at  the same nominal masses and with similar retention times to TCDDs61. 

During the clean-up and environmental monitoring after the industrial accident at 
Seveso, Italy, in 19766’, low resolution gas chromatography together with multiple 
ion detection mass spectrometry were the principal techniques used to monitor 
2,3,7,8-TCDD down to the part per trillion level. Typically, m/z  320, 322 and 324 
were monitored, the 77 : 100 : 49 intensity ratio being taken as evidence for the 
dioxin. 

However, as noted above, other interferences arc possible. Larnparski and 
 coworker^^^, using a low resolution ( M / A M  = 400) quadrapoie mass spectrometer, 
were able to detect T C D D  in fish at levels of 10-100 parts per trillion. They also note 
that, at higher resolution, ( M I A M  = 1000) additional specificity was obtained with 
lower limits of detection, since, even at 1000 resolution, much better separation is 
obtained from hydrocarbon background. In this day o f  computerized mass 
spectrometers, with digital plots of nominal masses rather than oscillographic recorder 
traces, fewer scientists realize that, even at low resolution, polychlorinated or  
polybrominated derivatives, with their negative mass defect, are often clearly 
separated from hydrocarbon background peaks which have a positive mass defect. It 
was also necessary to prepare and identify all 22 T C D D  i s o r ~ c r s ~ ~  as part of the 
analytical methods development. 

Hummel and Shadoff6’ severely criticized di Domenico and coworkers6’ for giving 
the impression that low resolution gas chromatography-low resolution mass 
spectrometry (LRGC-LRMS) can specifically dctect and quantify T C D D  without a 
prior specific cleanup. Although in their study LRGC-LRMS may have been specific, 
it was notedG5 that when this specific cleanup is lacking, high resolution 
( M I A M  = 9000) mass spectrometry must be used. Hummel and Shadoff conclude 
from the EPA study of beef fat samples analyscd for T C D D  that LRGC-LRMS is a 
satisfactory screening procedure for TCDD in beef fat above 20 parts per trillion, 
though many false positive results are obtained. As a result, LRGC-HRMS must be 
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used to eliminate the false positives; but cven in this case several false positive results 
were still obtained. 

Phillipson and Puma66 havc reported the interference of chlorinated 
methoxybiphenyls with the GC/MS determination of TCDD at low resolution. These 
methoxy derivatives must bc removed by the clean-up procedure, or they must be 
separated by the G C  from the TCDD, or the mass spectrometer must be able to 
rcsolve the overlapping species. For the tctrachloro compounds a resolution of 8800 is 
needed. Gas chromatographic separations do not appear to be possible, since there are 
198 possiblc tetrachloromethoxybiphenyl isomers. with somc having retention times 
almost idcntical to 2,3,7,8-TCDD. They suggest monitoring not only M" but also 
(M-COCI)' to be certain of dioxin identification at low resolution. Despite the above 
cautions, however, low resolution data continue to be used for dioxins in human milk5. 
In p a r t i c ~ l a r ~ ~ ,  another recent study uses capillary G C  combined with atmospheric 
pressure, negative chemical ionization mass spectrometry for TCDD determination 
without polychlorinated biphenyl (PCB) 

The use of high resolution mass spectrometry (HRMS), together with high 
resolution GC columns, and multiple peak monitoring is by far the most sensitive 
specific test for TCDDs. The high resolution work also permits the use of an 
isotopically labelled internal standard without the complication of differential 
interference for the standard and unknown6'. High resolution ( M I A M  = 10 000) 
single ion monitoring has proven to be exceedingly sensitive70. A recent study7' 
showed a detectioa limit of about 5 fg for 2.3.7,8-TCDD. Harless and  collaborator^^^ 
use capillary column GC-HRMStto quantify 2,3,7,8-TCDD in human milk and in fish 
at the parts per trillion level, and down to the 0.03 parts per trillion level for water and 
sediment samples. 

Chess and Gross4 have uscd metastable decomposition monitoring of the loss of 
COCl from TCDD. Selectivity as good as GC-HRMS was noted, but the accuracy 
was poorcr. This approach is basically what is becoming known as mass 
spectrometry-mass spectrometry (MS/MS). MS/MS is carried out both on sector 
instruments, as above4, or with dual or triple tandem low resolution q u a d r ~ p o l e s ~ ~ ,  
where the second analyser is used to monitor a specific fragment or  fragments from a 
parent or  daughter ion selected by the first mass analyser. These granddaughter ions 
can be uniquely characteristic of a molecule. For example, using the TAGATM 
6000 MS/MS system. the parent ion of TCDD ( m / z  322) is tuned o n  the first analyser, 
collision occurs with argon in a second quadrupole region, and the third quadrupole 
mass spectrometcr is used for selective ion monitoring of tn / z  259 and 196, i.c. 
(M-COCI)' + (M-2COCI)+. They were able to detect 2,3.7,8-TCDD in fish at the 0.07 
parts per trillion level. 

Thus, from the examples sclectcd, wc see the rapid progress in improving the 
selectivity and detection limits for the analysis of 2,3,7,8-TCDD from a wide variety of 
materials. There is little new work on the interpretation of the mass spectra of the 
chlorinated dioxins, but rather, given the known spectra, instrumentation and mass 
spectrometric techniqucs are being pushed to and beyond their limits in order to meet 
all the needs of society in monitoring an extremely toxic material. 

C. Halonium Ions 

The participation of halides in  electron impact-induced fragmentation processes is a 
well documented fact as evidenced by Refs 74-78. This influence is evident for alkyl, 
alkcnyl and aromatic systems and procccds, more or less, by thc classical McLaffcrty 
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mechanism: 

H 2C - Cti 2 H2C-CH2 

Stahl and G a ~ m a n n ~ ~  reported a thorough investigation of the EI mass spectum of 
1-heptyl iodide using 13C-labelled compounds to derive fragmentation modes. It is 
clear from their work that iodine-containing ions are not the major driving force 
towards rearranged products. They report that (CH&I+ (rn = 1-4) species carry 
only 2% of the total ion current and play a much more subtle role than was observed 
in the case of the chloride79. Van d e  Sande and M ~ L a f f e r t y ~ ~  have studied 
the tetramethylenechloronium ion formed from both 1-chloroheptane and 
1-chlorohexane. The similarity of the collisional activation spectra of this ion when 
dideuterated at  thc 1, l -  or 4,4-positions is taken as evidence for the cyclic structure. 
An open chain would not have the necessary symmetry. 

Arseniyadis and coworkers described the mass spectra of some halogenated 
a l k e n e ~ ~ ~  and a i k y n e ~ ~ ~ .  In both cases, the compounds exhibited a concerted 
rearrangement involving the halide and the unsaturated end of the molecule. 

Being more concerned with an acetylene-allene isomerization, the authors do not 
offer a comparison of the effect of halide substituent on the mode of fragmentation 
observed. Other than an absence of a molecular ion for the bromine derivatives, the 
spectra of these compounds are virtually identical, suggesting that little difference 
exists in the relative abilities of the C1 and Br towards halonium ion formation under 
these conditions. Though such ambiguity is not consistent with this kind of mechanism, 
the role of the unsaturated function may be contributing to the stability of the resultant 
halonium species. 

In studies of some phcnyl propionyl halides, Hittenhausen-Gelderblom and 
coworkers77 found the fragmentation processes of the compounds to  be dominated by 
rearrangements involving the acidic a-carbonyl protons. This acidity is also a function 
of the electronegativity of the halogen atoms. The major rearrangement involving the 
halogen atoms results in formation of the m/z  55 ion C3H30t'. This proceeds as shown 
below: 
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- C6H6X 
c3H301’ - . .  

H mlz 55 
The intensity of the m/z  55 ion reflects the relative ability of the halogen to form a 
halonium intermediate, i.e. X = Br > CI > F. 

Levy and O ~ w a l d ’ ~  have observed the behaviour of a number of PCBs under 
electron impact. They were able to explain the lack of intense (M-Cl)+ ions in the 
spectra of most PCBs by the fact that the pattern of orfho-chlorine substitution 
determined the level of ring stability achievable under conditions of electron impact. 
They proceeded to show that the most intense (M-Cl)+ ions were obtained when the 
PCB contained three ortho chloro subitituents. Because of the steric interaction of 
these ortho chlorines, a significantly better configuration could be attained if a single 
chlorine atom was lost: .. 9 0.. 

.... a 

Cl H 

As shown in the figure, the authors suggested that displacement of the chlorine occurs 
via a chloronium intermediate. These results are also verified by Shushan and Boydso. 

Though this appears to be an excellent descriptive mechanism for the variety of 
compounds described here, it is nevertheless surprising that a far greater number of 
cases have not been considered along these lines. It may be that the bulk of recent 
halide data has not made the most of the techniques available to study mechanistic 
pathways. 

D. Halide Migrations and Hard/Soft Acid-Base Theory 

The transfer of a halogen atom from an organic substituent to the central atom is a 
phenomenon which has been thoroughly studied in our laboratory with respect to 
many main and transition metal  element^^^.^^,^^. 
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In general, the most interesting mass spectral behaviour along these lines occurs 
with the perfluoroaromatic systems. Thc  figure below describes two scquences which 
arc fairly typical within this class of compounds when subjected to electron-impact 
mass spectrometry: 

- GeF, 

These losses of central atom/halide usually represent significant breakdown pathways 
in the overall fragmentation process, and have been of predictive value for synthetic 
purposes. Of the groups of compounds studied to date there seem to be only two 
critical factors relating to the observation of this phenomenon. T h e  first, and this has 
mechanistic implications, is that the central atom requires empty orbitals capable of 
overlap with the filled halogen p orbitals prior to migration. It is noteworthy from this 
aspect, that no halide transfer is observed with compounds of nitrogen or  oxygen 
which do  not have suitable orbitals of the type mentioned abovc. 

Secondly, patterns of halogen migrations observed in the mass spectra of 
organometallic and coordination compounds have been explained by Miller, Jones and 
Deacong3 in terms of hard/soft acid-base theory (HSAB). Although the HSAB 
conceptyJ is a relatively crude one, it is clearly seen that ‘hard’ fluorine atoms migrate 
to ‘hard’ metals and metaloids such as silicon, germanium, tin, lead, iron, etc., but not 
to ‘soft’ metals such as mercury, gold o r  platinum. Softer halides such as bromide d o  
migrate from carbon to mercury. Morris and Kooby5 have extcndcd this approach to 
the study of fluorinated /I-diketonate complcxcs. Fluoride migration to the metal was 
observed for Mn(II), AI(III), Cr(III), Fe(III), Fe(II), Co(I1) and Ni(I1) but not for 
Zn(I1) or Cu(1). However, if, rather than using hexafluoroacetylacetone, a P-diketone 
is used, with one CF3 replaced by a more electron-rich substituent, the acidity of the 
metal is softened, and fluorine rcarrangement is less prevalent. A s  the metal softens 
with change of substituent, HF loss begins to compete with fluorine migration to  the 
metal. As yet this phenomenon has not been studied for chlorinated or  brominated 
8-diketones. 

E. Conclusions 

In our brief consideration of the mass spectra of halides we have shown through 
several examples the extent and depth to which their study has progressed. I t  is a 
‘mature’ area of study compared to the azides in the previous section, with many 
applications, as well as  more basic studies underway. It  is clear that  future work will be 
concentrated in the analytical applications, and the mechanistic implications of the 
observed spectra. 
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I. THE THEORETICAL FOUNDATIONS OF NUCLEAR QUADRUPOLE 
COUPLING 

A. Introduction 

Although the existence of nuclear quadrupole moments has been known since 
1935', it is only since 1950, when Dehmelt and Kruger developed the technique of 
pure nuclear quadrupole resonance (NQR) spectroscopy*, that nuclear quadrupole 
coupling constants became readily accessible experimental quantities. Compounds 
containing halogen constitute the class for which the greatest number of coupling 
constants have been measured, so it is particularly appropriate that this subject should 
be reviewed here. 

The theory of the interaction of nuclear quadrupole moments with the electrostatic 
field produced by the surrounding electrons has been treated in detail in a number of 
monographs3-" and this treatment will not be repeated here. Enough of the basic 
results will be given, however, to  make this chapter reasonably self-contained. 

B. The Nuclear Quadrupole Moment 
The electrical behaviour of a charge distribution is usually best described in terms of 

its various multipole moments. The  most familiar of these is the dipole moment but 
since nuclei have a centre of symmetry they cannot have electric dipoles and their first 
non-trivial moment is a quadrupole. This is a second-rank tensor quantity whose 
elements are defined in terms of the scalar quadrupole moment Q: 

e - r2)p(x,y, Z) dr dy dz. 
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TABLE 1. Properties of the stable halogen nuclei 

Relative Nuclear Magnetic Quadrupole 
Isotopc abundance spin momenP momentb 

35c1 75.4 312 0.82089 -8.0 x 
3 7 ~ 1  24.6 31 2 0.68329 -6.3 x lo-' 
79Br 50.57 31 2 2.0990 0.33 
"Br 49.43 31 2 2.2626 0.28 

100 51 2 2.7939 -0.75 1271 

"In nuclear ma netons. 
hIn barns (LO-- 88 m?). 

In this formula the z-axis is not in fact the symmetry axis of the stationary nucleus but 
the effectivc symmetry axis corresponding to the maximum projection, M J  = I ,  of the 
nuclear spin angular momentum, I .  This has the consequence that nuclear quadrupole 
moments are zero unless the nuclear spin quantum number is greater than or equal t o  
unity. Thus, of thc four halogens, the only stable isotope of fluorine, IT, has a spin of 
one-half and has no quadrupole moment whereas the other three halogens all have 
abundant stable nuclei possessing quadrupole moments. Their properties are 
summarized in Table 1. 

Nuclear quadrupole coupling constants for fluorine have been obtained either by 
using the 197 keV excited state of IT, the perturbed angular correlation method12, or 
by studying the decay of the polarized unstable isotopesI3, 17F and 2%. The number of 
compounds which have been so studied is very small; they are mainly inorganic 
compounds and these fluorine nuclear quadrupole coupling constants will not be 
discussed further. 

C. Nuclear Quadrupole Coupling Constants 

The  advantage of the multipole moment description is that each multipole moment 
interacts only with the corresponding derivatives of the electrostatic potential. In this 
case quadrupole moments interact only with the second derivatives of the electrostatic 
potential (a2V/az2), etc. These derivatives likewise form a symmetric second rank 
tensor and thus in an appropriate axis system the tensor is diagonal. The energy of 
interaction between the electric quadrupole and the potential derivatives may then be 
thought of as depending on the angles between the principal axes of the two tensors. It 
is this feature which, via the space quantization of the nuclear spin angular 
momentum, gives rise to  the quantification of the nuclear quadrupole interaction. 

Unlike the nuclear quadrupole moment, the ?otential field produced by the 
electrons does not necessarily have cylindrical symmetry. When it does, however - and 
as we  will see below this is often the case for  organohalogen compounds - a simple 
analytical cxpression may be given for the interaction energy, E,, with, as usual, the 
z-axis being chosen as the symmetry axis: 

In this expression I and 171 are the usual nuclear spin quantum numbers. The potential 
derivatives are  oftcn measured i n  units of the electronic charge, this, together with the 
convention that Q has the dimensions of an area, is responsiblc for the factor e 2 .  A 
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form in which the field gradient is measured in macroscopic units, thus having only the 
factor ‘e’, is also found. Finally the term (a2V/az2) is often represented by the symbol 
‘q’ or, if there is a need to distinguish the different derivatives, by the symbol qz2. 

The quantity e2Qq/h, now measured in hertz, is called the nuclear quadrupole 
coupling constant. For a given nucleus it is thus a function of the nuclear environment, 
reflected by the value of q .  

In pure quadrupole resonance we observe direct transitions between the levels, EQ. 
The levels are characterized by the absolute value of ‘rn’ and are thus doubly 
degenerate. For the two cases which interest us here, I = 312 and I = 512, we have 

Z = 312: 

I = 512: 

v3/2 * 512 - - - 3 e ~  q. J 
1 O h  

> (4) 

If the charge distribution around the nucleus does not have cylindrical symmetry 
these formulae become more complex. The lack of cylindrical symmetry implies 
qxx # qrY but the three derivatives are not independent since, like the quadrupole 
moment, the corresponding tensor is traceless (the Laplace equation): 

(5) q x x  + q y y  + 4 2 2  = 0. 
With the convention lqzrJ 2 Jq?,.) 2 lqx.rl i t  is convenient to define the asymmetry 
parameter, p :  

q x x  - 4?Y 

4 22 

q -  

The asymmetry parameter thus lies in the range 0 s p s 1. 
For half-integer nuclear spin the presence of an asymmetry parameter does not 

remove the degeneracy of the k m  levels but produces a shift. An expression for the  
corresponding resonance frequencies may be given exactly for I = 312 but only in the 
form of a polynomial in p for I = 512. 

(6) e2Q 213 112 
v 1 / 2 - 3 / 2 =  -q(l  + ) 

2h 
I = 512: 

Tabulated solutions are available for the I = 512 case at intervals of 0.01 in q 5 .  

It is apparent from the above that whereas the single resonance frequency for an 
I = 312 nucleus yields no information concerning the asymmetry parameter, for 
I = 512 both the asymmetry parameter and the coupling constant may be obtained 
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from the two resonance frequencies. It is unfortunate that the most easily studied 
halogen nucleus, 35Cl,  has a spin of 3/2 and thus the vast majority of the pure 
quadrupole resonance frequencies d o  not give separate values of e’Qq and 9. 
However, for < 0.2, as is true for almost all organochlorine compounds, the factor 
(1 + qz/3)1’2 produces an effect of less than 1% so that e2Qq is still essentially given by 
tivice the resonance frequency. 

D. The NQR Zeeman Effect: The Measurement of Asymmetry Parameters for 
Nuclei with 1 = 3/2 

The effect of a weak (tens of gauss) magnetic field on the nuclear quadrupole energy 
levels is to remove the degeneracy of the * m  levels. The magnitude of the effect, 
however, depends both on the strength of the  field and on its orientation with respect 
to the field gradient principal axis system. The study of a single crystal thus reveals the 
directions of these field gradient principal axes and likewise furnishes the value of the 
asymmetry parameter. These measurements require large (-1 g) single crystals 
showing reasonably strong resonance lines, and thus only a very small number of 
compounds have been studied in this way. Several attempts have been made at 
removing the  necessity for the preparation of a single crystal by simulating the 
line-shape of the resonance for  a polycrystalline sample in the presence of a magnetic 
fieldl4-I6. Although the  first of these14 could be criticized on the grounds that only 
approximate methods were used to calculate and analyse the line-shape, the most 
recent are irreproachable from the theoretical point of view, but the results of such 
methods are unreliable, possibly bccause a truly isotropic polycrystalline sample is 
difficult to prepare. 

E. The NQR Stark Effect 

The application of intense uniform electric fields to crystalline samples induces a 
modification of the NQR spectrum. The effect is due to polarization of the electrons in 
the molecule and hence to a modification of the electronic structure in the vicinity of 
the nucleus under study. Much of the experimental work has been concerned with 
halogen resonances and the observed frequency shifts can be correlated with the 
polarizability of the system. The experimentally observed shifts have been used in 
attempts to estimate the magnitude of solid state shifts (Section 1.F) produced by 
bzrernnl electric fields. 

The subject has been reviewed by Ainbinder and Svetlov and an English translation 
is available 18. 

F. The Effect of Temperature and Crystalline Environment on NQR 
Frequencies l o  

Quadrupole coupling constants niay in principle be determined for isolated 
molecules in the gas phase by analysis of the hyperfine structure that they produce in 
the molecule’s rotational spectrum. The  difficulties with this technique are first that 
the precision of the measurements is limited by the line-width of the rotational bands 
and thus the uncertainty in the value of the coupling constant may be as much as 1%). 
An improvement in accuracy may be obtained using techniques such as double 
resonance and simple molecules may also be studied using the various molecular beam 
methods, but they are not generally applicable. For polyatomic molecules even more 
serious is thc fact that the coupling constants are determined with respect to the 
inertial axes which will not in general coincide with the field gradient axes. Since the 
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off-diagonal elements of the field gradient tensor in the inertial framework only 
appear in the second-order terms, they are often not known experimentally and the 
transformation to the field gradient principal axis system can then only be made by 
supposing, for example, that the principal field gradient z-axis lies along the 
carbon-halogen bond. 

The field gradient at the nucleus, and hence the nuclear quadrupole coupling 
constant, is a function of the coordinates of the atoms making up the molecule and 
hence the observed coupling constant is averaged over the vibrational motion and 
dependent upon the vibrational state. This dependence has been studied for a large 
number of diatomic molecules, usually by molecular beam techniques, and is usually 
expressed in the form 

e2Qq,  = e2Qqo + e’QqXv + $) + . . . . (7) 

The ratio eQqJe’Qqo is of the order of lo-’ and both positive and negative signs are 
encountered with equal probability. For polyatomic molecules this expression can be 
generalized: 

Table 2 shows the vibrational dependence of the coupling constant of some simple 
organic halides. 

The dependence on vibrational averaging also gives rise t o  an isotope effect. This 
takes two forms, the first being illustrated by the data in Table 3, where the halogen 
coupling constant depends on the isotopic composition of the rest of the molecule. The 
second form arises when we compare the coupling constants of two isotopes of the 
same atom, for example 35C1 and 37CI. Although the static field gradient, 40, is 
constant for the two isotopes, the vibrational field gradients, q l ,  are mass-dependent so 
that the ratios of the 35CI and 37CI coupling constants vary slightly from one molecule 
to another. This is not, however, very important in the present context. 

Only a very small number of organohalogen compounds have been studied in the 
gas phase and most of the data which will be discussed below are derived from 
measurements in the solid state. We are usually interested, however, in interpreting 
the coupling constants in terms of the structure of the isolated molecule, so i t  is 
essential to understand what happens when the isolatcd moleculc is transferred to the 
crystalline state. 

In the first place a molecule in a crystal has additional vibrational modes over and 
above those of the isolated molecule and in the second the neighbouring molecules will 
produce an additional field gradient which will also be vibration dependent. We thus 
generalize equation (8) even further: 

where e’Qq,, and v j  are the vibrational dependence and vibrational quantum number 
of the crystalline vibrational modes and e’Qq’ and e2Qqi. are the static and 
vibrationally dependent terms of the intermolecular field gradients. 

Separate coupling constants corresponding to different vibrational states are not, 
however, observable in the solid state. Instead we see a thermal average over the 
populations of the various vibrational states. If  the vibrations are treated as harmonic 
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TABLE 2. Vibrational dependence of quadrupole coupling constants in linear and symmetric 
top molecules 

Molecule Nucleus state e2Qy, MHz Reference 
Vibrational 

HCECCI 35c1 v = o  -79.67 20 
vs = 1.1 = 1 -79.15 
v.j = 2 , 1 =  2 - 78.90 
v 5 = 2 , 1 = 0  - 78.00 
v 4 =  1 , 1 =  1 -79.15 
v 3 = 1 , 1 = 0  - 79.47 

v = O  648.00 
v 5 =  1 , 1 =  1 644.90 
v.j = 2 , 1 =  2 644.9 
v5 = 2 , 1 =  0 646 
v j =  I , [ =  1 644.9 
v 3 =  1 646 

HCECBr 7YBr 21 

CH3CI 3 5 ~ 1  v = 0 
v2 = 1 
v 3 =  1 
vg = 1 
v 6 =  1 

-74.7533 t 0.0020 
-74.51 f 0.1 
-74.87 f 0.1 
-75.05 f 0.3 
-74.90 2 0.1 

CH3Br 7yBr v = o  577.1 t 1 
v 2 =  1 578.2 f 1 
v 3 =  1 577.0 f 1 

v . j =  1 580.0 t 3 
v 6 =  1 579.8 f 1 

v 3 = 2  577.4 f 1 

CH31 

BrCN 

ICN 

v = o  
v ? _ =  1 
v 3 =  1 
v 3 =  2 
v 3 =  3 
v g =  1 

v3 = 1, v g  = 1 
v 3 =  1 , v 3 =  1 

v6 = 1 
v 6 = 2  

7%r v = o  
V I  = 1 
v 2 =  1 

1271 v = o  
V I  = 1 
v1 = 2 
v 2 =  l , l =  1 
v2 = 2 , 1 =  0 
v 2 =  2 , 1 =  2 
v 2 = 3 , 1 = 1  
v 2 = 3 , 1 = 3  
V I  = 1, v2 = I 
I = 1  

- 1933.93 f 0.1 
- 1936.83 t 0.8 
- 1932.43 f 0.8 
- 1933.98 t 0.1 
-1932.7 2 1 
-1941.61 t 0.02 
- 1939.3 2 0.1 
-1947.3 rt- 0.6 
- 1943.2 2 2 
- 1940.4 2 2 

685.6 f 0.4 
687.9 5 0.6 
681.6 t 0.7 

-2420.5 rt- 0.1 
-2426.9 2 0.2 
-2429 f 2 
-241 1.5 rt- 0.1 
-2404.8 t 0.4 
-2402.6 ? 0.5 
-2395 * 2 
-2395.0 2 0.4 

- 2 4 2 0 2  1 

22 

23 

24 

25, 26, 27 

27 ,28 ,29  



114 E. A. C. Lucken 

TABLE 3. Isotope effects in gas-phase quadrupole coupling constants of symmetric tops and 
linear molecules 

Molecule Nucleus Coupling constant, MHz Reference 

CH3CI 
CD3CI 
I3CD3CI 

HCECCI 
DCECCI 

CH3Br 
CD3Br 
13CD3Br 

HCECBr 
DC-CBr 

CH31 
CD31 
1 3 ~ ~ ~ 1  

3 5 ~ 1  -74.7533 -c 0.0020 
-74.5731 k 0.001 
-73.2 t- 1.2 

3 5 ~ 1  -79.67 
-79.66 

79Br 577.1 2 1 
575.4" 1 
573.9 2 2 

7%r 648.00 
647.96 

1271 -1933.93 -t 0.1 
-1929 2 1 
-1932.84 -C 2 

22 
22 
30 

20 
2 0 

23 
23 
23 

21 
21 

24 
31 
24 

oscillators, we get the standard result: 

1 
e2Qq = e2Q(qo + qb) + - 1 e2Qqi coth 

2 ;  

In this expression we have lumped together all the different vibrational dependencies 
q,, vi being the corresponding vibrational frequencies. (This equation, which 
corresponds to the temperature dependence at  constant volume, must be modified to 
give the temperature dependence at constant pressurc. This aspect is not of real 
concern here.) 

One of the crystalline vibrational modes is that of molecular libration. It may easily 
be demonstrated that any libration about an axis not coincident with the principal field 
gradient z-axis will decrease the magnitude of the field gradient, i.e. e2Qqt,&2Qqo is 
negative. Since the vibrational modcs usually have low frequencies associated with 
them, these terms usually dominate equation (lo), and hence most coupling constants 
and resonance frequencies decrease with increasing temperature. A typical curve is 
shown in Figure 1. A further solid state effect is that any phase change produces a 
discontinuity in the temperature dependence (Figure 2 )  and different crystalline 
phases have different coupling constants (Figure 3). 

Finally the coupling constants in the solid state, even if an attempt is made to 
extrapolate the temperature dependence to absolute zero, are different from those of 
the isolated molecule. This is illustrated in Table 4 by the data for a few simple organic 
molecules. It is remarkable that such large differences, both positive and negative, are 
observed, and it is possible that they may not be typical. Thus the methyl halides may 
well have considerable librational movements in the solid state while the highly polar 
cyanogen halides may exhibit strong intermolecular association. It is clear, however, 
that the uncertainties introduced by what we may call a solid state effect imply that 
firm conclusions should not be drawn from a study of just one molecule but where 
possible a series of closely related systems should be studied. 
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26Cm 

27.0 

g 

Q f 
1 

FIGURE 1.  The temperature variation of a 3sC1 NQR frequency of 
CH3C02SbCl4 (unpublished observations made in the author’s laboratory). 

100 1 5 0  200 250 3 
345 

50 

Tsmpemtue, K 

115 

3 

0 

FIGURE 2. The 35Cl NQR resonance frequencies of the p-CI substituent in 
1,3-b~(trichloromethyl)-5-p-chlorophenyl-~-triazine (unpublished observations 
made in the author’s laboratory) illustrating the effects of phase changes. 
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I I 

100 200 300 
Temperature, K 

FIGURE 3. 3’Cl NQR frequencies of three different phases of p-dichlorobenzene 
(drawn using data published by G. G. Moross and H. S. Story, J .  Chern. Phys., 45, 3370 
(1966)). 

II. THE RELATIONSHIP BETWEEN ELECTRONIC STRUCTURE AND NUCLEAR 
QUADRUPOLE COUPLING CONSTANTS 

Inasmuch PS nuclear quadrupole coupling constants reflect the electrostatic field 
gradient at the  nucleus i t  is clear that they are related to the molecule’s electronic 
structure. Difficulties arise, however, in making this relationship quantitative in the 
sense (observed coupling constant) to (derived electronic structure). These difficulties 
are considerably diminished if, as is the case here, we are considering a singly 
coordinated nucleus always bound to the same atom. 

The pioneering work in this field was due to Townes and D a i l e ~ ~ ~  and, aithough 
several attempts have been made to improve the details of their analysis, the basic 
approach remains unchanged. In a polyatomic molecule the field gradient at the 
nucleus arises on the one hand from the contributions of the neighbouring positively 
charged nuclei and their accompanying electrons, and o n  the other from the electrons 
o n  the nucleus itself. If the neighbouring atoms are approximately electroneutral, the 
contribution from the positively charged nuclei will approximately cancel that of the 
electrons, so that only the electrons belonging to the nucleus under study contribute 
effectively to the field gradient. We can conveniently divide these electrons into inner 
shell electrons and valence electrons. Laplace’s equation (5) shows that sphcrically 
symmctric charge distributions produce no field gradient, so that the complete inner 
shells of the halogens contribute nothing to the field gradient, nor do the two valence 
s-electrons. We are therefore left with the valence p-shell so we now turn to a 
discussion of the field gradient produced by a p-electron. Since p-orbitals have 
cylindrical symmetry the corresponding field gradient tensor also has cylindrical 
symmetry. Thus, using the superscripts x ,  y ,  z to distinguish the three p-orbitals, we 
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have the result for the field gradient diagonal elements produced by one electron: 

I qg = -2qGy = -2q& = 40, 
qY YY = ' -2qY xx = -2qL = 40, 
qh = -2q& = -2q;, = 907 

For Hartree-Fock type orbitals given by the product of a radial function and the 
appropriate p-orbital spherical harmonic, it may be shown that the value g o  is given by 
the expression 

The value of q o  may thus be obtained, in principle, from appropriate atomic 
wave-functions, but, since nuclear quadrupole moments are not in general known 
independently of the nuclear quadrupole coupling constant, this equation serves more 
to determine the value of the nuclear quadrupole moment from the observed coupling 
constant of a simple system. 

The above results for a singly occupied p-orbital may be used to calculate the field 
gradient tensor components for an arbitrarily occupied p-shell. If the populations of 
the px, pv and pz orbitals are a,  b and c respectively, we have 

b + c  

a + b  

The labels fcr the x ,  y and z axes must of course be chosen to correspond to the field 
gradient axes with the usual convention: 

(1 4) 
The quadrupole coupling tensor only provides, at most, two experimental 

quantities, and three are required to specify the p-orbital population. Assumptions as 
to a t  least one of these are therefore necessary. In the case of the organic halides this 
usually means setting one or more of the populations to 2, for example in an aliphatic 
halide such as methyl chloride. In this case the field gradient z-axis is along the C-CI 
bond and we have: 

I q z z I  3 I q y y l ~  l r l xx l .  

It will not, however, always be possible to assume a population of 2. For example in 
chloroacetylene there is undoubtedly some delocalization of the lone pair electrons to 
the n-electron system and we have 

(1 6)  

The coupling constant then only yields the difference in the populations. 
When a halogen is attached to a planar conjugated system, where it is reasonable to 

assume that only one of the two lone pair orbitals participates in the n-bonding, a 
complete determination is again possible. The orbital participating in n-bonding is the 

4 z z  = - (b  - C k o .  



4. NQR of carbon-bonded halogens 119 

px orbital and replacing its population, 6 ,  by the symbol 2n and, assuming that thc pv 
orbital’s population is 2, we have49 

The effect of n-bonding is thus to decrease the coupling constant and its extent may be 
directly determined if the asymmetry parameter has been measured (see, however, 
Section 1II.E). It should be stressed that these equations are only approximate and 
many of the difficulties and approximations have been glossed over. Even aside from 
the sweeping assumptions leading to a consideration of only the valence shell, there is 
the assumption that the parameters of the valence p orbital, and hence the value ofqo, 
are the same whatever the nature of the molecule containing the atom. Likewise it is 
assumcd that the values of the parameters for each of the three p orbitals are identical. 
For the present purposes, however, where the immediate environment of the halogen 
is fairly constant and where we are  mainly interested in following the changes in this 
environment, the use of the above equations in a differential form is much more likely 
to yield reliable results. Nevertheless, the relationship between partial double-bond 
character and asymmetry parameter should be treated with some reserve. 

It remains to discuss the value of q o  or, more exactly, e Q q o .  For all three halogens 
the value of the coupling constant for the free atom has been determined by atomic 
beam measurements. Since here we know that the populations of the px, p,, and pz. 
orbitals are 2, 2 and 1 respectively, the experimental coupling constant gives the value 
of e2Qqo. This value does not take into account changes in the p orbital brought about 
by bond formation. A possible solution to this is to use the coupling constants for the 
molecular halogen molecules - where again the populations arc 2, 2 and 1 - but, 
unfortunately, it is known that in the solid state there is considerable intermolecular 
bonding, and the gas-phase values are unknown since the molecule does not possess a 
dipole moment. An estimate of the coupling constant of the free molecular halogen 
can, however, be obtained from the coupling constant of thc gaseous interhalogen 
molecules50. Table 5 shows the values of e2Qq for the halogen nuclei obtained from 
both methods and it will be seen that, except for I2’I, there is very little difference 
between the two. In all calculations given below the values derived from the atomic 
couplings have been employcd. The above discussion has concentrated on the field 
gradients produced by p-electrons. It can be shown, both theoretically and 

TABLE 5. Valence shell p-orbital coupling constants 
(in megahcrtz) derived from atomic coupling constants 
or from the interpolated values for thc molecular 
halogens - 

e*Qyo/h, MHz 

Nucleus Atomic Molecular 

35c1 
3 7 ~ 1  
7 ‘ ~ r  
“Br 

1271 

109.75 115 
86.5 1 91 

-769.76 - 798 
-643.30 - 667 
2292.7 2510 
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experimentally, that the field gradients produced by d- or f-electrons are much smaller 
than those produced by p-electrons of the same principal quantum number. For the 
halogens, where valence d-orbital contributions are likely to be small, the p-electron 
terms dominate and the neglect of these terms in this approximate analysis is totally 
justified. 

111. THE CALIBRATION OF THE METHOD: NQR FREQUENCIES IN 
SIMPLE SYSTEMS 

A. Introduction 

The vast majority of halogen NQR frequencies are concerned with the 35CI nucleus. 
The trends exhibited here are usually likewise manifest in  the  corresponding 79Br or 
I2’l resonances and this is particularly true for organic halides where the change from 
one halide to another is not normally accompanied by any fundamental structural 
difference. For this reason most of what follows will be concerned with 35Cl 
resonances, though the ”Br and 1271 resonances will be discussed or referred to when 
this is possible and appropriate. 

In many of the tables references are not  given to measurements of individual 
compounds but to sccondary sources such as review papcrs or articles devoted to 
correlating previously published data. In particular the monograph of Semin, 
Babushkina and Yakobson5 contains an exhaustive list of resonance frequencies 
published prior to 1970. 

Many of the early systematic studies of halogen quadrupole resonance frequencies 
of organic halides were concerned with the effects of substituents in simple, well 
studied systems and indeed this question has continued to attract attention at intervals 
right to the present day. These studies serve several purposes. In the first placc, by 
showing a relationship with other measures of substituent properties, they show that 
resonancc frequencies do indeed reflect the electronic structure of the carbon-halogen 
bond. Unlike many substituent parameters such as the Hanimett u or Taft o*, the 
resonance frcquencies are determined only by the properties of the molecule in its 
unperturbed ground state, so that the relationship between the substituent parameter 
and the effect of t h e  substituent on a resonance frequency throws light on the relative 
importance of the various effects which determine the value of that substituent 
parameter and cf the chemical reactivity of which it is a measure. Finally, thc goodness 
or otherwise of these correlations indicates the extent of the scatter which is brought 
about by solid state cffects and indicates the limits of the reliability and significance of 
quadrupole resonance frequencies as an index of electronic structure. 

B. NQR Frequencies and the Polarity of the Carbon-Halogen Bond 

In much of what follows we will be concerned with the effects of substituents or 
other structural details on the electronic character of the carbon-halogen bond. In  this 
section we attcmpt to use the quadrupole coupling data to establish the basic 
electronic structure of an ‘unsubstituted’ organic halide for which the  only variable is 
the coordination number of the  carbon atom. The results of this analysis will serve as 
reference points for the discussion which follows and for this reason wc confine our 
attention to coupling constants derived from gas-phase coupling constants. 

Table 6 shows the data for the series C H 3 ,  CH,CHzX, CH2=CHX and HCECX.  
They have been analyscd according to equations (15) and (17). For the acetylenes, 
where the extent of n-bonding cannot be obtained directly. it is assumed that i t  occurs 
to the samc extent as in the vinyl halides for each of the lone pair orbitals. 

The figures shown are a very satisfactory confirmation of the expected trends in this 
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TABLE 6. Quarirupole coupling constants (in megahertz) and bond populations in haloalkanes, 
haloalkencs and haloalkynes 

Sigma 
e2Qq/h rl density, c I[ (%) Charge Ref. 

CH3CI 
CH 3CH 2CI 
CHz=CHCI 
HCECCI 

CH3Br 
CH 3CH2Br 
CH2=CHBr 
HCECBr 

CH31 
CH3CHlI 
CH?=CHI 

- 74.75 
-68.80 
-70.16 
-79.7 

577.1 
538 
543.8 
648 

- 1933.9 
- 1771 
- 1877 

0 
0.035 
0.141 
0 

0 
0.005 
0.066 
0 

0 
0 
0.056 

1.320 
1.367 
1.332 
1.215 

1.250 
1.298 
1.278 
1.141 

1.159 
1.230 
1.169 

0 

6.0 
12.0 

0 

3.1 
7.0 

0 
0 
3.0 

(0) 

(0) 

-0.320 
-0.367 
- 0.299 
-0.155 

-0.250 
-0.298 
-0.262 
- 0.106 

-0.159 
-0.230 
-0.154 

22 
33 
34 
20 

23 
40 
51 
21 

24 
43 
44 

series. Thus for any given molecular type the negative charge on the halogen decreases 
regularly on going from chlorine to  iodine. On going from the methyl halide to  the 
ethyl halide thcre is an incrcase in charge owing to the electron-releasing cffect of the 
methyl group, and for the series haloethane, haloethylene and haloacetylene the 
charge decreases owing to the increase in effective electronegativity of carbon with its 
increasing participation of the 2s orbital in the Q bond. Finally, in the viny! halidcs the 
extent of n-bonding decreascs on going from chlorine to iodine. 

It remains to situate the figurcs for the carbon-halogen bond with respect to those 
of the halogen bound to the neighbours of carbon in the Pcriodic Table. For 
comparison Table 7 shows the coupling constants and dcrived charges for the silyl 
halides, the hydrogen halidcs and chloraminc. Once again the expected trends are 
seen, i.e. the highly covalcnt character of the N-CI bond and the highly ionic nature 
of the silicon-halogen bond. Thc  rather similar ionic characters of the 
halogen-hydrogen and halogen-carbon bonds are  a striking illustration on  the 
influence of solvation o n  the ionic dissociation of the hydrogcn halidcs. 

C. Substituted Methyl Halides 

The  literature is full of correlations of the resonance frequencies of substi- 
tuted chloromethanes embracing a gradually increasing range of compounds. Prob- 
ably the first study of the suitability of resonance frequencies for investigating the 
electronic structure of the carbon-halogen bond was that of L i ~ i n g s t o n e ~ ~  who 
showed, inter d i n ,  that  the 35C1 resonance frequency increased regularly in the 
series CH3ClC CH2CI2 < CHC13 < CC14 and decreased in the series CH3CI > 
CH3CH2CI > (CH3)2CHCI > (CH3)3CCI. Table 8 shows the 35Cl resonance 
frequencies of a selection of monosubstituted chloromethanes, RCH2CI. It can be 
seen that the nature of the single substituent produces a range of frequencies from 
30 to 39 MHz, a range of 26% about the median value of 34.5 MHz. On the basis 
of equation (15) these limits represent a chargc on  the chlorine atom from 0.45 to 
0.28, a range of 0.17 electrons. 

T h e  most obvious substitucnt parameter t o  use for correlation purposes in these 
circumstances where no conjugation is possible is the Taft Q *  polar substituent 
constar@. T h c  results of extensive investigations of this kind have been summarized 
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TABLE 8. Halogen resonance frequencics (in mcgahcrtz at 77 K) of 
monosubstituted halornethanes, RCH2X 

R 35CI 7yBr (V2 - 3/2) 
1271 

123 

-H 34.029 264.508 265.102 
-CH 3 32.646, 32.759 248.78 247.374 
-c6H s 33.627 
-COCH3 35.075, 35.484 
-COOH 36.131, 36.429 284.760 298.642 

287.014 299.483 
-COONa 34.794 
-CN 38.122 
-NO, 37.635 
-OCH3 29.81 7, 30.206 
-F 33.799 
-CI 35.991 
-Br 36.14 
--I 36.498 

-cc13 36.40 
--Sic13 36.786 
-GeC13 37.926 
-SnCI3 3 7.870 
-PC12 36.09 
- P(0)CI 2 38.224, 38.286 
- s o ~ C l  38.61 2, 30.039 

-CF3 37.387 

by Biryukov and V o r o n k ~ v ~ ~  and by Voronkov and Feshin8. As can be seen from 
Table 9 there may well be a departure from additivity inasmuch as the parameters of 
the correlation arc not the same for the series RCH2Cl, RCC13, RIR’CC12 and 
R1R2R3CCl. It should be noted, however, that for the first two series there is 
necessarily only one compound corresponding to each substituent whereas the last two 
series permit numerous combinations of the substituents and thus a more widespread 
statistical analysis and so the  apparent lack of additivity may be an  artefact. 
Following on  the work of Weiss and  coworkers6L”-h6 on thc chlorobenzenes, 
Ramanamurti, Venkatacharyulu and P r e m a ~ w a r u p ~ ~  have fitted the resonance 
frequencies of substituted chloromethanes to the equation 

v7’ = 33.983 +C mi 
I 

TABLE 9. The relationship between the 35CI resonance frequency at 77 K and the 
Taft polar substituent, u*, for chloromethancs of various types; v = v g  + PO* 38 

Standard Correlation 
Molecular type V O  P deviation coefficient 

R-Cl 33.120 2.849 0.27 0.93 
RCHzCI 33.107 1.214 0.23 0.99 
R1R’R3CCI 32.05 1.019 0.17 0.96 
RCC13 38.045 0.933 0.06 0.96 
R 1 ~ 2 ~ ~ ~  35.215 0.959 0.27 0.93 
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TABLE 10. Substituent parameters (m,  u,, 60.) derived from "C1 
quadrupole resonance frequencies and their comparison with the Taft 
substituent parameter ( u * )  and the group electronegativity ( x )  

Substitucnt t?l Olll 4 O f  X 

-cc13 
-CHCIz 
-CH 2CI 

- C d S  
-H 
-CH 3 

-C(CH3)3 

-F 
-CI 
-Br 
--I 
-CN 
-NO, 
-CF3 
-COOH 
-COCI 
-CONH-, 
-COONa 

-CHO 
-0CH' 
- SCH 3 

-SCI 
-SOzCI 

2.86 
1.27 
0.38 

-0.13 
0.0 

-0.86 
0.62 

1.14 
2.19 
2.10 
2.21 
3.68 
3.22 
2.52 
1.96 
2.76 
1.14 
0.67 

0.72 
-3.07 
- 0.88 
-2.07 

1.34 

3.30 
1.74 
0.86 
0.36 

- 0.49 
-0.36 

1 . 1 0  

1.61 
2.64 
2.55 
2.66 
4.10 
3.65 
2.96 
2.41 
3.19 
1.61 
1.15 

1.20 
-3.41 
- 0.37 
- 1.54 

1.80 

2.75 2.65 3.0 
1.90 1.94 2.8 
- 1.05 2.75 
0.80 0.60 3 .o 
0.40 0.49 2.28 
0.0 0.00 2.3 
- -0.30 - 

3.95 
3.03 
2.80 
2.47 
3.3 
3.4 
3.35 
2.84 
- 
- 
2.92 

and hence obtained values of the substituent coefficients mi. The values of mi are 
shown in Table 10 and compared to the u* values where availables8. The standard 
deviation for the frequencies predicted by this equation is 0.405 MHz. It should be 
noted that the reference compound in the above study is methyl chloride so that m for 
-H is 0.00. For a direct comparison with the u* values they should thereforc be 
divided by 1.019 (thc slope of the u* correlation for the R'R'R'CCI series in Table 
10) and 0.49, the u* value of H, should be added. The values thus calculated, u,,~, are 
also shown in the above table. I t  can be seen that for most of the substituents originally 
considered by Taft there is a satisfactory agreement between the two and indeed 
Biryukov and Voronkovso used a technique of this sort to obtain values of u* for 
groups for which Taft's original method had not been applied. These values, a:, are 
likewise shown in the table. A final point of comparison is provided by the group 
electronegativities given by Wellshx. 

The  parallelism between the 171 values and other measures of the polarity of a 
substituent is conspicuously absent from the first-row substituents F- and CH30-. 
Indeed these substituents werc specifically excluded by Biryukov and Voronkov from 
their correlations between resonance frequencies and u*. Various suggestions have 
been made as to the reasons for this discrepancy and these are discussed in Section 
1V.D. 

D. Substituted Halobenzenes 
One of the earliest attempts at systematically applying NQR spectroscopy to the 

problem of the electronic structure of organic compounds concerned the correlation 
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between the effect of substituents o n  the reactivity of a particular position in a 
substituted benzene derivative, quantified via the well known Hammett equation, and 
the resonance frequency of a halogen nucleus attached at that same position. The 
earliest measurements could be said to have been undertaken more to check that 
quadrupole resonance frequencies did indeed reflect the  electronic structure of the 
C-X bond69, but as the available data became more extensive it became clear that the 
NQR frequencies could be used both to obtain Hammett constants for substituents 
which were difficult to study by more conventional methods and to separate the 
diffeient types of electronic displacements which substituents could produce. 

Table 11 shows the 35CI resonance frequencies of several monosubstituted 
chlorobenzenes. Qualitatively the frequencies follow the pattern which one would 
have expected from the nature of the substituent, although inductive effects seem to 
dominate and the shifts produced by a particular substituent are in the order 
ortho > meta > para. However, the scatter produced by intermolecular fields 
makes it necessary to extend these studies as much as possible and to include 
multiply-substituted chlorobenzenes. 

The first large scale systematic study of this sort was undertaken by Bray and 
Barnes’O, who correlated the 35Cl resonance frequencies of 52 substituted 
chlorobenzenes with the Hammett constants of the substituents. For multiply- 
substituted derivatives the effective substituent constant was taken as the sum 

TABLE 11. 35CI resonance frequencies (in megahertz at 77 K) 
of monosubstituted chlorobenzenes, RC6H.Q Data have been 
taken from Refs 5,70 and 60 except those for NH; from Ref. 66 

R 0 nz P 

-H 
-CH3 

-CF3 
-COOH 

-cc13 

-CN 

-NH2 

-fiH3CI- 

-NO2 
-NCO 
-OH 

-F 

-CI 

-Br 

34.622 
34.19 

35.633 
36.305 

35.410 
35.453 
35.500 
35.541 
33.953 

35.916 

37.260 
34.635 
35.37 

36.294 

35.580 
35.755 
35.824 

34.622 
34.36 

35.073 
34.766 
35.227 

34.388 
34.468 
34.854 

35.457 
34.653 
34.766 
34.825 
34.97 
35.05 

34.809 
34.875 
35.030 
34.85 
34.99 

34.622 
34.53 
34.564 

34.673 
34.700 
35.1 50 

34.146 

34.619 
34.886 
34.88 
35.259 
34.700 
34.945 
34.818 
35.226 
35.286 
34.799 

34.81 
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of the constants for each substituent. The correlation thus obtained was 

Y~~ = 34.826 + 1.024Cai 2 0.360. 
i 

Using this equation they obtained the values of 29 previously unknown substituent 
constants. In particular they showed that the appropriate ortho substituent parameter 
appeared to be that defined by the ratio of the dissociation constants of the substituted 
and unsubstituted acids in water at 25°C. 

These results were sporadically extended by various workers and have been 
summarized by Voronkov and Feshin‘O. If the ortho, meta and para positions are 
considered together, the correlation remains essentially unchanged, but if each 
position is considered separately somewhat different correlations are obtained71. Thus 
for meta substituents, where the substituent effect is essentially inductive, we have 

(20) 
For para substituents there are deviations from this simple relationship by amounts 
that are either positive or negative according to whether the substituents have 
conjugative electron-accepting or electron-donating abilities as measured by the Taft 
resonance parameter, uR. Thus we here have the two-parameter equation 

0.07. (21 1 
Ortho substituents behave as usual in a much less systematic manner and the 
‘explanations’ of this are no more precise than they are for other measures of the 
properties of orfho substituents. Similar studies on more restricted series of 
compounds have been made for bromobenzenes and iodobenzenes. For 7gBr 
resonance frequencies we have72.73 

u z  = 34.40 + 1.223 urn. 

Y7p7 = 34.40 + 1.223 Q p  - 1.446 

u77 = 271.6 + 9.14Cai 
I 

while for i o d o b e n ~ e n e s ~ ~  

e’Qq2‘8 = 1837 + 112 C a i .  (23) 

Note that here we have the quadrupole coupling constants and not the resonance 
frequencies since the two resonance frequencies of the lz7I nucleus allow one to 
separate the coupling constant and asymmetry parameter. 

In order to compare the three series we express these relationships in a rearranged 
form: 

1 

I 

i 

From this it would appear that the iodobenzenes are the most sensitive to the effect of 
substituents. This may, however, be an artefact of the much smaller sample of 
substituted iodobenzenes. 

An alternative rearrangement, which yields the  same conclusion, is to express the 
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relationship in terms of the corresponding atomic parameters: 

127 

0.6248 + 0.0186 

0.7057 + 0.0237 

e%qfg8 = 2292.7 0.8012 + 0.0489 
i 

Weiss and his coworkers have adopted a somewhat different approach60-66. 
Considering that Hammett substituent constants reflect the overall effect of a number 
of different types of electronic displacement and that the relative weight of these 
different contributions are riot necessarily the same in their effect on the nuclear 
quadrupole coupling constant, they have proposed correlating the coupling constants 
of substituted chlorobenzenes according to a one-parameter equation where the 
substituent parameters are chosen to give the best statistical fit: 

v7’ = 34.622 + 1 K;.  
I 

Subsequently of course the resultant parameters can be compared with other more 
traditional substituent parameters such as the Hammett parameter discussed above. 
The K-values and the related o parameter are shown in Table 12. On the basis of these 
studies Weiss concluded that in general the 35Cl resonance frequencies were mainly 
determined by inductive effects and that steric effects were not important for orrho 
substituents. 

TABLE 12. Substituent parameters (K;, equation 26) for substituted chloro- 
benzenes. Values of the Hammett sigma parameter, u, are shown for comparison 

Ki U 

-CH3 

-CF3 

-COOH 

-NH2 

0 
m 
P 

0 

rn 
P 

0 
rn 
P 
0 

rn 
P 

0 

-NMe2 m 
P 
0 

NH 
4 

-NH-C, n7 
NH2 P 

~ 

-0.392 5 0.054 
-0.207 % 0.161 
-0.004 C 0.126 

0.611 4 0.147 
0.740 c 0.207 

1.704 c 0.1 62 
0.377 % 0.153 
0.409 -t 0.148 

-0.534 C 0.119 
-0.103 5 0.130 
-0.119 % 0.133 

0.336 2 0.652 
-0.380 2 0.066 
-0.550? 0.150 

-0 
-0 
-0 

-0.069 
-0.170 

0.415 
0.551 

0.355 
0.265 

-0.16 
- 0.66 

-0.21 
-0.60 
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TABLE 12. continued 

Ki d 

-NHCOCH3 

-NH3 

-&Me3 

-NH-C(NH& 

-NZN 

--NO? 

-OH 

-OCH3 

-0C2H5 

-0COCH 3 

-0COCH2CI 

-0COCHC12 

-0c0cc13 

-0COCF3 

-0CHzCOOH 

0 
m 
P 
0 
m 
P 
0 
I71 

P 
0 
I71 

P 
0 

in 
P 
0 
in 
P 
0 
m 
P 

0 
in 
P 

0 

I?I 

P 
0 
in 
P 
0 

in 
P 
0 
in 
P 
0 

m 
P 

0 
in 
P 

0 
I n  

0.667 t 0.101 
0.343 t 0.106 
0.056 f 0.162 

1.213 t 0.047 
0.705 t 0.065 
0.469 * 0.062 

1.56 
0.679 t 0.142 
0.495 t 0.070 

0.838 f 0.075 
0.494 f 0.109 
0.282 5 0.162 

3.204 t 0.095 
1.910 t 0.092 
0.824 5 0.1 12 

2.096 -t 0.087 
1.069 t 0.093 
0.607 f 0.125 

0.843 
0.545 

-0.1 14 2 0.143 

0.917 t 0.172 

0.122 t 0.145 

0.793 f 0.172 

-0.027 -t 0.157 

1.015 t 0.144 

0.329 t 0.154 

1.528 f 0.194 

0.348 t 0.154 

1.395 f 0.194 

0.505 f 0.194 

1.429 2 0.194 

0.169 f 0.194 

1.812 f 0.194 

0.751 2 0.194 

0.21 
-0.02 

0.64 
0.49 

0.90 
0.86 

0.38 

1.8 
1.9 

0.710 
0.77811.270" 

+0.10 
-0.18 

-0.268 

-0.250 

P -0.266 5 0.233 
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TABLE 12. cot~rit~rted 

129 

-S03Na 

-CI 

-Br 

0 1.403 2 0.240 
tn 0.398 -t 0.233 
P 0.804 0.235 

0 1.206 c 0.047 
t71 0.499 2 0.035 0.373 
P 0.320 ? 0.072 0.227 

0 0.975 -t 0.204 

P 0.312 5 0.173 0.232 
I ? I  

0 0.917 -t 0.106 

P 0.199 -t 0.173 0.276 
-1  ni 

“u- value. 

E. Asymmetry Parameters 

As discussed in Section 11, equation (17), the asymmetry parameter of a halogen 
atom bonded :o a conjugated system is used as a measure of the partial double bond 
character of the carbon-halogen bond. Values so obtained have already been 
discussed for chloroethylene and are mentioned below in Sections 111 and IV for 
various chlorinated heterocyclic compounds. Here the limitations of the use of 
equation (1 7) are discussed. 

As noted in Section 11, equations based on  the Townes and Dailey method4x are  
most likely to give valid results if they are used to compare similar systems since it is 
only then that the terms of the contributions to the field gradient which are neglected 
in this theory are likely to remain constant and thus cancel out in a comparison. In the 
present context the assumption that the field gradient is dominated by thc valence 
p-orbitals means that, in a localized bond description of a molecule, all aliphatic 
halides should have an asymmetry parameter of zero. Table 13 shows a selection of the 
asymmetry parameters of such compounds which, although small, overlap with those 
measured for halobenzenes. Local ‘non-bonding’ interactions have made 
non-negligible contributions to the asymmetry parameter so that even if no partial 

TABLE 13. Halogen coupling constants and asymmetry parameters in aliphatic halides 

Compound Nucleus e’Qq, MHz rl Ref. 

CH31 
CH 21 
CH3CHzl 
CH3CH-$H,I 
CHzICOOH 

72.04 
70.30 
71.56 
76.90 
78.57 
78.59 

1765.85 
1897.37 
1647.0 
1666.9 
1978 
1988 

0.068 
0.05 
0.1 1 
0.040 
0.023 
0.045 
0.0293 
0.0272 
0.016 
0.052 
0.061 
0.046 

75 
76 

77 

78,79 
8 0 
78 
78 
78 
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double bonding occurred the asymmetry parameter of, say, chlorobenzene would not 
be zero. Thus absolute double-bond characters cannot be calculated from equation 
(17) nor can two systems be compared whose local environments are not similar - such 
as 1,3,5-trichlorobenzene and 1,4,6+triazine. Note, too, the asymmetry parameter of 
methyl iodide, which arises entirely from crystal field effects. 

In the substituted halobenzenes these considerations immediately preclude the 
study of ortho substituents - at least if the estimation of partial double bond character 
is the object of the study. Furthermore, meta substituents are not likely to produce any 
marked conjugative effects so that the most interesting series is that of the 
para-substituted halobenzenes. 

The values for 35Cl, 7%r and l2-!I for thepara-substituted halobenzenes are shown in 
Tables 14, 15 and 16. The substituents are listed in the order of the Hammett 0 

constantg0. The values shown in parentheses have been estimated from those for 
similar groups. Positive Q constants would be expected to favour partial double- 
bond character and hence increase q while negative u constants should have 
the reverse effect. While it is clear that this general trend is respected, there 
are a number of glaring anomalies. Thus the asymmetry parameter of 35CI in 
4,4'-dichlorodiphenylsulphone seems much too high, but since this is derived from 
Zeeman studies there is a possibility of error if by chance there were two almost 
parallel C-CI vectors in the crystal. This cannot be the case for p-fluoroiodobenzene 
and may indicate that either the u constant is too low or that it is not a good measure of 
the conjugative power of apara substituent. One must not indeed forget that Hammett 

TABLE 14. 35CI resonance frequencies (in megahertz) and asymmetry parameters for 
p-substituted chlorobenzenes 

v Substituents v, MHz 
Hammett 
U Ref. 

~~~ ~~ 

-S02C6H.+CI-p 34.33 0.22 -c 0.03 0.73 81 
- CI 3 0.067 ? 0.001 0.23 82 
-OH 34.12 0.071 * 0.001 -0.37 83 

-NH2 33.77 0.048 2 0.001 - 0.66 84 
34.35 0.096 5 0.001 

TABLE 15. 79Br resonance frequencies (in megahertz) and asymmetry parameters 
for D-substituted bromobenzenes 

Hammett 
Substituents v ,  MHz v U Ref. 

-NH; 273.6 0.105 (0.8 2)" 85 
--so2c1 278.9 0.065 (0.73)" 85 
-COOCH3 272.18 0.094 0.45 86 
-Br 267.89 0.045 0.23 87 
- SC6H dB r-p 272.18 0.080 0 88 
- 0 C a 4 B r - p  273.15 0.064 -0.32 88 
-OH 264.78 0.053 -0.37 89 
-NH2 265.57 0.029 -0.66 90 

"The Hammett u constants shown in parentheses in the fourth Folurnn are  estimated 
from the Hamrnett u constants of related substituents. namely -NMe3 and -S02CH3 
respectively. 
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TABLE 16. 
iodobenzencs 

coupling constants and asymmetry parameters for p-substituted 

Substituents cZQ4 rl 
Hammett 
U Ref. 

-NH $3 - 
-NO? 
-COOH 
-COOCH3 
--I 

-H 

-NHCOCH3 
-F 
-OH 

-NH2 

1909.5 
1887.7 
1814.8 
1882.7 
1834.7 
1839.4 
1820.4 
1823.7 
1820.9 
1847.3 
1823.1 
1830.2 
1738.1 

0.0771 
0.063 
0.0476 
0.0726 
0.0477 
0.0365 
0.069 
0.069 
0.0449 
0.1 12 
0.029 
0.018 
0.039 

0.82 
0.78 
0.45 
0.31 
0.18 

0 

0 
0.06 

- 0.37 

- 0.66 

67 
67 
67 
67 
67 

5 

67 
5 
5 

67 

c constants and other measurcs of substituent effects are themselves only approximate 
quantities and are thc result of a number of quite differcnt effects. 

F. Conclusion 

The investigations discussed above show clearly that chlorine resonance frequencies 
do indeed reflect the nature of the carbon-chlorine bond and far less extensive studies 
of bromine and iodine resonances point to the same conclusion. The fluctuations 
introduced by the intermolecular ficlds of the solid state are, howcver, by no means 
negligible and as a rule of thumb we must conclude that, for 35Cl resonance 
frequencies, a difference in resonance frequcncy betwcen two different chlorine nuclei 
of 0.5 MHz or less is by n o  means evidence of a diffcrence in electronic environment, 
and only when this difference gets to 1.0 MHz or more can we conclude that a dif- 
ference in electronic structure almost certainly exists. The best way of overcoming this 
difficulty is by studying series of related compounds so as to drown the fluctuations in 
a mass of statistics. 

IV. NOR AS A TOOL 

A.,The Attenuation of the Effect of Substituents with Chain Length 

We have already seen that for the halobenzenes the effect of a substituent is largely 
determined by its inductive effect, which is rapidly attenuated as the distance between 
the two centrcs increases. This auestion has also been studied in aliphatic svstems, 
typically by measuring the halogen quadrupole rcsonance frequency in the series 
R(CH .\..X. , - , , I -  

A selection of such studies is shown in Table 17 for, as usual, 35Cl resonances. In 
Figure 4 a plot of the data for two of these series where complete coverage is available 
illustrates strikingly the rapid exponential attenuation of the inductive effect with 
chain length and the oscillation of the resonance frequency about a value of 33 MHz 
characteristic of a long-chain aliphatic primary chloride. These oscillations provide, 
incidentally, a measure of the crystal field scatter, here only of the order of 0.2 MHz. 
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L 

5 1c 
mrhykne groups 

FIGURE 4. 
of methylenc groups in Cl(CH2),,CI (+) and H(CH2),ICI (0). 

Average 35C1 NQR frequencies as a function of the number 

Very approximately the inductive effect is decreased from one-half to one-third for 
every additional -CH2- group. This is the order of magnitude of attenuation which 
had been estimated from purely chemical studies. 

B. Alicyclic Compounds: The Cyclopropanes 

Table 18 shows the 35C1 resonance frequcncies of a series of monochloro- and 
gem-dichlorocycloalkanes. Fo r  both series the frequency is essentially independent of 
ring size - and equal to that of the open chain analogue -except when we arrive at  the 

TABLE 18. 35Cl resonance frequencies (in megahertz at 77 K) of alicyclic 
chlorides. The data have been taken from Ref. 5 except the two marked with an 
asterisk which arc unpublished data, measured by S .  Arjomande in the author's 
laboratory 

I2 (CH *h,ca 2 
n 

(c :'. u 
1 33.41 I 36.258,36.524,36.873 
2 34.063 36.61 0 
3 3 1.752' 34.710, 35.358 
4 32.125' 34.984, 35.060 
5 - 34.904, 34.989 

(CH3)zCHCI 31.939 (CH 3) $XI:! 34.883 
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chlorocyclopropanes. At this point there is a sudden increase in frequency of a little 
less than 2 MHz. This high frequency has been observed in numerous studies of 
substituted cyclopropanes and undoubtedly arises from the higher s-character of the 
two extracyclic sp hybrid orbitals of the carbon atoms. This increased s-character is 
incidentally also reflected in the opening up of the ClCCl angle to 114’38’ * 15’ y5 

compared to the 112” -t 18’ in methylene dichIoridey6.”. 
In Table 18 are also included the ‘two-membered rings’: the chloroethylenes. Their 

frequencies are remarkably similar to those of the corresponding cyclopropanes, as 
indeed would be expected if the higher frequency of the cyclopropanes is a 
hybridization effect. 

In view of the postulation of ‘homoconjugation’ and of suggestions that the 
cyclopropane ring has some sort of unsaturated character, the effects of substituents 
o n  the 3sCl resonance frequencies of chlorocyclopropanes has been widely 
studiedgfl-Io3. There is not, however, any clear evidence that the cyclopropane ring is in 
any way exceptional in this respect. It should be remembered, however, that halogen 
resonance frequencies seem largcly to be determined by inductive effects. 

Stereochemical effects in the cyclopropanes are discussed in Section 1V.K. 

C. Adamantanes 

Several studies have been made of the adamantanes and of transmission of 
substituent effects through the  rigid adamantane skeleton. The frequency of 
1-chloroadamantane (31.442 MHz) is typical of a tertiary chloride and very similar to 
that of r-butyl chloride. The substituent effects have almost exclusively been studied in 
the series 3-R-1-chloroadamantane but, as we have seen, the attenuation of inductive 
effects at this distance is already considerable so that no very useful conclusions can be 
drawn from these s t u d i e ~ ’ ~ ~ . ’ ~ ~ .  

D. Geminal Interactions in Methyl Halides 

1. Introduction 
As has been mentioned in the previous section, the usually close correlation 

between the effect of a substituent on  a halogen resonance frequency and the various 
parameters such as electronegativity or Taft o*, which provide a semiquantitative 
measure of the properties of that substituent, break down completely for the first-row 
substituents F- and RO--, the rcsonancc frequencies being much lower than would 
be expected. On the othcr hand, second-row substituents often have markedly greater 
resonance frequencies than their electronegativities would lead one to expect. These 
points are illustrated by the general data for monosubstituted chloromethancs in 
Tables 8 and 10 and in Table 19 furthcr data point them out  specifically. 

2. First-row substituents 

For RO- and F- there is clearly present an electron-releasing interaction, which 
renders the chlorine atom more ionic than the simple electronegativity of the 
substituent would predict. I t  is interesting to note in this context that the 
corresponding RzNCHzCl compounds ionize spontaneously even in the solid state I o 6  

and exist as (RzN=CH2)+C1-. 
This spontaneous ionization of the a-aminochloromethanes immediately suggests an 

explanation of the effect. This is simply that substituents already participate in the 
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TABLE 19. The effects of fluoro and methoxy substituents on the 35CI 
resonance frequencies (in megahertz at 77 K) of substituted chloroniethanes 

135 

~~ 

Compounds v77 Ref. 
~ ~ ~~ 

CH3CI 34.029 32 
CHzCl2 35.99 1 32 
CHzFCl 33.797‘ 32 

cc14 40.d‘ 32 
CCl3F 39.161, 39.517, 39.703 32 
CCIzF2 38.450 32 
CCIF3 38.089 32 

CC13COOH 39.964, 40.160, 40.236 32 
CFClzCOOH 39.594 107 
CFzClCOOH 37.485 107 

CH30CH2CI 30.181 107 
CH3SCHzCI 33.104 107 

ClCHzOCHlCl 32.381, 32.587 32 
ClCHzSCHzCI 34.526, 34.749 107 

(CH3)3CCHzCI 33.015 114 
(CH3)3SiCH2C1 34.32 114 
(CH 3)3GeCH 2CI 34.25 114 
(CH3)3SnCH2CI 33.936 114 

CIP(CH2CI)j 38.927, 39.263, 39.445. 35.480 5 
CIP(CH-J(CHzC1)3 38.245, 38.486, 38.780 5 
CIP(CH3) z(CH2CI)z 37.436, 37.590, 37.814 5 

‘At 20 K. 
bAverage of 15 resonances. 

formation of an incipient double bond and thus drive electrons towards the halogen 
atom Io7: 

A second explanation invokes the internal electric field at the halogen atom 
produced by the neighbouring dipole in  the C-X bond, The direction of this field is 
such that i t  increases the ionicity of the carbon-halogen bond and thus decreases the 
halogen resonance frequency. It is supposed that the  effect is particularly marked for 
the two substituents in  question since the dipole moments of the C-X bond will be 
high and the short C-X distance brings it closer to the halogen n u c l e ~ s ~ ~ ~ . ’ ~ ~ .  This is 
essentially an extension of Scrocco’s calculations on the shifts produced by intra- and 
intermolecular fields in polychlorobenzenesllO. Although the proposed mechanism 
has been subjected to the test of a calculation of the magnitude cf the frequency shift 
and apparently givcs reasonable results, there is a considerable degree of arbitrariness 
since there is (a) choice in the location of the dipole or dipoles connected with the 
first-row substituent and (b) an interpretation of the results of the Stark effect in NQR 
(Section l.E). 

I t  may well be that a detailed analysis of thcse two mechanisms would show them to 
amount to the same thing, inasmuch as the structure of atoms and molecules is a result 
of an interplay of the electrostatic forces between the particles of the system and a 
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change in structure is thc result of a change in the internal electrostatic fields, but the 
first explanation has the  advantage that it is expressed in tcrms of a chemical model 
and has, moreover, stereochemical consequences which can be easily verified. Thus for 
the chloro ethers there is only  onc lone pair n-orbital which can participate in the 
bonding and the extent to which it affects the chlorine atom will depend on the 
dihedral angle, 0, between the nodal plane of this orbital and the OCCl plane: 

When 0 is 90" the interaction will be a maximum and hencc the ionicity of the 
carbon-chlorine bwnd a maximum with the resonance frequcncy a minimum, whereas 
when 0 = 0" there will be no first-order interaction and the resonance frcquency will 
increase. This prediction of the model is completely born out by experience for a largc 
number of cyclic a-chloro ethers of known structure, the avcrage frequency difference 
between chloro substituents in equatorial positions (0 = 0") and axial positions 
(0 = 60") being more than 2 MHz; much greater than any 'crystal field' scatter 
(Section 1V.K). Although such a conformational dependence could no doubt be built 
into the internal field model, for examplc by adding a point dipole corresponding to 
the lone pair, this would certainly bc done only uffer the experimental discovery of the 
conformational dependence. 

As remarked above, the spontaneous ionization of the a-chloroamincs both make it 
impossible to study the nitrogcn analogues of thc a-chloro ethers and may be said to 
support the incipient x-bond model. Unsaturatcd analogues arc readily available, 
however, for example 2-chloropyridine, and indeed its resonance frequency is much 
lower than would have been expected. This difference was ascribed to large partial 
double bonding in the 2-chloropyridine dcrivative but although the asymmetry 
parameter of 2-chloropyridine is a little greater than that of 3-chloropyridine the 
difference in asymmetry paramcter is not enough to explain the frcquency differencc. 
This question is discussed in more detail in Section 1V.F. but it is possible that a similar 
lone pair interaction may be occurring here and also in the carbonyl chlorides where 
the frequencies arc again very low (Section 1V.G). 

There is finally another obscrvation which can be explained in terms of the above 
interaction. The 35Cl resonance frequency of CICH2CH2CH2CI (32.952,33.130 MHz) 
is almost identical to that of CH3CH2CH2C1 (32.968 MHz) since, as seen in Section 
IV.A, two methylene groups almost completely attcnuate the effect of the chlorine 
substituent. For the analogous CH30CH$3 compared with ClCH?OCH2CI the 
frequency difference is 2.2 MHz"', greater than that between CH3Cl and CHzC12 
(1.97 MHz). This would be explaincd in terms of the lone pair donation hypothesis as 
competition betwecn the two CHzCl groups for the lone pair electrons on the  oxygen 
atom. This cannot, however, bc the whole story sincc a similar differcnce, 1.54 MHz, 
occurs betwecn CH3SCH2C1 and CICHzSCHzC1 while the frequency of CH3SCH2CI 
itself is much as would be cxpectcd. It is perhaps the  rnethylene group, which is an 
exceptionally poor transmitter of substitucnt effects. 

3. Non-first-row substituents 

This phenomenon has been most extensively studied by Voronkov and his 
coworkers for Group IV substituentsx."',''*-''j. In  almost all C ~ S C S  the "CI resonance 
frequency of the compound R'R2R3MCH2C1 is greater for a givcn set of substituents 
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R*, R2 and  R3 when M = Si, Ge or Sn than when M = C, despite the fact that the  
clectronegativity of carbon is about 0.7 units higher than that of thc o ther  thrce atoms. 
Convcrsely, howevcr. the effect of thc  substituents R1, R? and R3 is transmitted more 
cffcctivcly through a carbon atom than through a silicon atom. The dependence of "CI 
resonance frequency on  thc  sum of the  Taft  a* constants for the substitucnts in the 
compounds R 'R2R3 SiCH2CI is given by 

= 34.053 + 0.31 0; 
i 

compared with 

v~~ = 32.039 + 0.594 1 a; 
I 

for the corresponding carbon compounds. Thus  the effcct in question is most marked 
when R' ,  R' and R 3  are electron-releasing groups such as CH3. 

As for almost all 'anomalous' behaviour of sccond-row atoms, the conventional 
explanation of this behaviour is based upon thc fact that  the heteroatom has vacant d 
orbitals. In a manner analogous to the donariot? of the  lone pair clectrons of first-row 
substituents to thc carbon-halogen bond, these orbitals arc supposcd to accepr the 
electrons o f  the carbon-chlorine bond and  thus, by decreasing the 3 p  population of 
thc chlorine atom, increase the 35Cl rcsonancc frequency. This hypothesis has the 
merit of explaining the rcduccd ability to transmit substituent effects for, sincc almost 
all the substituents havc lonc pair elcctrons, these elcctrons can also interact with the 
vacant d orbitals, restore electrons to  the  C-CI bond and  reduce the 35Cl resonance 
frequency. This cffect opposes the purely inductivc electron-withdrawing power of the  
substituent. 

It seems difficult to verify this hypothesis. In the first place the idea that the 
observed frequencies a rc  in any way anomalous depends on our faith in the 
oversimplified concept of clectroncgativity. In thc second, although the hypothesis 
explains two separate observations. it is difficult to use it to predict anything. The  
multiplicity of d orbitals makes it unfortunately unlikely that there would be the 
marked stereo chemical depcndcncc which is so revealing for first-row substituents. 
However, at  the present it is the best we can do  and, aftcr all, may well be correct. 

E. Condensed Aromatic Hydrocarbons 
T h e  studics of substituted benzcne derivatives find a natural extension in the study 

of halo-derivativcs of polycyclic hydrocarbons. From thc theoretical point of view the 
main diffcrences that o n e  would expect to find among the monohalo derivatives would 
bc a difference in the partial double bond character of the  carbon-halogen bond, but it 
has been seen above that the frequencies of the substituted halobenzenes scem to  be  
mainly determined by inductive effects. It is therefore perhaps not surprising that the  
35Cl resonance frcqucncies of the compounds in Table  20 are so similar, even though 
thc partial double bond characters of the  chlorine-carbon bond, particularly for 
9-chloroanthracene. a r e  expected to  bc very different from each other. 

F. Heterocyclic Halides 

1. Pyridine and the polyazines 

Of all the hetcrocyclic systems this is the  onc which has been the  most extensively 
studied by halogen nuclcar quadrupolc resonance. As usual it is the  35Cl resonances 
which provide the most da ta  and  attention will be  focuscd on these. 
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TABLE 20. 3sCI resonance frequencies (in megahertz at 77 K)  of 
chloro derivatives o f  condensed polycyclic hydrocarbons 

Molecule V 7 7  Ref. 

Chlorobcnzenc 34.62 3 
1-Chloronaphthalene 34.606 65 
2-Chloronaphthalene 34.69 115 
9-Chloroanthraccnc 34.5 1 117 
9-Chlorophenan threne 34.837 117 

35.167 

34.765 (phasc 11) 
35.208 (phasc 111) 

1.4-Dichlorobenzcne 34.780 (phase I )  5 

1.4-Dichloronaphthalcne 35.125 116 
9.10-Dichloroanthracene 34.899 65 

Table 21 shows the resonance frequcncies for a variety of chloroazines, together 
with those of analogous chlorobenzenes for refcrence. The most striking thing about 
these frequencics is the low values for chlorine atoms adjacent to nitrogen. This is 
most clearly shown in thc chloropyridincs where, on thc basis of the inductive effcct of 
the electroncgative nitrogen atom, one would expect thc resonance frequencies to be 
in the order 2-chloropyridine > 3-chloropyridine > 4-chloropyridine --- chlorobenzene. 
Thc last three items are correctly predicted but the frequency of 2-chloropyndine 
instead of being thc highcst is the lowest of all. This point is even  more strikingly 
illustrated by the frequencies of 2-chloroquinoline. We are also fortunate in the present 
case that most of the monohalopyridines have been studied by microwave 
spectroscopy where, becausc of the small mass difference between a nitrogen atom 

TABLE 21. 3'Cl quadrupole resonance frequencies (in megahertz at 77 K) of chloro- 
azines and the analogous chlorobenzencs 

Moleculc V 7 7  Ref. 

Chlorobenzene 34.622 32 
o-Dichlorobcnzenc 35.580, 35.755. 35.824 62 
rii-Diclilorobenzenc 34.809, 34.875, 35.030 62 
p-Dichlorobenzenc 34.780 62 
S)')~z-Trichlorobenzene 35.545, 35.884. 36.1 15 1 I8 
2-Chloropyridine 34.1 94 1 19, 120 
3-Chloropyridinc 35.234 119 
4-Chloropyridine 34.739 I19 
2,6-Dichloropyridine 34.654 121,122 
3.5-Dichloropyridine 35.62 121,122 
2-Chloroquinolinc 33.271 119,120 

3,(,-Dichloropyridazine 
3-Chloropyridazinc 34.52, 35.33 123 

124 
2-Chloropyrimidinc 34.42, 34.52 123 
2-Chloropyrazine 35.02. 35.09 124 
2.3-Dichloropyrazinc 36. I0  123 
2,6-Dichloropyrazine 35.219. 35.694 124 
2-Chloroquinoxaline 34.22 123 
2,3-Dichloroquinoxaline 35.66 123 
Cyanuric chloride 36.738, 36.771 120. 125 

35 .Y 06, 36 .O I 5, 36.427, 36.433 
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and a CH group compared to the large mass of a halogen, the inertial axis essentially 
coincides with the C-X bond even for the 2- and 3-halopyridines. These results are 
shown in Table 21 and i t  can be clearly seen that the low frequencies of the 
2-halopyridines is not an artefact of the solid state. For polychloro derivatives or  for 
the polyazines the frcquencies behave in a fairly systematic additive manner with the 
notable exccption of the effect of two nitrogen atoms adjacent to a halogen as in 
2-chloropyrirnidine where the effect of the orrho nitrogen atoms is not cumulative. 

It was originally suggested 1 2 ( ’  that the low frequency of 2-chloropyridine was due to 
conjugation with thc nitrogen atom, 

facilitatcd by the high electronegativity of nitrogcn. If it is assumed that in 
3-chloropyridine the  only effcct of the nitrogen atom is an inductive one, increasing 
the resonance frequency over that of chlorobenzene by 0.6 MHz. and that this 
inductive effect will be about three times greater in the 2-position, then we may use 
equation (17) to calculate the additional double bonding rcquircd to produce the 
observed frequency reduction as 5.8%. Added to the 3.1% double-bond character of 
p-dichlorobenzene this implies a total double-bond character of 8.9% and an 
asymmetry parameter of 0.21. Unfortunately, however, although the asymmetry par- 
ameters of 3,5-dichloropyridine 1 2 1 . 1 2 2  (0.086) is very similar to that of p-dichloro- 
benzene, in 2,6-dichloropyridine it is only 0.1 1 81217122. These values are similar to the 
asymmetry parameters for 2- and 3-chloropyridine measured in the gas phase 
(Table 22). Even worse, in cyanuric chloride, where the lowering effect of the adjacent 
nitrogen atoms is by no means apparent, the asymmetry parameter is quite high (0.23, 
0.21)5. We are forced to conclude either that the asymmetry parameters are not a 
good measure of conjugation - and there is other evidence to support this point of 
view (Section 1II.E) -or  that the explanation of the low frequency of 2-chloropyridine 
is incorrect. 

An alternative explanation may be the same as that proposed for the low frequency 
of the a-chloro ethers, namely partial donation of the nitrogen lone pair electrons to 
the C-Ci bond: 

Certainly the lone pair orbitals and the C-CI bond are now held in the most 
favourable position for such interaction to occur. In the absence of furthcr information 

TABLE 22. Gas-phase halogen quadrupole coupling constants (in megahertz) for monohalo- 
pyridines 

2-Halopyridinc 3-Halopyridine 4-Halopyridine - 
Nucleus e2Qq v Ref. e’Qq q Ref. e2Qq q Ref. 

3 5 ~ 1  -71.10 0.10 126 -72.15 0.07 127 -72.0 0.12 128 
79Br 552.2 0.10 129 - - - 557.5 0.08 129 

- 1881 0.08 130 - - - - 1938 0.04 130 1271 
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it is not possible to decide which of the two mechanisms is responsible for the low 
frequency of 2-chloropyridine, and indeed both mechanisms may be contributing to  
some extent. CNDO c a l ~ u l a t i o n ' ~ ~  indicate that both interactions occur but that the 
lone pair interaction is more important. INDO calculations on these systems have also 
been reported'32 and, like the CNDO calculations, reproduce the experimental trend 
in 2-, 3- and 4-chloropyridine. 

Finally, substituent effects in these systems have been discussed by Bray and his 
coworkers:33. 

2. Other nitrogen-containing heterocycles 

Several studies havc been made of other nitrogen-containing heterocycles but the 
data are limited134-'39. The  chloroimidazoles have been covered the most 
thoroughly140 and some representative results are shown in Table 23. The difference 
between 4-chloro- and 5-chloroimidazole is noteworthy: the lower frequency of the 
4-chloro derivative is an immediate consequence of the lone pair donation mechanism 
sincc in the 4-chloro derivative thc lone pair on nitrogen and the C-CI bond are in the 
same plane whereas in 5-chloroimidazole thc lone pair axis and the C-CI bond are  
perpendicular. 

TABLE 23. 35Cl resonance 

Compound v77 

uencies (in megahertz at 77 K) 
of chloro-N-methylimidazoles 

D - C H 3  

CI 

P - - C H 3  

CI CI 

N q C '  kCH3 - 

CI CI 

36.720 
36.924 

35.034 

35.840 
37.639 
37.758 

36.420 
36.912 
37.260 
37.860 
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TABLE 24. 35CI resonance frequencies (in megahertz at 77 K) 
of chlor~thiophenes'~' 

141 

Substitucnt Y77 

2-CI 36.920,37.044 
2,5-Dichloro 37.018,37.071 
2,3,4,5-Tetrachloro 37.517,38.500 
2-CI, 5-CN 37.530,37.416 
2-CI, 5-CHO 37.1 23,37.200 
2-CI, 5-CH3 36.68 
2-CI, 5-Si(CH3)3 36.321 
2-CI, 5-SiC13 37.252 

3. Halothiophenes 

Apart from the polyazines the only other hcterocyclic systcrn to have been studied 
in depth is thiophcnc. Unusually, too, in this case there is as much, if not more, data 
for the bromo- and iodothiophcncs as for thc chlorothiophenes. In Tablc 24 are shown 
the 35CI resonance frequencies for several substituted chlorothiophenes. For the 
5-substituted 2-chlorothiophenes the 3sCl resonance frequency is related to the 
Harnrnctt u parameter of the substitucnt in the para positionIJ1 by the equation 

v~~ = 36.872 + 0 . 8 8 ~ ~ .  

This should be compared with the  correlation for substitutcd c h l o r ~ b e n z e n e s ~ ~  

v~~ = 34.526 + 1.024 1 ~ i .  (30) 
i 

For the brorno derivativcs (Table 25), where a much wider variety of compounds with 
various substitution patterns are available, the correlation for the 7"Br resonance of 
2-brornothiophcneslJ2 is 

(31 1 Y~~ = 290.9 + 6.7 2 ~i 
i 

and for 3-brornothiophene~'~' 

v7' = 278.6 + 7.0 1 ui. 
i 

In  these equations the positions of the substituent constants are taken asortho, meta or 
paru according to whether the positions of the brorno group and the substituent are 
separated by zero, one or two carbon atoms. There are thus no 'para-substituted' 

TABLE 25. 7'Br resonance frequencies (in megahertz at 77 K) 
of broniothiophenes 

Subs t i t ue n t " 7' 
~~ 

2-Br 2 90.93 
3-Br 277.40, 279.8 
2.5-Br' 291.68,291.98,292.73,293.07 

3.4-Brz 285.15,288.40, 289.46,292.44 
2,3.4,5-Br4 296.62,296.89,305.51,305.94 

293.86, 294.47, 295.09 
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3-bromothiophenes. These correlations should be compared with the correlation for the 
79Br resonances of bromobenzenesGs: 

v17 = 271.6 + 9.14 C oi. 
I 

(33) 

Thus both for 3sCI and 7?13r resonances the general correlation seems to indicate that 
the thiophene ring transmits substituent effects slightly less efficiently than the 
benzene ring. 

For the iodothiophenes the existence of two resonance frequencies provides at once 
the value of the asymmetry parameter. As for the chloro and bromo dcrivatives the 
frequencies of the  2-iodothiophencs are highcr than those of the corresponding 
iodobenzenes. The asymmetry parameters are usually similar, with one or two notable 
exceptions (Table 26) 

A limitcd study of the effect of substituents in the iodothiophenes yields the 
correlation for the 5-substituted 2-i0dothiophcnes"*'~~: 

(34) e2QqZgX = 1986 + 1 7 9 ~ ~ .  

The corresponding equation for the para-substituted iodobenzenes is 

e2Qq2ys = 1837 + 112u,,. (35) 

In this case the thiophene ring appears to transmit electronic cffectsmore effectively 
than a benzene ring. It must be realizcd. however, that the correlations for the 
thiophene dcrivatives are based on rather few compounds and the slopes and 
intercepts in  the equation are subjcct to considerable errors and in the author's 
opinion the results show that the thiophene and benzene rings transmit electronic 
effects to about the same extcnt. This conclusion agrees with that based on purely 
chemical evidence 144. 

G. Carbonyl Chlorides 

As befits an important class of organochlorine compounds, thc carboxylic acid 
chlorides have been extensively studied. The low resonance frequency of this group 
(Table 27) is usually ascribed to conjugation and partial double bond formation (see 
Section 1V.F for the analogous 2-chloropyridines), but may well be due to the 
interaction between the lone pair electrons o n  the oxygen atom and the 
carbon-chlorine bond (Section 1V.D). The only measured asymmetry parameter, that 

TABLE 26. 12'1 quadrupole coilpling constants (in mcgahertzat 298 K) 
of 5-substituted 2-iodothio henes and the corresponding pnrci- 
substituted iodobenzenes" ? '43 

2-lodothiophenes p-Iodobenzenes 

Substituent e'f?ql~z rl e'Qqlh '7 
~~ 

--I 1997 0.0360 1841 0.0424 

-COOH 1940 0.0565 1841 0.053 

-COOCH3 2052 0.01 59 1867 0.0787 
-COCH3 2 05 2 0.01 55 1884 0.09 13 

2009 0.0608 

1968 0.0355 

--NO2 2084 0.052Y 1889 0.0661 
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TABLE 27. "CI resonancc frcqucncies (in megahertz at 77 K) 
of substituted carbonyl chlorides, RCOCI 

Substituent "77 

-CH3 28.855,29.070 
-C6H5 29.91 8 
-CHzCI 30.437 
-CHC12 32.147 
-cc13 33.721 
-CF3 34.432 
CH30- 33.224 
(C2H j)zN- 3 1.877 
-Cl 35.081.36.225 
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of carbonyl chloride (q = 0.25)32 lends support to the double-bonding hypothesis, but 
a more extensive study of the asymmetry parameters in these systems would be 
welcome. 

The effect of s u b ~ t i t u e n t s ' ~ ~  and of chain lengthIJ6 on the 3sCl resonance frequency 
has been studied. The resonance frequency for RCOCI compounds is given by the 
relationship 

(36) v 7 7 =  28.972 + (1.544 _t 0.111)u*, 

\ 
2 = O  

where u* is the Taft inductive parameter of R. This equation implies that the 

group transmits the electronic effect of the substituent somewhat more effectively than 

\ 
/ 

does the CH2 group (Section 1V.A). There is also an important qualitative difference 

between the two series inasmuch as the effect of the rnethoxy group is now more or 
less in accordance with the electronegativity of the oxygen atom and of course the 
corresponding amino compounds no longer ionize spontaneously. This is no doubt 
mainly due t o  the fact that in the chloroformates the basic system is planar because the 
lone pair p-electrons of the alkoxy group now conjugate with the carbonyl group and 
thus are completely misaligned for interaction with electrons of the C-CI bond 
(Section IV.0) .  

Analogous to the carbonyl chlorides are the chloroimines and the chloroiminium 
salts (Table 28) .  The frequencies of N-phenyldichloroimine are not too dissimilar from 
those of carbonyl chloride, although the relative electronegativities of oxygen and 
nitrogen would have led one to anticipate that the chloroimines would have had the 
lower frequencies. The chloroiminium salts have notably higher frequencies, as would 
have been expected from the positive charge on the nitrogen atom. 

H. Acetylenes 

Substituent effects in haloacetylenes have been studied in only a few compounds 
(Table 29). Their interpretation is hindered by the fact that both u and n shifts may 
occur and these affect the resonance frequencies in opposite directions (equation 16). 
This is the probable reason for the small effect on going from chloroacetylene to 
cyanogen chloride36. 

In view of what we have already seen for the chlorobenzenes it is not surprising 
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TABLE 28. 3sCI resonance frequencies (in megahertz at 77 K) 
of chloroimines and chloroiminium salts 

Compound 

~ ~ 

v 77 Ref. 

C6t-Ifl=CCI, 36.128 
37.047 

35.786 

37.050 

r,. . 39.52 
39.60 
39.68 

'I  39.99 

147 

148 

106,148 

148 

that t h e  :W resonance frequencies of substituted p-chlorophenylacetylenes, 
CICJI.+C~C-R, are but little affected by the naturc of R13y. 

1. Carboranes 

Several studies of the carboranes show that the carboranyl group is highly electron 
withdrawing. Thus thc 3sCI resonance frequencies of a chlorine atom directly bonded 
to  the carbon atom of the carborane system is in the neighbourhood of 41 MHz while 
that of the  chloromethyl carborancs is around 37 MHz and of the carborane carboxylic 
acid chlorides around 33 MHz. (Table 30). The  electron-withdrawing power of the 
three carboranes is similar and in the order orrho > meia > para. Studies of the 
transmission of substituent effects through the two carbon atoms of the o-carborane 
system have been made150. 

J. Polycoordinated Organic Halides 

The halogen resonances of C~,H51C12'5J, of C&1510267, and of various 
diphenylhalonium compounds, (C&Is)2X +Y-  1s5-178, have been measured. T h e  low 

TABLE 29. 3sCl resonance frequencies (in megahertz at 77 K) 
of chloroacetylenes36 

Compound v77 

HCSCCI 39.127,39.294 
BrCGCCI 39.448, 39.573 
ICECCI 39.439, 39.629 
NCCECCI 39.614,37.701 
NECCI 41.736 
C & ~ C f C C l  38.939, 39.144 
HOCHzCECCI 39.378, 39.384 
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TABLE 30. 3scl resonance frequencies (in megahertz at 77 K) of chlorine 
containing carboranes 

Compound v77 

~~ 

Ref. 

I-Phenyl-2-chloro-o-carborane 
I -Me thyl-2-chloro-o-carboranc 
1 -Methyl-7-chlorc~rn-carborane 
1 -Methyl- 12-chloro-p-carboranc 
1 -Phenyl-2-chloromcthyl-o-carborane 
1 -Mcthyl-2-chloromethyl-o-carborane 
o-Carborane carbonyl chloride 
rn-Carboranc carbonyl chloride 
p-Carborane carbonyl chloride 

41.51 
41.124 
40.98 
40.47 
36.33. 36.95 
37.02 
33.01 8, 33.276 
32.091 
32.400, 32.430 

151 
151 
151 
151 
150 
152 
153 
153 
153 

frequencies are in accord with the  higher coordination number of the halogen 
nucleus4. 

K. Molecular Complexes 

1. Donor-acceptor complexes 

The effect of certain catalysts is t o  form a complex with the substrate which then 
reacts more  readily than the  uncomplexed molecule. T h e  variations in electronic 
structure which a re  responsible for the reactivity change produced by complex 
formation can be studied by NQR spcctroscopy in model systems and a number of 
such studies involving thc carbon-halogen bond have becn made. 

Most of the systems studied can be  represented by the  general formula DMX, where 
D is an electron-donor site, M rcprescnts thc rest of the  molecule and  X the halogen 
nucleus. This molecule is studied both in the free state and  in the form of a complex 
with Lewis acid, ADMX.  

Several different factors may be varied. For a given molecule the effect of different 
donors may be studied and for  a given molecular framework the halogen nucleus, 
considered as a probe, can be  placed at  different distances from the reactive site. 

A fairly complete study of this kind has been carried out on the c h l o r ~ p y r i d i n e s ' ~ ~ .  
Chloro substituents can be placed in the  2-, 3- or 4-positions and stable complexes a re  
formed with a variety of Lewis acids, including H+. Table  31 shows typical results. It 
transpires that the  frequency shift - naturally enough t o  higher frequencies - is but 

1ABLE 31. 35CI resonance frequencies (in megahertz at 77 K) of 
complcxed chloropyridine~'~' 

Y77 

Complex 2-CI 3-CI 4-CI 

Free base, DMX 34.194 35.238 34.89' 
DMX HCI 37.555 37.05 35.94 
DMX BC13 38.572 37.305 36.585 
DMX SbCIS 37.872 37.076 - 
DMX HgClz 38. I 90 - 313.32~ 
DMX BiCI? 37.413 - 36.399 
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little influenced by the nature of the acceptor and, not surprisingly, the magnitude of 
the shift is greater the closer the halogen is to the site of complexation. The frequency 
shift in the 2-chloropyridines corresponds to an increase in covalent character of about 
7%. 

In Table 32 are shown the frequencies of complexes where the organochlorine atom 
is attached to a carbon atom directly bonded to the donor atom. The greatest shift 
occurs for the BC13 complex of chloromethyl methyl ether. This may reflect not only 
the partial charge on the oxygen atom but also the fact that the lone pair electrons can 
no longer interact with the  electrons of the C-Cl bond. The negligible shift for 
cyanogen chloride is no doubt a consequence of the fact that shifts occur both in the n 
and u populations of the chlorine atom and that these have opposing effects on the 
resonance frequency. 

2. Sandwich compounds 

A few studies have been made of the effect of complexation by transition 
metal carbonyls and related compounds. The most extensive of these concerns 
complexes of the general formula [ RC6H4CI.- Fee. C,H5]+PF;. The  35Cl NQR fre- 
quency of the chlorobenzene fragment is related to the inductive parameter of 

TABLE 32. 35CI resonance frequencies (in megahertz at 77 K) of organochlorine nuclei in 
donor-acceptor complexes 

V77 

Complex Complex Free donor Ref. Av 

CI 
/ 

38.572 34.194 159 4.38 

159 4.25 

CICGN-SbCI, 42.005 41.736 160 0.26 

35.772 30.180 

34.320 30.180 

37.963 33.104 
38.03 1 

159 5.59 

161 4.14 

159 4.89 
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R, ul, by the  equations 

v77 = 37.1 3 + 0.82 uI  (37) 

v77 = 37.13 + 0.720, for t ~ e r a  substituents. (38) 

for para substituents. 

Comparison with the results for uncomplexcd chlorobcnzenes shows that the basic 
resonance frequency has been increased by 2.5 MHz while the substituent effect seems 
slightly less marked. 

Although it is possible that it is the positive charge which is responsible for t he  
increase in resonance frequency, a similar increase has been observed for the neutral 
complex C6HSC1-Cr(C0)3 (36.83 MHz, chlorobcnzene 34.62 M H Z ) ' ~ ~ .  

3. Van der Waals' complexes 

Apar t  from the above complexes, where there is a specific donor-acceptor 
interaction, there have been extensive studies of systems for which the  molecular 
interaction is more diffuse, as for example, with the complexes of trichloracetic acid164. 
of chloroform l h S ,  of c h l ~ r a n i l ' ~ ~ . ~ ~ ~  o r  of picryl chloride1". The  frequency shifts a r e  
here much less marked and NQR does not in general throw very much light on the  
nature of the interaction. Other complexes are discussed by Weiss". 

L. Conformation and Configiiration 

1. Introduction 

Differences in chemical reactivity brought about by differences in conformation o r  
configuration are well known, but i t  is not  always clear that these differences stem 
from differences in the electronic structure of the ground state. NQR seems to afford a 
way of answering this question and  accordingly a number of studies have been devoted 
to this point. It is, however, in only one system - the chloro ethers - that a large and  
unambiguous effect has been observed. 

This is not to say that conformational and configurational effects in other systems d o  
not exist, but as we have seen on several previous occasions, the fluctuations 
introduced by solid state effects and even by local intramolecular field gradients a r e  
often of a magnitude comparable to  the effect we are  trying to  study. Thus, to take a 
typical example, in 1,3,5-trichlorobenzene, where all three chlorine atoms a r e  
identical in the  free molecule, three 3sCl NQR frequencies are observed with a spread 
of 0.57 MHz and, in perhaps an extreme case, two resonances a re  observed for COClz  
separated by 1.14 MHz. As usual therefore we can draw no firm conclusion from 
isolated measurements unless the  effect is very large. T h e  difficulty is often, however, 
t o  have a sufficiently large number of similar systems for often the only strictly 
comparable molecules a re  just two geometrical isomers. 

2. Cis/trans isomers about a carbon-carbon double bond 

T h e  final remark of the above paragraph can be immediately illustrated with this 
system. As Table 33 shows, a relatively large number of cis/tratis isomers have been 
studied, but there is n o  a priori reason for supposing that the difference between two 
cisltratzs isomers should be either of similar magnitude o r  of similar sign for two 
different substituents. In accordance with this both positive and  negative differences 
can be seen and, with two or three exceptions, the differences a re  small. 

In addition to these studies a number of compounds of the  general formula 
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TABLE 33. 35Cl NQR frequencies (in megahertz at 77 K) of cis- and rruns-substituted vinyl 
chlorides 

X Y A v  
x\ / y  c=c 
CI/ 'H 

x\ /H ,c=c 
CI 'Y 

Ref. 

H CI 34.837, 34.894 34.497 0.36 169 
H COOH 35.261 34.315, 34.337 0.94 169 

COOH 34.250' 34.980' -0.73 169 
Ph SOzPh 35.647, 35.765 34.964 1.11 169 

Ph CI 35.692 35.68 1.08 169 

H OCH3 34.21 9 35.033 -0.81 170 

CH3 

35.920, 36.076 

37.796 35.81 

H HgCl 33.132 32.806 0.32 5 
H HgBr 33.078 33.246 -0.17 5 
H HgBr 32.95 33.77 - 0.82 5 

'Thcse two frequencies werc incorrectly interchanged in Ref. 169. 

R'R'C=CCI? have been investigated and,  once again, the frequency difference 
between the resonances of the two chlorini: atoms is  mall''^)-'^^. 

3. Cis/trans isomers about a carbon-carbon single bond 

Although in this case there are possibilities of a large number of comparable systems 
there are nevertheless a t  least two different types of isomeric pairs. For 
cyclohexane-like systems, where the substituents on adjacent carbon atoms have a 
staggered conformation, trans isomers are  usually axial-axial and cis isomers 
axial-equatorial. There also exist, however, systems where adjacent substituents 
eclipse each other and in this case we might expect the interactions to  be more marked. 

For cyclohexane-like systems the NQR spectra of the various isomers of 
1,2.3,4,5,6-hcxachlorocyclohexane show a tcndency for axial chloro substituents t o  
have frequencies around 0.5 M H z  lower than those in the equatorial position, 
although the assignments a re  not always clear. The  frequency spread in those com- 
pounds is, however, over 1.5 MHz,  and this must be due  to a combination of 
intra- and intermolecular  interaction^'^^-'^^. In 1,2-dichloroeycloheptane and 1,2- 
dichlorocyclooctane the frequency difference between cis and f r m s  isomers is only 
about 0.1 MHz and a similar difference occurs in two isomeric dichlorocholresteryl 
benzoates 169. In agreement with the results for the hexachlorocyclohexanes, for 
several 5-chloro-1,3-dioxanes and 5 -ch lo rod ioxa th i ane~ '~~  the resonance frequency 
for a chlorine atom in the axial position is about  0.5 MHz lower than that of a chlorine 
atom in the equatorial position. 

Systems containing the CC13 group also are expected to  show stereochemical effects 

CI 
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TABLE 34. "CI NQR frequencies (in megahertz at 77 K) of R'R:CCCl3 

R' R2 Y77 Av Ref. 

149 

CI H 39.02 0 93 
CH $3 I3 38.150 0.67 93 

(CHd nC1 H 37.310 1.22 93 

38.304 
38.825 

38.308 
38.528 

39.433 
39.5 19 

38.814 
39.039 

H OH 38.189 1.33 182 

H P -CG,H4 38.487 0.55 183 

since in only exceptional cases is it possible for the three chlorine atoms to be 
equivalent. Thus for a compound RCH,CCI3 (1) or  R2CHCC13 (2) we have at least two 
different chlorine atoms. 

Such an effect was noted early in the history of NQR and, as the data in Table 34  
show, the splitting is in the region 0.5-1.3 MHz. Compounds where the CC13 group is 
attached to a conjugated system are discussed in Section 1V.K.S. 

Table 35 shows results for eclipsed systems. As expected the differences are large 

TABLE 35. 35Cl NQR frequencies (in megahertz at 77 K) of eclipsed vicinal dichloro derivatives 

C i s  tram Av  Ref. 

mC' \ CI 
34.603 33.915 0.73 184 
34.730 33.958 

35.652 33.232 2.42 184 
35.836 

35.234' 34.403" 0.69 184 
35.335 34.689 

C H p O C  

CHSOOC 

35.446 33.996 1.01 185 
35.748 35.184 

"Exo, em-dicarbomethoxy derivative. 
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here, that for the dichloroacenaphtenes being particularly noticeable. In all four pairs 
the cis isomer has the greatest frequency. 

4. Synlanti and endo/exo isomers 
Table 36 shows a few representative values for pairs of isomers of polycyclic systems 

where the difference resides in the synlanti or exolendo position of the chlorine atom. 
From what has gone before we would expect the differences to be small, as  indeed they 
are. 

TABLE 36. Stereochemical effects in polycyclic systems 
( Y in megahertz at 77 K) 

Compounds "77 Ref. 
~~ 

33.021 186,187 

32.158 186,187 

34.750 188 

34.050 188 

36.620 188 
36.850 

36.420 188 
36.751 

36.342 188 
36.446 
36.536 
36.618 
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5. The effect of orientation with respect to a conjugated system: hyperconjugation 

The interaction between a single a-bond and a conjugated system is usually referred 
to as hyperconjugation and, although originally applicd to interactions involving C-H 
bonds, can in principle be studicd through the halogen NQR spectroscopy of 
carbon-halogen bonds. Such hypcrconjugation must in fact be orientation dependent 
for the C-X bond, attaining a maximum in 3 and zero in 4. Dewar and HerrIs9 invoked 

(3) (4) 

this effect to explain the effects of substituents in substituted benzyl chlorides where, 
in the absence of ortho substituents or in the presence of two ortho substituents, the 
benzyl chlorides have form 3 while one ortho substituent will favour form 4. It was also 
used to explain the difference (0.84 MHz) between the resonance frequencies of the 
CC13 group in p-chlorobenzotrichloride I9O. The frequencies of trichloromcthyl groups 
attached to a conjugated system have been discussed by Ardalan and Luckenlgl and 
although the frequency spreads are frequently more than 1 MHz the explanation of 
this is certainly more complex than the one given above. The splittings observed here 
are comparable in magnitude with those observed when the CC13 group is attached to 
a saturated system so that in fact there is no compelling reason to ascribe the effect to 
hypercon j ugat ion. 

6. a-Chloro ethers 

As mentioned in Section 1V.D the mechanism proposed to explain the low NQR 
frequency of a-chloro ethers has definite stercochemical consequences and, since the 
lowering of the frequency of a-chloro ethers is several mcgahertz, these should be 
easily discernible. Evidence from structural ~ t u d i e s ' ~ '  and conformational 
equilibrialy3, where the anomalous preference of an a-chloro substituent to adopt the 
axial position in cyclic ethers was baptised the 'anomeric affect', also indicated that this 
would be a fruitful field for study. 

The first clear evidence of the effect was noted in 1970 and substantiated by 
extensive studies of several different systems in the following ~ e a r s I ~ ~ - ' ~ ~ .  These 
studies show that, as predicted by the lonc pair/C-CI bond interaction hypothesis, 
two otherwise equivalcnt chlorine atoms have resonance frequencies 2.42 C 0.1 3 
MHz lower when the C-Cl bond is in the axial position than when it is in the 
equatorial position. This large and regular frequency difference is absolutely unique 
in 35Cl NQR spectroscopy. For comparison the total range of frequencies for RCHzCl 
compounds is 9 MHz (Table 8). 

Finally a variety of molecular orbital calculations of various degrees of 
sophistication confirm that the flow of electrons from the lone pair oxygen orbital to 
the C-CI bond does indeed occur and is of the correct magnitude to explain the NQR 
frcquency d i f f e ren~es l~~- '~ ' .  
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M. Analysis and Structure Determination 

1. Introduction 

Analytical applications of NQR are by n o  means numerous, in particular for organic 
chemistry the powerful tool provided by NMR is usually more than adequate for the 
solution of most analytical and structural investigations. In some circumstances, 
however, particularly for heavily chlorinated compounds, the method can be used to 
advantage. 

2. Qualitative analysis 

One of the practical applications - as usual using 35CI NQR - arose from the 
problem of determining the structure of the different products, CgC18, arising from the 
exhaustive chlorination of cyclooctatetraene202. Table 37 shows the structures of the 
three isomers and thcir 35Cl NQR frequencies. NQR could not of course arrive at 
these structures alone. It is possible, however, to differentiate between several 
chemically reasonable structures and this is the technique applied in this case. Thus the 
frequencies of the y isomer are all relatively low, thus indicating the absence of any 

TABLE 37. 35Cl resonance frequencies (in megahertz at 77 K) 
of isomers c&18 

Isomer Structure v77 

a 

Cl 35.53 
35.95 
36.99(2)' 
37.91 
38.18 
39.63 

CI 

D 

CI 

Cl 39.91 

Y 

37.32 
37.49 
37.60( 2) ' 
37.94(2)" 
38.12 
38.51 

CI - 

36.60 
37.13( 2)' 
37.27 

61 Cl 

"The figures in parentheses after the frequencies indicate the 
relative intensity of this resonance in cases where this is different 
from unrty. 
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TABLE 38. 3'CI resonance frequencies (in megahertz at 77 K) 
of complexes of boron trichloride with organic nitriles204 

Compound "77 

153 

BC13 
CH3CN. BCl? 

CC13CN 

CC13CN .BC13 

2 1.580 

22.300 

41.553 
41.666 
41.730 

23.084 
23.156 
37.821 
40.26 3 
41.163 
41.679 

gem-dichloro groups or small rings, and sufficiently close together to indicate that all 
C-Cl bonds a re  basically similar. Octachlorocyclooctatetraene is the only reasonable 
candidate for this. For the other two likely structures the cz isomer having the highest 
frequencies must contain the CClz groups, lcaving the remaining structure for the p 
isomer. 

The addition of BC13 to organic nitriles usually yields donor-acceptor complexes 
RCN-BC13. For nitriles with very electronegative substituents there was infrared 
evidence that addition takes place across the C G N  triple bond203, and this was 
confirmed by NQRzo4 through the appearance of a new resonance typical of a 
chlorine-carbon bond (Table 38). The final product probably consists of a dimer 
having a four-membered boron-nitrogen ring: 

CI\ /CCI, 
P. 
L 

II 
N CI 

B B 
CIA \N' 'CI 

CI\ / \ / 

II 
P. 

A related example is the reaction between chlorodimethyl ether and certain Lewis 
acids. With BCI3 or  SnC14 it reacts to give a donor-acceptor complex with the oxygen 
atom as the donor site. This is clearly revealed by the increase in frequency of the 
organochlorine nuclcus (Section 1V.J). With SbCIS on the other hand, the NQR 
spectrum shows the disappearance of the+typical organochlorine resonance and here 
the product is the ionic complex CH2=OCH3.SbClf, 205. Two reviews of analytical 
applications of halogen NQR have been published in the last d ~ c a d e ~ ~ ) ~ . ' ~ ~ .  

3. Structure determination 

Several different types of crystalline structural information are available from NQR. 
For example the three resonances in 1,3,5-trichlorobenzene show that the threefold 
symmetry of the isolated molecule is lost in the crystal ( to be strictly correct this could 
also mean that there are three inequivalent molecules, each with threefold symmetry, 
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in the unit cell). Likewise the two resonances for p-chlorophenol show that the unit 
cell contains two non-equivalent phenol molecules. Such information is of use to the 
crystallographer wishing to make an X-ray diffraction study. In the same vein dis- 
continuities in the frequency/temperature relationship are diagnostic of a phase 
change. 

Zeeman studies of single crystals yield more detailed information. An early example 
of this was 1 ,2,3,4,5-tetrachlorobenzenezu*, where the three principal directions of the 
35Cl field gradient tensors define the orientation of the whole molccule, again 
providing a starting point for the X-ray crystallographer. 

When heavily chlorinated molecules are studied the principal directions of the 
various chlorine atoms are often sufficient to give a fairly complete structural picture, 
although of course bond lengths are not obtained. Examples of this are 
perchloro( 1,2-dimethylene cyclobutane)209, perchloro-5-methylcyclopentadienez~o 
and perchloro-3-cyclopcntanonez~ I ,  where the rings have been shown to be almost 
planar and a number of ‘bond angles’ determined. Whether this technique presents 
any advantages over modern conventional crystallography is, however, doubtful. 

N. NQR in Excited Triplet States 

A variety of experiments combining the techniques of optical spectroscopy and 
magnetic resonance have yieldcd information about quadrupole coupling constants in 
excited triplet states. The measurements are, however, time-consuming and can only 
be applied to molecules having appropriate triplet lifetimes and spectra so that data 
are by no means extensive. The subject was reviewed in 1975 by Harris and BuckleyzIz 
and wc completc this review by including a selection of more recent r e f e r e n c e ~ . ~ I ~ - ~ l ~ .  
The interpretation of differences in quadrupole coupling constants between ground 
and excited states is complicated by the fact that the molecular geometry in the excited 
state may be very different from that in  the ground state and is. in addition, unknown. 
In fact a large change in quadrupole coupling constant has been taken to imply a major 
change in molecular geomctry. 
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1. INTRODUCTION 

The term 1,2-dehalogenation indicates a particular type of p-elimination which 
involves the loss of two halogen atoms from 1,2-dihaloalkanes and 1 ,Zdihaloalkenes 
with formation of alkenes and alkynes, respectively. Generally, both reactions are 
reduction processes which can be conveniently represented as in equations (1) and (2) 
(X, Y = halogens)]. Reactions (1) and ( 2 )  are promoted by a great variety of species 

/R" + x- + Y- 
,R" R \  

R,,c=c\ R"' 
+ 2 e  - R\  

R'/ cx-cy \R"' 

RCX=CYR' + 2 e - RCECR'  + X- + Y -  (2) 

(reductants)2, the majority of which can be usefully divided into three categories: 
(a) two-electron or  nucleophilic reductants; (b) one-electron reductants (metal ions 
and radical ions); (c) metals. Furthermore, dehalogenations can be promoted by 
electrochemical means3, by high energy radiation4 and, in some cases, simply by 
heating'. 

The range of reactivity covered by the possible reductants is enormous and the 
dehalogenation of all dihalides can be performed when the appropriate reductant and 
experimental conditions are used. Recently, a 1,4-elimination of fluorine from a 
perfluoroalkene has been reported6. 

Another important consequence of the great structural differences between the 
reductants is that different reaction mechanisms can operate not only when reductants 
belonging to different categories are considered but, sometimes, also when they belong 
to the same category. Generalizations are therefore extremely difficult and should be 
made with caution. 

Even though we will discuss the mechanistic aspects of these reactions later on, 
some general considerations are appropriate here. 

In most cases the dehalogenation process involves the attack of the reductant on one 
of the halogen atoms, whereas the other halogen atom has the role played by the 
leaving group in the more common p-elimination of HX from alkyl halides. However, 
the reaction of dihalides with mercurials7 is probably a four-centre reaction and the 
two halogens could play exactly the same role. In general the tendency of the various 
halogens to be attacked by either an ionic or a radical reductant decreases in the order 
I > Br > CI 5 F, and the same order holds for the leaving group ability of halides. 
The two facts account for the extremely low reactivity of difluorides (poor group with 
respect to the interaction with the nucleophile and poor leaving group) and allow a 
general reactivity order of different dihalides to be predicted. Thus, a 1,2-dibromide 
should be more reactive than the corresponding I-bromo-2-chloro derivative and the 
latter more reactive than the corresponding 1,2-dichloride. This has been observed 
experimentally, for example, in the iodide ion-promoted dehalogenat ion~~-~.  Because 
of their reactivity and the easy preparation, dibromides are frequently the substrates 
of choice in dehalogenation processes. 

The above considerations also explain why elimination is possible even when one 
of the two halogen atoms in the vicinal dihalide is replaced by another group, e.g. OH, 
OTs, OR, OCOR, which can act as the leaving group. However, since such groups 
are poorer leaving groups than halogens the elimination is slower than in the case of 
vicinal dihalides, and requires the use of the strongest reductants'". Moreover, in this 
case the simple reduction of the carbon-halogen bond has a greater chance to compete 
with the elimination reaction. 
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&Br - Nal &' 
\ 

AcO AcO 
(1 1 

Br 
Br 

SCHEME 1 

Dehalogenations (mostly debrominations) have been used as a means for the 
purification of olefins for many years". Olefins are converted into dibromides which 
can be easily separated, having a higher boiling point. The pure olefin is then obtained 
from the dibromide by dehalogenation. Another frequent use of the bromination- 
debromination procedure is in the protection of double bonds in reactions which can 
affect them. An example is the synthesis of the 3-~-acetoxy-20-keto-5,14,16-triene (1) 
from 2, reported in Scheme 112. By addition of bromine to the 5,6 double bond a 
dibromide is obtained, which then undergoes allylic bromination by N-bromo- 
succinimide (NBS). The 5,6 double bond is regenerated by addition of sodium iodide. 
Under the experimental conditions of the debromination reaction hydrogen bromide 
is also lost. 

Dehalogenation reactions have also been successfully employed as a part of 
synthetic sequences which generate a structurally new double bond; this point is 
illustrated by the synthesis of bicyclo[4.2.0]octa-2,7-diene (3)13 from cycloocta- 
tetraene (Scheme 2). In this case the starting material is not the dihalide of the 
resulting alkene. Moreover, dehalogenation reactions have been shown to  provide a 

SCHEME 2 
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simple route to adamantene which, in principle. is extendable to other anti-Bredt 
a l k e n e ~ ’ ~ - ’ ~ .  

Thus, the frequent statementi4 that 1,2-dehaIogenations have scarce synthetic utility 
since dihalides are generally prepared from alkenes and alkynes is not warranted13. 
This is all the morc true if w e  also consider the preparative value of the closely related 
climination reactions of halohydrins, haloethers, etc. For example, the sequence 

-COCHR- - -COCBrR- - -CH(OH)CBrR- - -CH=CR- 

is a general method for introducing unsaturation in a stcroid nucleus”. 
Of the two dehalogcnations described in equations (1) and (2), process (1) is by far 

the more important as regards generality and scope. This chapter will thereforc be 
devoted mainly to a discussion of the most significant features of 1,2-dehaIogenations 
from vicinal dihaloalkanes and related rcactions, with particular reference to problems 
concerning the mechanism, stereochemistry and relationships between reactivity and 
structure. The subject has been reviewed several times in the  the most recent 
and comprehensive review being that due to Saunders and C o ~ k e r i l l ~ ~ .  

Finally, it should be pointed out that, in addition to those mentioned above, other 
dehalogenation reactions from 1,3- and 1,4-dihalides are possible. In the 1,3- 
dehalogenations cyclopropane derivatives are formed and in  the 1 ,bdehalogenations 
cyclobutancs or dienes are obtained. Even though these reactions are outside the 
scope of this chapter, reference to them will be made whencver necessary. 

!I. DEHALOGENATIONS PROMOTED BY TWO-ELECTRON REDUCTANTS 

A. General 

Dehalogcnation from vicinal dihalidcs can be promoted by a great variety of 
nucleophiles or two-elcctron reductants. These include halide ions8-2s-’7 except 
fluorides, sulphur nucleophiles (c.g. t h i o l a t ~ s ? . ~ ~ . ~ ~  sodium hydrogen ~ u l p h i d e ~ ~ ,  
t h i o ~ r e a ~ ’ . ~ ’ ,  sodium t h i o ~ u l p h a t e ~ ~  and sodium benzcncsulphinate’), phosphorus 
nucleophiles (e.g. p h o ~ p h i n e s ~ ~ . ~ ~ ,  a lky lph~sph i t e s~~  and ph~sphides’~.~’) ,  a r ~ e n i d e s ~ ~ ,  
cyanide ions3*, sodium hydrogen telluride3”, sodium s e l ~ n i d e ~ ~ ,  alkyl and aryl 
selenides“, hydrides (c.g. lithium aluminium hydride?’, sodium hydrideJ’ and sodium 
t r imethoxybor~hydr ide~~) ,  organometallic compounds (c.g. b ~ t y l - ~ ~  and phenyl- 
lithium44 and o r g a n o c ~ p r a t e s ~ ~ )  and nitrogen and oxygen nucleophiles 
(e.g. a m i n e ~ ’ . ~ ~ . ~ ~ ,  a l k o ~ i d e s ~ ~  and hydroxidc ions4”). Dehalogenation can be also 
promoted by the solvent. e.g. dimethylformamidc (DMF)26.sn or  e t h a n ~ l ~ , ~ ~ ,  without 
the addition of external reductants. For many of these nucleophiles only some of the 
available refercnccs are indicated; these should be regarded as the sourccs for other 
literature data. Other lists of nucleophiles havc been reported’.’i.24. It should also be 
noted that for most of these specics the classification as two-electron reductants is 
deduced from their general behaviour and not from evidence concerning dchalogen- 
ation reactions specifically. 

Iodide ion is certainly the  nuclcophile most frequently used in dehalogenation 
reactions. Generally. the reaction is carried out by using an excess of sodium iodide 
in organic solvents, such as acctonc o r  methanol. Recently, iodide-promoted 
dehalogenations have been also pcrformed in the prcscncc of a phase-transfer 
c a t a l y ~ t ~ ~ - ~ ~ .  Catalytic amounts of sodium iodide and of a phase transfer agent (hexa- 
decyltributylphosphonium bromide) in the presence of excess sodium thiosulphate 
have been used”. Iodide i o n  which is converted to 17 in the dehalogenation process 
(equation 3) is continuously regencrated by thiosulphate. 
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RCHBrCHBrR' + 31- - RCH=CHR'+ 1; + 2 Br- (3) 

Among the more recently studied dehalogenating nucleophiles, sodium hydrogen 
telluride3" appears promising. This reductant can be prepared iri sifu from tellurium 
powder and sodium borohydride and has the advantage that tellurium can be 
recovered quantitatively and re-employed. Organocopper reagents have also turned 
out  to be effective reductants, especially useful in the debrominations of dibromo- 
esters4'. Moreover, simple heating of a dibromide in D M F  in the presence of thiourea 
oxide can provide a very convenient procedure for-debromination". 

A common feature of dehalogenations induced by nucleophiles, regardless of the 
detailed reaction mechanism, is the nucleophilic attack (two-electron transfer) of the 
reductant at  one of the halogen atoms. The  transition state involves the nucleophile 
and the dihalide; second-order kinetics, first-order in each reactant, are generally 
observed. 

The most suitable substrates for these reactions are cx,P-disubstituted vicinal 
dihalides, RCHXCHXR' (X = halogen), especially dibromides. Further substitution 
normally favours dehalogenation; in contrast, with 1,2-dihaloethane or with primary 
dihalides of structure RCHXCH2X, the competition between dchalogenation and an  
SJ nucleophilic substitution of X -  can become important. 

Whereas we will deal later in more detail with this competition, as well as with the 
competition between dehalogenation and dehydrohalogenation, i t  is useful to  mention 
here that dehalogenation can be the final outcome of the reaction between a dihalide 
and a nucleophile, even when the latter first attacks the carbon atom to give a substi- 
tution product. This occurs when such a product, unlike the starting material, can be 
converted into the final olefin by the nucleophile itself. 

This pathway, also designated as the indirect or the substitution-elimination 
mechanism, can be of significant importancc when primary dihalides react with iodide 
ions. SN2 substitution leads in this case to an iodohalogeno derivative which is very 
easily dehalogenated by further reaction with iodide ions (equations 4 and 5). 

RCHXCH2X + I- - RCHXCH2I + X -  (4) 

RCHXCH21 + 21- - RCH=CH*+ 13 + X- (5) 

Evidence supporting the operation of an indirect mechanism has bcen found for the 
iodide-promoted dehalogenations from mL.SO-1,2-dibromo-l ,2-dideuteroethaneS3 and 
some vicinal dichloro- and bromochloroalkanes5s. These reactions exhibit a syti 
stereochernistry, in agreement with an initial substitution step occurring with inversion 
of configuration followed by an atztz elimination (see below). Interestingly, the stereo- 
chemical outcome of these reactions has been exploited to devise an efficient method 
for the interconversion of geometrical olefins via a two-step sequence: halogenation 
(with C12 o r  BrCI) and iodide-induced dehalogenationSs. 

Almost certainly primary dibromides too are dehalogenated via the indirect 
mechanism, as structural effects on the rate are those expected for a biomolecular 
nucleophilic substitution (see Section II.D.2). This suggests that the nucleophilic dis- 
placement is the rate-determining step". A substitution-elimination mechanism has 
been also suggested for the dehalogenations of 2,3-dihalogenotetrahydrofuran 
promoted by iodide ionss7. 

B. Mechanisms 

The nucleophile-promoted dehalogenation in which two bonds are formed and two 
arc  broken is a very complex process, with a number of possible reaction pathways 
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which is even greater than that available for the base-catalysed H X   elimination^^^. 
To simplify the discussion we will regroup these pathways into two main mechanistic 
schemes. 

In the first scheme, dehalogenations are supposed, from the mechanistic point of 
view, to resemble closely the p-elimination of HX, as originally suggested by Winstein, 
Pressman and Young59. By analogy with the latter process, a concerted mechanism of 
dehalogenation (equation 6, where X = halogen and Nu = nucleophile), and two 
stepwise mechanisms involving the formation of a carbanion (equation 7 )  and a 

\ / Nu- xc-cx - 
/ \  

\ 1 Nu- xc-cx - 
/ \  

\ / - - x -  
xc-cx - 
/ \  

carbocation (equation 8) 

\ / - 1  -c-c, - ,c=c\ + x -  
18 I 

X 

(7) 

as reaction intermediates can be envisaged. In the above 
equations the carbon atom bearing the halogen which departs as an anion is the 
a-carbon (C,), and the carbon bearing the halogen attacked by the reductant is the 
P-carbon (Cp). This notation will be used throughout the chapter. 

The concerted mechanism of equation (6) is analogous to the E 2  mechanism of 
dehydrohalogenation reactions and can be labelled either in the same way or, as 
suggested by KO and Parker", by the notation E2Hal. Likewise, we can also speak of 
E l c B  and E l  mechanisms of dehalogenation (equations 7 and 8, respectively). 
However, it must be recognized that the former notation is formally incorrect since the 
initially formed carbanion is not the conjugate base of the substrate. 

As in the E 2  dehalogenations, the rupture of the two carbon-halogen bonds might 
not be synchronous in the E2Hal mechanism. Thus, a spectrum of transition-state 
structures (Scheme 3), from the El-l ike (4) to  the ElcB-like (6), which differ in the 
relative extent of C,-X and C,-X bond breaking, should in principle be possible 
for concerted dehalogenations, according to the theory of the variable E 2  transition 
state61. In the middle of the spectrum is the 'central' transition state structure (S), 
in which formation and rupture of the various bonds is synchronous, or nearly so, 
and no appreciable charge is developed on C, and CII. O n  the basis of the analogy 

Nu Nu 

x x 
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between dehalogenations and dehydrohalogenations it has also been suggested62 that 
the former reactions might take place by a mechanism corresponding to Winstein and 
Parker's E2C mechanism63, where the nucleophile interacts simultaneously with both 
the P-halogen and C, (transition state 7 ) .  

Br ....N u 

6r 

(7) 

For steric and electronic factors similar to those at work in E 2  dehydrohalogena- 
tions", dehalogenations occurring by a concerted mechanism are expected to follow 
preferentially an anti stereochemistry. However, strict stereospecificity is not expected 
for El  and E l c B  dehalogenations. 

The alternative mechanistic framework for 1,2-dehaIogenations is based on the view 
that, by the principle of microscopic reversibility, the mechanism of these reactions 
should be closely related to that of the reverse reaction, i.e. the halogen addition to 
alkenes. According to this premise, Hine and Braider first suggested that the reversible 
iodide-catalysed deiodination of 1 ,Zdiiodoethane takes place by a stepwise 
mechanism (equation 9), involving the same bridged intermediate thought to be 
implied in the iodine addition processs6. The sequence of equation (9) has been 

extended by Miller and coworkers25 to include a number of interconvertible 
intermediate bridged species, halonium ions and open carbonium ions (Scheme 4). 

Although Scheme 4 was originally devised to account for the iodide-promoted 
dehalogenations from meso- and ~,~-1,2-dibromo-l,2-diphenylethane, there is no 
doubt that it can be considered a reasonable mechanistic sequence for any kind of 
nucleophile-promoted dehalogenation. Since the formation of the bridged inter- 
mediate requires that the two halogen atoms assume an anti arrangement, an anti 
stereochemistry can be also predicted for dehalogenations occurring by this 'halonium 

+N"$ 

X 

TI Nu- 

~ \ /X< / I +  ..x - 
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ion mechanism’ provided that no interconversion between isomeric intermediates 
takes place before they decompose to the olefin. 

In the following sections we will present the experimental results concerning stereo- 
chemistry and reactivity in nucleophilc-promoted dehalogenation reactions in relation 
to the above mechanistic schemes. It is anticipated that very often dehalogenations can 
be reasonably described in terms of both the E2Hal and the halonium ion mechanisms. 
In these cases, as correctly pointed out by Saunders and C ~ c k e r i l l ~ ~ ,  the preference for 
one mechanism or the other is a question of personal choice. 

C. Stereochemistry 

Most of the studies on the stereochemistry of dehalogenation reactions deal with 
dibromoalkanes as substrates. However, even in this limited group of substrates, the 
structure of the dibromide can significantly influence the stereochemical course of the 
reaction. 

With meso and erythro diasteroisomers of vicinal dibromides of the type 
RCHBrCHBrR’, a very marked unti stereochemistry is generally observed with a great 
variety of nucleophiles, independently of the substrate structure. For example, yields 
of 2 90% of trans-2-butene are obtained in the reactions of meso-2,3-dibromobutane 
with iodide ions9, lithium aluminium hydride2I, ~ e l e n i d e s ~ ~ ~ . ~ ~ ,  thiolatesZ8, 
C3H5Fe(C0)2P(C6H5)$ 6s and p h e n y l l i t h i ~ m ~ ~ .  Trans-stilbenc is the exclusive reaction 
product in the debromination from rneso-1,2-dibromo-l,2-diphcnylethane promoted 
by iodide8,9.2s*66.67, b r ~ m i d e ~ . ~ ~ . ~ ~  and chloride8.26 ions, lithium aluminium hydride”, 
sodium hydride41, sodium b ~ r o h y d r i d e ~ ~ ,  sodium trimetho~yborohydride~’, thio- 
~ u l p h a t e ~ ~ ,  thiourea3’, p-methylbenzcnthiolate’ and t r i p h e n y l p h ~ s p h i n e ~ ~ . ~ ~ .  Likewise, 
only cinnamic acid is formed in the dehalogenation from erythro-dibromocinnamic 
acid by iodide ions6y and thiourea3’. Anti stereoselectivity has also been observed in 
the iodide ion-promoted dehalogenations of medium ring d i b r o m ~ a l k a n e s ~ ~  and in 
some dehalogenations in D M F  in the absence of nucleophilessO. 

A quite different situation arises with D,L or thrco dibromidcs, as in this case the 
substrate structure can influence the stereochemical course of the reaction somewhat. 

Simple aliphatic dibromides of the type RCHBrCHBrR’ (R, R’ = alkyl groups) 
again exhibit predominant anti stereoselectivi?y, at  least with most of the nucleophiles 
tested (iodide  ion^^^.^", lithium aluminium hydride”, thiolateszx, ~ e l e n i d e s ~ ’ ~ ,  
C6HSFe(C0)2P(C6HS)~ 6s, phenyl l i thi~m~“).  In contrast, the stereoselectivity of a,P- 
disubstituted threo and D,L-dibromides where R and (or) R’ are phenyl groups or 
groups capable of stabilizing a negative charge, appears to depend on the nature of 
the nucleophile and the experimental conditions (e.g. solvent, temperature). Thus, 
whereas cis-stilbene is formed predominantly from D , L - ~  ,2-dibromo-l,2-diphenyl- 
ethane with iodide ions, p-methylbenzenethiolates and phenyIsulphinates*, prevalent 
or exclusive formation of trans-stilbene is obtained with bromide  ion^'^.^^, n-butyl- 
lithium43, lithium aluminium hvdride2’, sodium tr imethoxyb~rohydride~~,  sodium 
borohydride4’, t r i p h e n y l p h o ~ p h i n e ~ . ~ ~  and sodium hydridej’ (where cis-stilbene + 
trans-stilbene isomerization is, however, possible under the reaction conditions). 

Since the latter nucleophiles give trans-stilbene when the substrate is rnesso-l,2- 
dibromo- 1,2-diphenyIethane, we are dealing in these cases with stereoconvergent 
processes where the trans olefin is the major product from both diastereoisomers. 
Another example of stereoconvergent reaction is the debromination of meso- and 
~,~-diethyl-l ,2-dibromosuccinatc with t r iphenylpho~phine~~.  

The  conclusion from these results is that nucleophile-promoted dehalogenations 
from dibromides generally follow an anti stereochemistry. However, drastic deviations 
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from this pattern are possible for reactions involving D,L or threo dibromoalkanes 
substituted by aryl or electron-withdrawing substituents. 

The  preference for an anti coplanar arrangement of the two bromine atoms in the 
transition state of the dehalogenation reaction is also supported by reactivity data. 
However, this is ncarly exclusivcly limited to iodidc ions as nucleophiles. Thus, a meso 
or  erythro dibromide is generally debrominated faster than the corresponding D,L or  
ttzreo isomer, in agreement with the fact that the former can more easily assume the 
conformation appropriate for an anti elimination (compare 8 with 9). Moreover, in 

Br Br 

Br 

(8) 

Br 

(9) 

going to thc resulting olefin the interaction between the two R groups in 9 is expected 
to increase due  to the eclipsing effect, with a consequent increase in the reactivity of 
the meso (erythro) form over that of the D,L (threo) one. A substantial differcnce in 
rate is observed when R = phenyl: the k,nr.so/kD,L ratio changes from 65 in methanol2s 
to more than 300 in DMFG7 for the reactions of 1,2-dibromo-1,2-diphenylethanes with 
iodide ions. With bromide ions in DMF, k,,fc..so/kD.L is 6OZ7. Much smaller values are 
obtained when R = CH3. In the reactions of 2,3-dibromobutane k,rfc.so/kl,.l. is bctween 
1.7 and 3, dcpending on  the temperature and the s ~ l v e n t ~ ~ . ~ ' - ~ ~ .  

Thc  strong preference for. an anti diaxial Conformation is confirmed by the obser- 
vation that 5cr,6/3-dibromocholestan-3/3-yl benzoate with two axial bromines under- 
goes fast dehalogenation by iodide ions in acetone (67%) reaction in 225 min at 5°C) 
whereas the 5/3,6a-isomcr does not react under identical experimental  condition^^^. 
N o  reaction is also observed between iodide ions and a derivative of cis-2,3-dibromo- 
[ 2.2. I]bicycloheptane which has two cis coplanar bromine 

Likewise, trmzs-l,2-dibromocyclohexane reacts with iodide ions c.  11 times faster 
than the cis isomer76 and a much higher traizs:cis reactivity ratio has becn estimated 
for the reaction of the same nuclcophile with l,1,2-tribromocyclohcxanes77. The 
former ratio is probably a lower limit since the cis-dibromide should react by the 
substitution-elimination mechanism. 

Interestingly, an anti alignment of the halogen atoms is also favoured in eliminations 
from 1,2-dihaloalkenes; thus, traizs-l,2-diiodoethylene reacts with iodide ions to give 
acetylene much more rapidly than the cis isomeri8. 

If we now look at the results of the stereochemical studies in terms of possible 
reaction mechanisms, the first observation is that both the E2Hal and the halonium 
ion mechanism could be operating in the arzti elimination from ineso and crythro 
dibromides. In order to make the latter mechanism compatible with an anti stereo- 
chemistry, no isomerization between the bridged intermediates should take place. This 
is plausible since with nicso and erythro dibromides both stereoelectronic and confor- 
mational factors are aligned and the most stable bridged species is formed. It follows 
that the E2Hal  and the halonium ion mechanism cannot be distinguished for these 
reactions on stereochemical grounds alone. 

The  discussion of the significant deviations from an anti stereoselectivity which 
occur in some dehalogcnations of D,L and threo dibromides is more complex and a t  
least three possibilities have to be considered. 

If we follow the view of the close analogy between dehydrohalogenations and 
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dehalogenations (equations 4-6), these deviations could be attributed to the inter- 
vention of a concerted syn dehalogenation or  of an E l c B  mechanism of dehalogen- 
ation, operating in various combinations with the E2Hal mechanism. In the D,L and 
the rhreo dihalides the conformational and stereoelectronic factors are opposite and it 
is more difficult to achieve an anti coplanarity of the two halogen atoms than in the 
case of meso and eryrhro isomers. In some systems the opposition of these confor- 
mational factors to anti dehalogenation might become so important that the reactions 
of the D,L and the threo isomers are forced to utilize reaction pathways different from 
the concerted anti route which is preferred by the meso and erythro forms. 

A concerted syn dehalogenation has been proposed to account for the predominant 
syn stereoselectivity observed in bromide ion-promoted dehalogenations of D , L - ~  ,2- 
dibromo-l,2-diphenylethane24 and 
aluminium hydride2*. A transition 

c . . . . i j r  

B r  B r  
. .  . .  

. .  . .  

in some hehalogenations -induced by lithium 
state (10) involving an interaction between the 

substrate and the ion-paired nucleophile, similar to that suggested for HX elim- 
in at ion^'^, has been considered possible for the former reactionz4. However, the 
observation of a predominant anti stereochemistry in the iodide-promoted dehalogen- 
ations of medium ring d ibromocy~loa lkanes~~ (a system very suitable to undergo syn 
dehydrohal~genat ions~~),  would indicate that, at  least for the halide ion-induced 
reactions, a concerted syn mechanism is not highly probable. 

The intermediacy of the coordinated carbanion 11 has been suggested to account for 
the syn elimination from erythro-l-bromo-2-methoxy-l,2-diphenylethane promoted 
by n-butyllithium in non-polar  solvent^^^^^". To account for the syn stereospecificity 
the additional hypothesis that metal-halogen exchange proceeds with retention of 
configuration has been made. Interestingly, stereospecificity disappears when the 
reaction is carried out in diglyme, a very effective solvent for solvating the metal 
cation, where the carbanion is probably present as a solvent-separated ion pair. 

However, it is not certain that this mechanism may operate also with dibromides. 
When n-butyllithium reacts with 1,2-dibromo-1,2-diphenylethane a stereoconvergent 
reaction is observed: trans-stilbene is predominantly formed from both the meso and 
the D,L isomer, as frequcntly observed with other nucleophiles. This may indicate that 
the carbanion is no  longer coordinated with Li', since coordination with bromine is 
less effective than with oxygen, and can therefore undergo rotation. Alternatively, 
since bromine is a much better leaving group than methoxy, an intermediate carbanion 
is not formed and a different mechanism is operating. 

The  second possible explanation for the stereochemical results, which is limited to 
halide-promoted dehalogenations, is the intervention of a substitution-elimination 
mechanism. Accordingly, the overall stereochemical outcome of this mechanism is a 
syn elimination and it  is reasonable that this mechanism would operate only in the 
reactions of substrates which exhibit the greater reluctance to undergo the normal 
anti elimination process. However, no evidence is available to support a substitution- 
elimination route for the reactions of a,P-disubstituted dibromides. In fact, data for 
iodide-promoted dehalogenations of D , L - ~  ,2-dibromo-l,2-diphenylethane are contra- 
dictory to this p o ~ s i b i l i t y ~ ~ .  



5. 1,2-DehaIogenations and related reactions 171 

Finally, the deviations from anti stereoselectivity observed with some D,L and threo 
isomers can be also rationalized by the halonium ion mechanism. Unlike the reaction 
of the meso and erythro diasteroisomers, the less stable bridged species is formed from 
these substrates. It could therefore show a strong tendency to isomerize into the more 
stable isomer, presumably via the open carbonium ion (Scheme 4), before the 
decomposition to alkene takes place. Variable degrees of stereoselectivity should 
result depending on the role played by conformational factors. When complete 
isomerization occurs, the reaction is thermodynamically controlled. 

Conformational factors are not expected to be very important in the 2,3-dibromo- 
butane systems, and anti stereoselectivity is generally observed in the reaction of both 
diasteroisomers. In contrast, the conformational factors should be much more signifi- 
cant in the 1,2-dibromo-1,2-diphenylethane system, and the less stable bridged species 
formed from the D,L isomer can more easily isomerize. Thus, predominant or exclusive 
formation of trans-stilbene, which is the most stable olefin, is observed on some 
occasions. 

The  significant dependence of the stereoselectivity upon the nature of the solvent 
and the nucleophile which has been noted in these reactions2 is in agreement with the 
above suggesiion since both the solvent and the nucleophile might influence to some 
extent the interconversion rate between the bridged species. Moreover, the halonium 
ion mechanism also accounts nicely for the observation that the dehalogenation of 
threo and D,L dibromides is frequently accompanied by formation of solvolysis 
p r o d ~ c t s ~ ~ . ~ ' .  These products could originate by reaction of the bridged species or the 
open carbonium ion with the solvent. 

Summing up, even though clear-cut evidence is not available, the most reasonable 
possibility out of the three discussed above is that ascribing the observed deviations 
from the anti stereochemistry to the intervention of the halonium ion mechanism. 
Since this mechanism is also able to account for the anti stereochemistry exhibited by 
most of the nucleophile-promoted dehalogenations, it provides a mechanistic frame- 
work to which all the results concerning the dehalogenation stereochemistry can be 
accommodated. 

However, even though this unifying interpretation is very attractive, the alternative 
hypothesis that the halonium ion mechanism intervenes only when the operation of 
the anti E2Hal  mechanism becomes unlikely due to conformational factors is also 
plausible and can rationalize experimental facts as well. At this stage of our discussion 
a firm choice between these two hypotheses is impossible. We will, however, further 
discuss this point after having dealt with structural effects on the rate of dehalogen- 
ation reactions. 

D. Reactivity and Structure 

1. The halogen 

T h e  role played by the nature of the halogen with respect to the reactivity of 
dihalides is twofold. O n e  of the halogen atoms serves as the electrophilic centre, and 
undergoes the nucleophilic attack (whatever is the detailed mechanism) whereas the 
other halogen serves as the leaving group and is displaced as an anion. 

Most information on this subject refers to reactions where iodide ion is the 
nucleophile. Nevertheless, the conclusions should be substantially valid, in most cases, 
for reactions with other nucleophiles. 

If we first consider the halogen as electrophilic centre, the reactivity generally 
decreases in the order I > Br > CI * F, which parallels the order of the ease of 
electrochemical reduction of the carbon-halogen bondss2. The polarizability of the 
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halogen, which decreases in the same order as the reactivity, probably plays an 
important role in this respect since it should diminish the energy of the interaction 
between the halogen and the nucleophile in the transition state. Additional factors 
contributing to the observed reactivity order could be the strength of the carbon- 
halogen bond, which increases in the order I < Br < CI < F, and the neighbouring 
group ability of the halogens, which decreases in the same order83. The former factor 
should, however, be more important for dchalogenations occurring by the E2Hal 
mechanism, whereas the latter should play a role only when the halonium ion 
mechanism is operating. 

T h e  energy associated with the formation of the halogen-nucleophile bond appears, 
on the contrary, to  play a secondary role. Accordingly, if this factor were important, 
deviation fiom the observed reactivity order would have been expectedx4 since the 
strength of the halogen-nucleophile bond increases in going from iodine to fluorine. 
A reasonable explanation is that the formation of this bond has not progressed to a 
large extent in the transition state of dehalogenation reactions. 

Quantitative information on the relative tendency of the various halogens to 
undergo a nucleophilic attack in a dehalogenation reaction are available only for 
iodine and bromine with iodide ions as nucleophiles. Thus, erythro-1-chloro-2-iodo- 
1,2-diphenylethane reacts with iodide ions, either in methanol or in DMF, c. lo6 times 
faster than erythro-1-bromo-2-chloro-l,2-diphenylethanex5. A smaller but still signifi- 
cant iodine:bromine reactivity ratio of c.  lo4 is observed when dehalogenations by 
iodide ions of 1,2-dibromoethane and 1 -bromo-2-iodoethane are compared in 
acetonex6. (Even though 1,2-dibromoethane reacts mainly by a substitution-elim- 
ination mechanism, a small part of the dehalogenation appears to proceed by a direct 
elimination. The  rate of this direct elimination was measured by following the initial 
rate of iodine formation.) The difference in the iodine:bromine ratio can be justified, 
at least partially. by the higher overcrowding in the diphenylethane system than in the 
ethane system. Therefore, a steric relief of strain in the former system can facilitate 
the loss of ICI compared with that of BrCI. 

Qualitatively, the greater reactivity of bromine with respect to chlorinc and of 
chlorine with respect to fluorine is deduced, for example, from the observation that 
iodide ions dehalogenate 1,2-dibromodiphenylc:hane much fastcr than they 
dehalogenate the corresponding dichloro derivative9, or from the fact that only Clz 
is eliminated in the reaction of the chlorofluoro derivative 12 with Ph3P 
(equation 

Ph3P 

C F2C I C F C I C F2C FC I C F2 C 0 E t ---- C F2 = CF C F2C FC I C F2C 0,E t ( 1 0) 

When the nucleofugal halogen is considered, the expected reactivity order is again 
I > Br > CI > F. which is the order of the leaving group abilities of the halogens in 
nucleophilic displacements88. 

Quantitative data for the bromine :chlorine leaving group effect (kB,/kcJ have been 
obtained by comparing dehalogenation rates of meso-l,2-dibromo- and erythro- 
1-bromo-2-chloro-l,2-diphenylethan~~. With iodide ion as a nucleophile the k B r / k C I  

ratio is 87 in mcthanol and 260 in DMF, thus suggesting a substantial degree of 
C,-halogen bond breaking in the transition state. A value of c. 30 for the kB,/ka 
ratio can be calculated from the data for iodide-promoted dehalogenations of truns- 
1,2-dibromo- and trans-1 -bromo-2-chloro- cyclohexanes in methanol76. 

The  iodine : bromine leaving group effect appears to be significantly smaller than the 
bromine: chlorinc one: it is reported that iodide ion dehalogenatcs 1,2-~iiiodoethane 
only three times faster than 1-bromo-2-iodoethanexo. 
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The great reluctance of fluorine to depart as an anion is nicely illustrated by the 
observation that whereas when 1,2-dibromoethane is treated with iodide ions it gives 
ethylene, via l-bromo-2-iodoethane, 1-bromo-2-fluoroethane forms 1-iodo-2-fluoro- 
ethane86. 

When the leaving group is not a halogen atom, the reactivity order again follows the 
order of leaving group ability observed in nucleophilic displacementse8. Thus, in the 
reaction of a series of trans-1-bromo-2-X-cvclohexanes with iodide ion. the reactivitv 
of different X groups has been found ;o decrease in the order OBs > OTs 2 
0 ~ 0 ~ 9 0 .  

From the combined effect of the halogens as electrophilic centres and as nucleofugal 
groups, the reactivity order diiodides > iodobromides > dibromides > brorno- 
chlorides > dichlorides > chlorofluorides > difluorides can be predicted for the 
dehalogenation reaction. 

2. The organic moiety 

In studies of the effect of the organic moiety most quantitative studies again concern 
dibrornides as substrates and iodide ion as a nucleophile. Beside the fact that iodide 
ion-promoted reactions have long been the most important ones among the dehalogen- 
ations induced by nucleophiles, it should also be noted that kinetic studies of these 
reactions can be conveniently carried out by measuring the concentration of the 
triiodide ion formed (equation 3). 

As already anticipated, primary dibromides RCHBrCH2Br are generally dehalogen- 
ated by iodide ions via the substitution-elimination mechanism. For thcse substrates, 
structural effects are, therefore, those cxpected for SN2 displacements on ethyl 
bromideg1. As shown in Table 1 ,  the replacement of hydrogen at the p-carbon by an 
alkyl group slows down the dehalogenation rate”, in linc with the  operation of a steric 
effect which hinders the initial nucleophilic attack at carbon. 

An opposite situation holds for thc direct dehalogcnation of cr,P-disubstituted 
dibrornoalkanes. Both in acetone and methanol (Table 2) dehalogenation rate 
increases with the  branching in the alkyl moiety. The reactivity order is therefore 
secondary-secondary < secondary-tertiary < tertiary-tertiary. It has been suggested 
that this order is indicative of a transition state with significant S N ~  characterz5. 
However, the reactivity order of Table 2 also parallels the stability order of the 
resulting olefin and it is possible as well to suggest a transition state structure which 
incorporates many of the essential features of the final product. 

The effect of aromatic substituents o n  the dehalogenation rate gives useful infor- 
mation o n  the transition state structure since steric effects are kept constant in this 
case. 

TABLE 1. Reactivity data for the dehalogcnations 
of RCHBrCHzBr romoted by iodide ions in 
methanol at 75°C R 

R k2 x lO4,s-’ h1-I 

H 4.27 
CH3 0.18 

t~ -C3H7 0.28 
Br 0.16 
C6H5 5.03 
C02H 5.07 

CzH5 0.25 
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TABLE 2. Relative reactivity for the iodide-induced dehalogenations from 1,2- 
disubstituted dibromides in acetone and methanol 

Substrates 

Relative reactivity 

Acetone (20°C)" Methanol (59°C)' 

CH3CHBrCHBrCH3 (meso) 1 1 
rruns- 1,2-Dibromocyclohexane 0.45' 
CH-,CHBrCBr(CH3)2 2.50 80.2 
(CH3)2CBrCBr(CH3)2 109 71 I d  
Br2CHCHBr2 0.23' 
C6H5CHBrCHBrC6Hs (meso) 209 561f 

"Ref. 66. 
'Ref. 73. 
'Rcf. 76. Extrapolated from data at other temperatures. 
dRef. 92. Extrapolated from data at other temperatures and compared with rmns-1,2- 
dibromocyclohexane. 
eRef. 93. Extrapolated from data at other temperaturcs. 
fRef. 25. 

Benzalacetophenone,p-nitrobenzalacetophenone and nt-chlorobenzalacetophenone 
dibromides are dehalogenated by iodide ion at a very similar ratey4, the substituent 
exerting only a small activating effect. Baciocchi and Schiroli have investigated the 
dehalogenation from eryrhro p-methoxy- and p-nitro-substituted 1,2-dibromo-l,2- 
diphenylethanes promoted by iodide ions in methanol and by iodide, bromide and 
chloride ions in DMF8. The results for the reactions with iodide and bromide ions 
(Table 3) show that in either solvent substituent effects are very small, with both 
electron-releasing (OCH3) and electron-withdrawing (NOz) substituents increasing 
the dehalogenation rate to a very small extent. Similar results have been also obtained 
in the reactions promoted by chloride ions. 

This reactivity pattern has been substantially confirmed by a later study on the 
dehalogenations of p,p'-disubstituted 1,2-diphenyl-l ,Zdibromoethanes by iodide ions 
in acetone96. 

TABLE 3. Kinctic data for the dehalogenation of meso- or  eryflzro-l.2-dibromo-l- 
(p-R'-phcnyl)-2-(p-Rz-phenyl)ethancs promoted by iodide and bromide ions and 
triphenylphosphine in DMF 

Substituent 

R' R2 

H H 
H OCH3 
H NO? 
OCH3 OCH3 
NO2 NO2 
OCH 3 NO? 

k?. S - '  M-' 

I- (25°C)" Br- (25"C)sI Ph3P (50°C)' 

5.20 x 10-3 7.35 x 10-3 1.07 x lo-' 
1.43 x to-' 18.20 x lo-' 1.64 x 
1.15 x lo-' 25.50 x 3.10 x lo- '  
3.58 x 37.90 x 8.75 x 
2.20 10-2 167 x 10-5 1.69 
1.14 x lo- '  121 x 1 0 - ~  3.4 x 10-1 

"Rcf. 8. 
"Ref. 95. 
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These data clearly suggest that no significant amount of charge is present at either 
the a o r  the P carbon atoms in the transition state of thc halide ion-induced dehalogen- 
ation from 1,2-dibromo-1,2-diphcnylethanes. Moreover, the observation that 
substituent effec!s appear to be nearly unaffected by the nature of the attacking halide 
is indicative of a weak interaction between the halogen and the nucleophile in the 
transition state. This conclusion is in agreement with previous considerations con- 
cerning the role of this interaction with respect to the effect of thc halogen nature o n  
the dehalogenation rate. 

The iodide ion-promoted dehalogcnations of aryl-substituted erythro-2,3-dibromo- 
3-phenylpropionic acid appear to exhibit a different substituent effect than the 
reactions of 1,2-dibromo-l,2-diphenylethanesy7. It has been found in the former 
reactions that, compared with the unsubstituted compound, a p-OCH3 group causes a 
rate enhancement of 500-fold, while a p - N 0 2  group slightly retards the dchalogen- 
ation rate. A p value of -0.84 has been determincd for this reaction from the 
dehalogenation rates of a series of para and meta aryl-substituted 2,3-dibromo-3- 
phenylpropionic acids, not including the p-methoxy-substituted compound”. 
Substitucnt effects in the iodide-promoted dehalogcnation of the dibromides of 
styrene and a-naphthylethylene have been also determinedY9.lnn. However, in some 
cases these reactions could take place by the substitution-elimination mechanismgy. 

Structural effects in the iodide ion-induced dehalogenations can be satisfactorily 
rationalized by both the E2Hal and the halonium ion mechanism. Thus, thc small 
substituent effect observed in the dehalogenations from rneso-l,2-dibromo-l,2- 
diphenylethanes, together with the significant leaving group effects previously 
discusscd, are fully consistent with an E2Hal mechanism characterized by a central 
transition state with a well developed double bond. The substituent effect would arise 
from the conjugation between the substituent and the double bond, thereby account- 
ing for the observation that both the NOz and the OCH3 groups exert comparable 
effects on the rate. Small effects are expected, as actually found, since it is known 
that these groups contribute very little stabilization to a styrene-type systemIn’. In line 
with this interpretation, the 4-methoxy-4’-nitro compound exhibits a reactivity larger 
than that expected on the basis of the reactivities of the p-nitro and p-methoxy 
compounds sincc there is an enhanced conjugation involving simultaneously the two 
substituents and the developing double bond. 

The E2Hal mechanism with its spectrum of transition states (Scheme 3) can also 
account for the strong rate-enhancing effect of the p-OCH3 group on the dehalogen- 
ation of 2,3-dibromo-3-phenylpropionic acid. It is sufficicnt to assume that in this 
case the transition-state structure is no longer ‘central’ but El-like. 

On the other hand, small substituent effects are also predicted by the halonium ion 
mechanism if the formation of the bridged intermediate is the slow step, provided that 
the formation of the bond between the P-halogen and C, occurs nearly synchronously 
with the breaking of the C,-halogen bond. If the breaking of this bond is, instead, more 
advanccd than the formation of the former bond, positive charge should develop on 
C ,  and strong favourable effects of elcctron-releasing substituents become possible. 
Thus, both the halonium ion and the E2Hal mechanisms can account for the sub- 
stituent effects observed in the reactions of meso-l,2-dibromo-l,2-diphenylethanes 
and erythro-2,3-dibromo-3-phenylpropionic acids. 

It is also possible that the E2Hal and the halonium ion mechanisms can operate side 
by side in the halide ion-promoted dehalogenations, the prevalence of one Oi the other 
depending on the substrate structure. For example, on the basis of the presence o r  the 
absence of a common ion effect, it has been suggested that rneso-2,3-dibromobutane 
reacts with iodidc in acetone by the halonium ion mechanism, whereas meso-l,2- 
dibromo-l,2-diphenylethane is debrominated by the E2Hal mechanism66. The 
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preference for the halonium ion mechanism might be higher in the reactions of 
8-substituted alkyl iodides, due to the very great neighbouring group anchimeric 
ability of iodine, as well as in the solvolytic dehalogenations where, in the absence of a 
strong nucleophile, the departure of the nucleofugal group may require some assistance 
from the neighbouring halogen. For example, the formation of bridged intermediates 
has been suggested in the eliminations of iodine acetate from truns-diaxial-2,3- 
acetoxyiodo-5-cholestanes in acetic acidIo2, in the debromination from vicinal 
dibrornides in  DMFSo and in the alkyne-forming solvolysis of 1 ,2-disubstituted 2-iodo- 
viny1-2,4,6-trinitroben~enesulphonates~~~. 

Studies on thc substituent effects in dehalogenations from D,L and threo dibromides 
might be very useful for the distinction between the E2Hal and the halonium ion 
mechanism since, as previously observed, the latter mechanism should be the more 
probable one for these substrates in  several cases. It would be interesting, therefore, 
to know whether the substituent effects in the reactions of D,L and threo dibromides 
are similar or not to those exhibited by the meso and erythro isomers. 

Substituent effects in the dehalogenation from meso-l,2-dibromo-l,2-diphenyl- 
ethane promoted by t r iphenylpho~phine~~ are also reported in Table 3. In this reaction 
a p-nitro group exerts a significant rate-enhancing effect, c. 60-fold, whereas the 
similar effect of the p-methoxy group is much smaller, being c. 1.5-fold. The strong 
sensitivity of the dehalogenation reactions which are promoted by phosphorus nucleo- 
philes to the presence of electron-withdrawing groups is also confirmed by the 
observation that whereas 1,2-dibromoethane and 1,2-dibromopropane are not 
dehalogenated by triethyl phosphite, dehalogenation takes place when at  least an 
electron-withdrawing substituent is present at one of the bromine-bearing carbon 
atoms of these c ~ m p o u n d s ~ ~ * ' " ~ .  

In contrast to the iodide-promoted dehalogenations, the substituent effects observed 
in the reactions with triphenylphosphine fit only the E2Hal mechanism. The observed 
strong rate-enhancing effect of the p-nitro group can be rationalized by an E2Hal 
transition state with a high carbanion character (Scheme 3). The neutral character of 
the nucleophile could play a role in this respect since the incipient positive charge on 
the phosphorus atom might contribute to stabilizing the incipient negative charge on 
the carbon (cf. structure 12), thus favouring a carbanionic transition state. 

\ I /  
P6+ 

Rationalization of these findings by the halonium ion mechanism seems much more 
difficult. As no breaking of the CD-bromine bond occurs in the transition state of the 
step leading to the bridged intermediate, there is no way to account for the significant 
rate-enhancing effect of electron-withdrawing substituents. 

If the formation of the phosphorus-halogen bond were more advanced than that of 
the bond between 8-bromine and a-carbon, negative charge would accumulate on the 
bromine atom. However, even in this case there is no possibility that this charge is 
stabilized by electron-withdrawing substituents via a conjugative mechanism. 

The E2Hal mechanism, though, is not the sole route available for the triphenyl- 
phosphine-promoted dehalogenation. When a strong electron-attracting substituent 
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02NCHBrCHBrC6H5 - PPhj  02NCHCHBrC6H5 - MeOH 

SCHEME 4a 

(e.g.  NOz) is directly bonded to the P-carbon, the initial attack of triphenylphosphine 
at  bromine can lead to a carbanionic intermediate, i.e. to the ElcB mechanism. 
Evidence in this respect has been found in the reaction of 1,2-dibromo-l-nitro- 
2-phenylethane with triphenylphosphine in methanol; 2-nitro-1-phenylethyltriphenyl- 
phosphonium bromide was obtained, presumably by protonation of the intermediate 
carbanion followed by quaternization (Scheme 4a)35. The intermediacy of carbanions 
has also been shown in the 1,3-debromination of PhCH(Br)S02CH(Br)Ph by 
triphenylpho~phinel~~. The observation of an E l c B  mechanism for the  dehalogen- 
ations with triphenylphosphine probably makes plausible the suggestion that these 
reactions can also proceed by the E2Hal mechanism when no particularly stable 
carbanion can be formed. 

Finally, an interesting structural effect on dehalogcnation rate is the strong rise in 
rate caused by a 3-hydroxyl group in BHZ-promoted dehalogenations from 5a,6/?- 
dichlorocholestane derivativeslo6. This acceleration has been explained by assuming 
an E2Hal mechanism and suggesting electrophilic assistance by the 3-hydroxyl group 
to the departure of chlorine as shown in structure 13. 

CI 

I 

o\H . . _ _ _ _ _ .  c , 6 -  

(1 3) 

3. The nucleophile 

Bromine bonded to carbon is a relatively soft electrophilic centre"". The more 
suitable nucleophiles for debrominations are therefore soft nucleophiles, i.e. highly 
polarizable species of low basicity such as triphenylphobphine, thioalkoxides, 
selenides, iodides, carbanions and hydrides. Hard nucleophiles, e.g. hydroxide ion and 
amines, can be also effective as dcbrominating agents, but their scope is generally 
limited to very reactive substrates of particular structure. 

This is all the more so when iodine is the electrophilic centre. With chlorine, 
however, which is a less soft centre than bromine, the softness of the nucleophile 
should be a less important factor. LJnfortunately, quantitative data on the role of the 
nucleophile on dehaiogmation reactions are available only with iodine and bromine 
as electrophilic centres. 

When the nucleophilic attack occurs either on iodine or on bromine, as in the 
reactions of erythro-1 -chloro-2-iodo-1,2-diphenylethane and rneso-1,2-dibromo-l,2- 
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TABLE 4. Reactivity data for the dehalogenations of nzeso-l,2-dibromo-l,2-diphenylethane 
and eryr/1ro-l-chloro-2-iodo-l,2-diphenylethane promoted by some nucleophiles in methanol 
and DMF at 25°C 

k2. s-l M - ]  

rneso-l,2-Dibromo-l,2- eryrhro-1 -Chloro-2-iodo- 
diphenylethane" 1 ,2-diphenylethaneb 

Nuclcophile MeOH DMF MeOH DMF 
~ ~~ 

1- 1.09 x 1 0 - 4  5.20 1 0 - ~  0.86 48 

CI - n.r.' 1 x I O - ~  0.0036 6.8 
F- n.r.C n .r.'*'' 

Br- n.r.c,d 7.35 10-5 0.022 9.5 

PPh3 1.14 10-31 1.70 x 1 0 - ~  

"Data from Ref. 8 unless otherwise indicated. 
'Data from Ref. 85. 
'No dehalogenation was observed. 
d A  k 2  value of c .  lo-" M - I  s-l can be estimated from Ref. 108. 
=Ref. 29. 
fRef. 95. Data are in ethanol. Slightly larger valucs of k2 are expccted in methanol'"'. 

diphenylethane, respectively, the reactivity order of halide ions is 1- > Br- > C1- 9 
F- (with fluoride ion being ineffective), in both protic and dipolar aprotic solvents 
(Table 4)8.25.*6.85.95. This order parallels the polarizability order of halogens. 

A s  shown in Table 4, the reactivity spread is larger in protic solvents, in agreement 
with the role of specific hydrogen-bonding solvation of the nucleophile anion, which is 
more important the smaller is the nucleophile"". Thus, only iodide ions can induce 
debromination from rneso-l,2-dibromo-l,2-diphenylethane in methanol. In DMF the 
differences in reactivity between the various halides are  quite small, being slightly 
larger with the dibromo derivative than with the chloroiodo compound. This confirms 
previous suggestions that in thc 1,2-dihalogeno-1,2-diphenylethane system there is no 
strong interaction between the nucleophile and the halogen in the transition state. 
However, the situation can be significantly different in other systems. Thus, in the 
bromine eliminations from rneso-diethyl 2,3-dibromosuccinate, iodide ions are about 
1000 times more reactive than bromide ions". This reactivity ratio compares with that 
(70) observed in the dehalogenations from rneso-l,2-dibromo-l,2-diphenylethane. 

It is noteworthy that in dipolar aprotic solvents the reactivity order of halide ions in 
dehalogenation reactions is exactly thc reverse of that found in the S N ~  nucleophilic 
substitutions, thus indicating that bromine and iodine are  softer electrophilic centres 
than saturated carbon. This observation makes the E2C-like transition state 7 for 
dehalogenation reactions highly unlikely. 

In  Table 4 data for the reactions with triphenylphosphine are also reported. It is 
seen that in DMF triphenylphosphine is slightly less effective than iodide ions. In 
contrast, in a protic solvent, triphenylphosphine dehalogenates c. 10 times faster than 
iodide ions. Interestingly, when triphenylphosphine and iodide ions attack the 
saturated carbon of methyl iodide the reverse reactivity order is again observed"'. 

Among phosphorus nucleophiles the reactivity order towards bromine is Bu3P > 
PPh3 > Ph2POC2H5 > PhP(OCzH5)z > P(OC*H5)3, which is also the basicity order 
for these n u c l e ~ p h i l e s ~ ~ .  Basicity can be indeed an important factor in determining the 
nucleophilic reactivity when structurally related nucleophiles having the same reacting 
atom are considered"*. 
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TABLE 5. Kinetic data for the dehalogenation of 
eryrhro- 1 -chloro-2-iodo-l,2-diphenylethanc 
induced by a variety of nucleophiles in methanol 
at 25"Cg5 

Nucleophile kz, S - '  M-'  

SeCN- 
I -  
CN- 

Piperidinc 
Br- 
Morpholine 
CI - 
Hydrazinc 
Ammonia 

SC(NH2)z 

1.46 
0.86 
0.40 
0.32 
0.06 1 
0.022 
0.015 
0.0036 
0.0025 
0.0005 

More detailed information on  the factors playing a role with respect to the reactivity 
of the nucleophile towards halogen comes from a study of the dehalogenation rates of 
erythro-l-chloro-2-iodo-l,2-diphenylcthane with a variety of nucleophilesx5. Some 
results are reported in Table 5. 

The reactivity of these nucleophiles is satisfactorily correlated by the Edwards 
equationI'3: 

lOg(k/ko) = UE + fiH 

where E and H are the oxidative dimerization potential and the basicity of the nucleo- 
phile, respectively. From the plot an U-value of 2.13 and a /?-value of -0.12 are 
calculated, thus confirming that polarizability and desolvation factors play a much 
larger role than basicity in the nucleophilic reactivity towards iodine. The secondary 
role of basicity is also shown by the small Bronsted 0-value (0.29) observed in the 
dehalogenation of erythro-l-chloro-2-iodo-1,2-diphenylethane promoted by substi- 
tuted pyridines in 60% dioxaniI4. 

The reactivity of a series of aliphatic amines in the same reaction can be correlated 
with the stability constants of the charge transfer complexes between the arnines and 
iodine114. Since the slope of this correlation is close to unity the charge distribution 
in the transition state of the dehalogenation rcaction is probably similar to that of a 
charge transfer complex, with little nitrogen-iodine bond formation. A further 
observation is that the steric effects of the amines are less important than electronic 
effects as secondary amines arc more reactive than primary ones. 

4. The solvent 

In protic solvents the rate of dehalogenation reactions is not particularly sensitive 
to the nature of the solvent. Thus, in the reaction of iodide with rrans-l,2-dibromo- 
cyclohexane very similar rate constants are observed in methanol76 and in n-propanolgO. 
With thiophenoxide ion and the same substrate the dehalogenation rate is slightly 
faster in ethanol than in methanol at 75"C, but the reverse holds at 100°C60. 

More significant rate changes are observed on going from protic to dipolar aprotic 
solvents. As shown in Table 4, meso-1,2-dibromo-l,2-diphenylethane and eryrhro- 
l-chloro-2-iodo-l,2-diphenylethane react with iodide ions c. 50 times fzster in DMF 
than in methanol. Larger rate enhancements are observed in the reactions promoted 
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by bromide and chloride ions in agreement with t h e  fact that solvation energy of halide 
ions in protic solvents decreases in the ordcr CI- > Br- > I - .  

With thiophenoxide ion the rate effect for the  change from a protic t o  dipolar 
aprotic solvent is two to three orders of magnitude larger than with halide ions60. 
In the reaction of ~rans-l,2-dibromocyclohexane with thiophenoxide ion a very 
impressive rise in rate (40 000-fold) is observed as we move from methanol t o  DMF60. 
This rate increase has been attributed to a tight transition state which is a very weak 
hydrogen bond acceptor (small negative charge o n  sulphur and bromine, low degree 
of breaking of the C,-Br bond and little developed double bond). If this interpret- 
ation is correct, the much smaller solvent effect observed in the dehalogenation of 
1,2-dihalogeno- 1,2-diphenylethanes by halide ions would suggest a loose transition 
state, which is a good hydrogen bond acceptor, for  these reactions, in agreement with 
previous conclusions. 

E. Competition with Other Reactions 

As anticipated, substitution at saturated carbon and dehydrohalogenation can 
compete with dehalogenation of a dihalide. The  importance of these two competing 
reactions depends mainly on  the nature of the substrate as well as of the nucleophile. 

Since the reactivity of the halogens as electrophilic centres decreases in the order 
I > Br > CI * F, the probability of competition by substitution and HX elimination 
will increase in the order I < Br < CI G F. Thus, whereas 1,2-diiodoethane reacts with 
thiophenoxide ions to give ethylene, only the substitution product is obtained from 
1 ,2-d ibr0moethane~~~.  With diphenylmethylcarbanion as  the nucleophile, dehalogen- 
ation takes place with 1,2-dibromoethane and substitution with 1 , 2 - d i ~ h I o r o e t h a n e ~ ~ ~ .  

The nature of the halogen leaving group is also important. For example, with lithium 
aluminium hydride trans-l,2-dibromocyclohexane forms cyclohexene, whereas trans- 
1-bromo-2-fluorocyclohexane is exclusively converted into 2-fluorocy~lohexane~’.  

Sx2 substitution can more effectively compete with dehalogenations in the reactions 
of primary dibromides. That it is indeed so, with iodide as a nucleophile, has been 
previously mentioned. With thiolates, substitution prevails over bromine elimination 
in the case of 1,2-dibromoethane, 1.2-dibromopropane and ethyl 3,4-dibromo- 
butanoateZy. With other primary dibromides of the type RCHBrCH2Br (R = C&5, 
C6H13, C2H5, C(CH3)3) dehalogenation is the main reaction29. N o  olefin is obtained 
in the reaction of 1,2-dibromoethane and 1.2-dibromopropane with sodium thio- 
sulphateI1’. 

In  D,L and threo dibromides anti dehalogenation is disfavoured by the confor- 
mational factors discussed above. These substrates are therefore more prone to the 
competing processes than thc tneso or  the eryrhro forms. Thus, mrso-l,2-dibromo-l,2- 
diphenylethane reacts with lithium aluminium hydride to give trans-stilbene 
exclusively, whereas the D,L-diastereoisomer is reduced in part to 1,2-diphenyI- 
ethane”. 

Conformational factors becomc still more important when competition between 
dehalogenation and dehydrohalogenation is considered. Since an anti stereochemistry 
is preferred for both eliminations. conformational factors will favour dehalogenation 
with tneso and rryrhro dibromides, but dehydrohalogenation with D,L and threo 
isomers. As a consequence, chloride ion debrominates meso-l,2-dibromo-1,2- 
diphenylethane in DMF, but promotes loss of hydrogen bromide from the D,L isomer 
in the same solvent26. Similarly, it has been reported that in the reaction of thiolate 
ions with meso- and ~,~-2,3-dibromobutane,  the dehydrobromination is a more 
important side-reaction with the latter substrates28. 

Competition between dehalogenation and dehydrohalogenation is also strongly 
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influenced by t h e  nature of the nucleophile, since halogen is a much softer centre than 
hydrogen. Generally, the harder the nucleophile the more effectively dehydrohalogen- 
ation will compete with dehalogenation. For example, rneso-1,2-dibromo-l,2- 
diphenylethane is dehalogenated by soft nucleophiles (e.g. iodide and bromide ions, 
triphenylphosphine) but undergoes a dehydrobromination reaction when reacted with 
ethanolic potassium hydroxideII8 and fluoride ions’6. Actually, debromination from 
meso- 1,2-dibromo-l,2-diphenylethane promoted by potassium or caesium fluoride 
in DMSO has been reported’ 19; however, it has also been suggested that this reaction 
probably occurs via the intermediacy of the dimsyl anion (-CH2SOCH3), a soft 
nucleophile. 

Another example is the reaction of eryrhro-ethyl p-nitrocinnamate dibromide, 
which is dehalogenated by pyridine and triphenylphosphine, whereas it is dehydro- 
halogenated by acetate ions49. Similarly, 1,2-dibromooctane forms 1-octyne by 
elimination of 2 mol of hydrogen bromide in its reaction with strong bases such as 
potassium hydroxide, potassium tert-butoxide or  Et3CO-K+, but gives debromination 
to I-octene when it reacts with quinolineI2(). 

Since the nucleophilic reactivity is strongly influenced by the solvent, the solvent 
too can play a role in determining the relative importance of dehalogenation versus 
dehydrohalogenation. This point is convincingly illustrated by the results of Parker 
and coworkers o n  the reaction of erythro-l,2-dibromo-l-(4-nitrophenyl)-2-phenyl- 
ethane with cyanide ions38 (equation 1 1). In.ethanol, elimination of hydrogen bromide 

0 2 N e  C B r = C H a  C2H50H C N  O p N ~ C H B r - C H B r ~  

(90%) 

(100%) 

accounts for 90% of the reaction, whereas in DMF exclusive dehalogenation is 
observed. This phenomenon has been rationalized by suggesting that the transition 
state for the debromination reaction is tight, while that for the dehydrohalogenation 
reaction is loose. Thus, the former reaction takes greater advantage in the transfer 
from protic to dipolar aprotic solvents. This conclusion, however, should not be taken 
as a general one, since we have previously observed that loose transition states are also 
possible for dehalogenation reactions. 

Considering the substrate structure, the presence of electron-attracting substituents 
(especially carbonyl groups) appears to favour dehalogenation over both dehydro- 
halogenation and substitution. W e  recall, in this respect, that primary dibromides 
substituted with electron-attracting B-substituents are dehalogenated by triethyl 
phosphite whereas the unsubstituted compound undergoes nucleophilic attack at  
carbon36. Furthermore, hydroxide ions give cis-a-bromostilbene from rneso-l,2- 
dibrorno-1,2-diphenylethane (equation 12), but they debrominate the N,N-diethyl- 
amide of erythro-2,3-dibromo-3-phenylpropanoic acid4’ (equation 13). The CONRz 
group appears to be more effective than the COzC’H5 group in favouring debromin- 
ation since eryrhro-ethyl 2,3-dibromo-3-phenylpropanoate is dehybrominated by 
acetate ionsJ9 (equation 14). 

The  replacement of methyl groups by phenyl groups also appears to favour 
dehalogenation relative to dehydrohalogenation, as shown by the finding that erythro- 
2,3-dibr~mo-3-phenylpropanoic acid is debrominated by triphenylphosphine whereas 
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(meso) (cis) 

e C H B r C H B r C O N ( C 2 H 5 1 2  - OH- @H=CHCON(C2H5)2 

(er ythro) (trans) 

(er ythro) 

erythro-2,3-dibromobutanoic acid is dehydr~brominated~~.  As a further example, the 
reaction of bromide ion with trans-l,2-dibromo-l,2-cyclohexane in DMF yields both 
bromine and hydrogen bromide6$ under the same experimental conditions, only 
debromination is observed with rneso-1,2-dibromo- l,2-diphenylethane8*27. 

Steric effects too could explain, at least in part, these observations, since it is 
expected that both overcrowding in the substrate and large steric requirements of the 
base will favour dehalogenation with respect to dehydrohalogenation. In crowded 
systems, the halogen atom is more accessible to the nucleophile than the hydrogen 
atom and the loss of a halogen molecule provides more steric relief than that of a 
molecule of a hydrohalogenic acid. On the other hand, attack on halogen does not 
have large steric requirements, as shown in the reactions between a-halogenoaceto- 
phenones and diphenylphosphine, where the progressive substitution of the hydrogen 
atoms of the -CH2Br group with methyl groups exerts a relatively small rate- 
retarding effect I Z 1 .  

In agreement with the above reasoning is the observation that isocoumarin 
dibromide and other vicinal dibromides undergo exclusive debromination when they 
react with 1,8-bis(dimethyIamino)naphthalene (proton sponge), a strong base with 
very high steric  requirement^^^. Likewise, in the reaction of 3,4-dibromoheptane with 
sodium alkoxides debromination competes more effectively with dehydrobromination 
when the alkoxide is sodium terr-butoxide than when it is sodium e t h ~ x i d e ~ ~ .  

111. DEHALOGENATIONS PROMOTED BY ONE-ELECTRON REDUCTANTS 

A. General 
With nucleophiles as dehalogenating agents the two electrons involved in the 

process are transferred from the reductant to the substrate in a single step. With one- 
electron reductants the two electrons are transferred, one at a time, in separate steps. 

One-electron reductants include radical anions (e.g. sodium naphthalenide122, 
sodium biphenyl123 and disodium dihydr~phenanthrenediidel~~), carbanions 
(e.g. Ph2CCN 123, free or complexed metal ions (e.g. chromium(II)1~12~130, tita- 
nium(II)131.132, tin(II)133J34, ~ o b a l t ( I I ) ' ~ ~ J ~ ~ ,  tungsten(II)13', ~ o p p e r ( I ) ' ~ ~ ,  i r ~ n ( I I ) ' ~ ~  
and vanadium(l1) 14"), radicals (e.g. phenyl141, tri-n-butyltin 1 4 2 9 1 4 3  and ~ i I y 1 ' ~ ~  radicals, 
and C3H,Fe(CO)2P(C,H,)365). 
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The great utility of alkali dihydroarylides as dehalogenating agents has been 
e m p h a ~ i z e d ' ~ ~ .  These radical anions react very rapidly at  low temperature and are  
effective with dibromides and dichlorides even when other reductants fail. Thus, 
disodium dihydrophenanthrenediide has been used in the synthesis of 'hemi' Dewar 
naphthalene (benzobicyclo[ 2.2.01 hexa-1 ,S-diene) (14), starting from the cis-dichloride 

15Iz4. The cyclobutene derivative 16 has been obtained by dehalogenation of 17 pro- 
moted by sodium naphthalenide 145. 

9 c2Q 
U Lo 
(1 6) (1 7 )  

Among metal ions, chromium(I1) has been found to  be very effective for dehalogen- 
ations in the steroid s e r i e ~ ' ~ ~ . ' ~ ~ .  Better results have been obtained than with more 
conventional reductants such as zinc and iodide ions. Thus, the smooth conversion 
of A5-3-hydroxysteroids to d4-3-ketones by bromine addition, oxidation to ketone and 
dehalogenation by chromous chloride has been ac~omplished'~' .  The reducing power 
of chromous salts can be greatly enhanced by complexation with ethylenediamine or 
related l i g a n d ~ ' ~ ~ ,  so making it possible to perform p-elimination reactions not oniy 
from dibromides and dichlorides but also from P-halohydrins, P-haloethers and 
P-haloamines'. Vicinal bromofluorides are also d e h a l ~ g e n a t e d ' ~ ~ . ' ~ " .  

Selective dehalogenations have been carried out with bis(q-cyclopentadieny1)- 
dinitrosyl chromium 130. With this reductant it is possible to remove vicinal halogens 
while leaving other non-benzylic halogen atoms unaffected, as shown by the 
equation (15). 

Recently, the use of t i t a n i ~ m ( I 1 ) ' ~ ~  and v a n a d i ~ r n ( I 1 ) ' ~ ~  has been recommended. In 
both cases a mixture of titanium(II1) o r  titanium(1V) or of vanadium(II1) chlorides 
with lithium aluminium hydride is used and the reactions are carried out in tetrahydro- 
furan. Titanium(I1) is also extremely effective in the reduction of bromohydrins; 
however, when the dehalogenation can be conducted either with titanium(I1) or 
vanadium(I1) the latter reductant appears more convenient from the point of view of 
the experimental conditions required. Among other things, vanadium(Il1) chloride 
is stable to air whereas titanium(II1) or  titanium(1V) chlorides are not. 
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B. Dehaiogenations by Radical Anions and Carbanions 

1. Mechanism 

A one-electron transfer mechanism has been demonstrated for dehalogenations 
promoted by sodium naphthalenide12', especially through a CIDNP investigation'22a. 
On the basis of the results obtained, the mechanistic sequence reported in Scheme 5 
has been proposed. 

I I  I I  
I 1  I I  

(1 8 )  

C10H8-' + c>tcx - 'c-cx + x- + C,oH8 

I I  
I I  

'C-cx 

(1 8 )  

\ / /c=c, 

- I I  
c- cx 
I I  

SCHEME 5 

The initial transfer of one electron to the halogen atom results in the formation of 
the haloa,tkyl radical 18, presumably through the formation of an alkyl halide radical 
anion which immediately loses an X- anion. The overall process is a dissociative 
electron transfer15'. The final olefinic product can be obtained from 18 via twc 
competing reaction paths. Radical 18 either undergoes a fragmentation process and is 
directly converted to the alkene derivative (path (a)) or it can be further oxidized to 
the carbanion 19 which forms the olefin by loss of X- (path (b)). With dibromo 
derivatives (X = Br) path (a) seems more important than path (b). 

A substantially similar electron transfer pathway has been suggested for the 
dehalogenations promoted by some tertiary carbanions (Me2cC02Et  and 
Ph2cCN)'25. It has been observed that dehalogenations by Ph2cCN are completely 
inhibited in the presence of p-dinitrobenzene, a powerful electron acceptor152. More- 
over, the conversion reported in equation (16), which is promoted by (CH3)2cN02, is 
catalysed by light and inhibited by p-d in i t robcr~zene~~~.  Hence, this process, closely 
related to a dehalogenation reaction, also takes place by an electron transfer 
mechanism. 

The possibility that other carbanions considered to act as two-electron re- 
ductants' 16.154.155 behave instead as one-electron reductants has been suggested125. 
However, it should be noted that the relative tendency of a nucleophilic species to 
operate as a one- or a two-electron donor may be a very subtle function of the 
structure, as well as of the experimental conditions, thus making generalizations very 
difficult. For  example, whereas ( C H ~ ) ~ ~ C O ? C Z H ~  is a dehalogenating agent, 
presumably by a one-electron transfer mechanism 125, the diethyl malonate anion 
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CH(CO,Et), reacts with trans- 1,2-dibromocyclohexane via a nucleophilic substitution 
reaction followed by a dehydroha l~gcna t ion~~~ .  

2. Stereochemistry 

Data concerning the stereochemistry of one-electron transfer dehalogenations 
promoted by radical ions and carbanions are somewhat contradictory. With Ph2cCN 
a stereoconvergent reaction results, both meso- and ~,~-3,4-dibromohexane give 
exclusively t r ans -3 -he~cne l~~ .  With sodium naphthalenide in dimethoxyethane a 
predominant 'anti' course is instead observed with erythro- and threo-2,3-dibromo-3- 
methylpentane122b and, even though to a less extent, with meso- and ~,~-2,3-dibromo- 
butanes122a, whereas the same mixture of trans- and cis-Zbutene is obtained from 
meso- and ~,~-2,3-dichlorobutane~~~". 

It has been rightly noted'**" that this variety of stereochemical results is not 
surprising, as the steric course of these dehalogenations may depend on a number of 
factors whose relative weight depends upon the reactant's structure. The first step may 
be non-stereospecific or only partially stereospecific, and the haloalkyl radical may 
undergo rotameric relaxation, thus destroying any stereochemical integrity with which 
it might be formed. Moreover, the possible lack of stereospecificity of some process 
involving an intermediate subsequent to the haloalkyl radical, and the relative 
importance of the two competing pathways available to the radical, may also play a 
significant role in determining the stereochemical outcome of the reaction. Thus, the 
greater anti stereoselectivity of the dehalogenation from diastereoisomeric 2,3- 
dibromobutanes has been explained by suggesting that with this substrate the 
fragmentation step can compete with the reduction step. The rotameric relaxation of 
the 2-hromo-2-butyl radical should be retarded by bromine bridging15', as shown in 
structure 20 for the radical derived from tneso-2,3-dibromobutane. Consequently, it 

- 

Rr 

(20) 

will become competitive or  slower than the loss of bromine, and some degree of 
anti stereospecificity is allowed. With 2,3-dichlorobutane CIDNP measurements 
suggest that the exclusive path of the haloalkyl radical 18 is the reduction to anion. 
Moreover, the rotameric relaxation of the  free radical has been calculated to be faster 
than its conversion to carbanion. This is in line with the fact that chlorine is less 
effective than bromine as a bridging group. It is thus possible to rationalize the fact 
that both the meso and the D,L isomers of this substrate give the same proportions of 
cis- and trans-2-butene. 

C. Dehalogenations by Metal Ions and Radicals 

1. Mechanism 

Out of the dehalogenations promoted by free or complexed metal ions, those 
induced by chromium(I1) have been thc more intensively investigated. A variety of 
chromium(I1) compounds, e.g. chromous sulphate, chloride and perchlorate, and 
chromium(I1) complexed by ethylenediamine can be used in a numbcr of solvents such 
as  ethanol, DMF, DMSO and pyridine. Since the reaction takes place under 
homogeneous conditions, quantitative studies are possible. 
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r(ll1) + 12X-l (1 7 )  
I I  \ / 
CX-CX + 2 Cr(ll) - ,C=C, + 2 C 
I I  

The stoichiometry of the reaction is given by equation (17), where X is a 
halogen1r'.'28 and X- can be either free or bonded to  chromium(II1). The rate 
expression is given by equation (1 8). 

Rate = k[Dihalide][Cr(II)] 

As the stoichiometry of the rate-determining step is of lower order than that of the 
overall reaction, the reductive elimination by chromium(I1) has to be a multistep 
process. 

Chromium(I1) is also a very effective reducing agent able to convert alkyl mono- 
halides to the corresponding aIkanes'48.158-160. This reaction, for which several lines of 
evidence, including kinetics, stereochemistry and reactivity, strongly support the 
mechanism reported in Scheme 6 l S 9 - I 6 O  (SH is a proton donor), exhibits character- 

RX + Cr(l1) - R'+ Cr(1ll)X 

RCr(lll) + SH - RH + Cr(lll)S 

SCHEME 6 

istics very similar to  those of chromium(I1)-promoted dehalogenations. Both reactions 
display the same order of halogen reactivity I > Br > C1 and second-order kinetics. 
Moreover, the chromium(II1) species produced by alkyl monohalides is Cr(II1)X and 
at  least one halogen from the dihalide is converted to this species. Thus, it seemed very 
reasonable to suggest that chromium(I1)-promoted dehalogenations also involve a 
halogen atom transfer to form a P-haloalkyl radical in the first step of the reaction 
(equation 19). With dibromides the removal of one of the halogens by Cr(I1) is 

I I  I I  
I I  I 1  

XC-CX + Cr(II) - .C-CX + Cr(lll)X (19) 

probably assisted by the neighbouring group effect of the other bromine atom, and the 
radical formed has the bridged structure 21 (Schcrne 7, X = Br). This hypothesis is in 
agreement with information available on other reactions involving P-bromoalkyl 
 radical^'^', and in the specific case under consideration is strongly supported by the 
observations that dehalogenative reduction of dibromides is much faster than reduc- 
tion of the corresponding alkyl bromides. More significantly, ~runs-1,2-dibromocyclo- 
hexane is dehalogenatcd by chromium(I1) c. 3000 times more rapidly than the cis 
isomer"*. This finding is consistent with the fact that  the anti periplanar confor- 
mation required for an optimum neighbouring group assistance is possible only with 
the trans-dibromide. Moreover, the intervention of a bridged 2-bromoalkyl radical is 
also in agreement with the high anli stereoselectivity exhibited by the chromium(I1)- 
promoted debromination of the 2 , 3 - d i b r o m o b ~ t a n e s ' ~ ~  (see below). 

Replacement of one bromine atom by a group which is less capable of providing 
neighbouring group assistance causes a decrease in the elimination rate, as  shown by 
the data reported in Table 6 for a series of erythro-2-bromo-3-X-butanes (X = CI, 
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I 1  
x-c-C‘ 

I 1  

(22) 
SCHEME 7 

TABLE 6. Reactivity data for Cr(I1)-promoted dchalogcnation’ 
of eryrhro-3-X-2-brornobutanes at O°C’28 

X k 2  x lo4, s-’  M - ~  Relative rate 
~~ ~ ~ 

Hh 0.14 
OH 0.65 
OAc 2.1 
OTs 7.7 
CI 51 
BrC 1600 

1 
4.6 

15 
55 

364 
1 1  428 

‘In 85% DMF containing 5% watcr, 10% ethanol, 0.90 M 
yrchloric acid and 0.057 M Cr(l1). 

‘Meso form. 
Reduction to butane. 

OH, OCOCH3, OTs)lZ8. In these reactions the intermediate free radical is better 
formulated as an open species, even though the possibility that a first-formed bridged 
species is in a fast equilibrium with a more stable open radical (22) (Scheme 7) cannot 
be excluded. 

It has been proposed that the bridged or open radical is converted to the olefin 
according to the pathways reported in Scheme 8l2’-lz9. In path (a) a fragmentation of 

SCHEME 8 
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the free radical occurs which leads directly to the alkene, whereas in path (b) the 
reaction of the free radical with chromium(l1) results in a P-haloalkylchromium 
compound, which then undergoes syn or miti elimination. 

The formation of the alkylchromium species has been suggested by analogy with 
the mechanism of reduction of alkyl halides by chromium(I1) (Scheme 6), and the 
competition between path (a) and path (b) b y  the observation that, when X = Br, the 
amount of bromide ion formed increases with increasing chromium(I1) concentration 
until i t  reaches a plateau characteristic of the alkyl moiety. Moreover, the fact that the 
amount of bromide ion generated is somewhat less than that expected from the 
decomposition of the alkylchromium intcrmediate, even when path (a) is completely 
suppressed by using an excess of chromium(II), suggests the two elimination modes of 
21 reported in Scheme 8. Whereas in  the anti elimination a free bromide ion is formed, 
an intramolecular transfer of bromine to chromium giving the species Cr(1II)Br may 
represent the driving force of the syri process. 

In the competition between path (a) and path (b) and between arzti and syn 
eliminations from the alkylchromium intermediate, the nature of the leaving group, X, 
is also very important. When the leaving group is poorer than bromine (e.g. X = CI, 
OH, OAc, OTs), path (a) in Scheme 8 is probably of little significance due to the 
relatively high heats of formation of the X' radical. Moreover, in this case, the alkyl- 
chromium intermediates undergo syji elimination exclusively since the breaking of the 
carbon-leaving group bond requires intramolecular assistance by chromium. 

A n  initial halogen atom transfer, similar to that suggested for the chromium(I1)- 
promoted dehalogenations, has also been proposed for the reactions induced 
by [(~-cyclopentadienyl)dinitrosyl]chro~iu~~3'~, pentacyano~obaltate'~~.~~~, tita- 
n i ~ r n ( I I ) ~ ~ ~ ,  tin(II)'", C3HSFe(C0)2P(C6Hs)36s, tri-n-butyltin r a d i ~ a l s ' ~ ~ ~ ' ~ ~ ,  silyl 
radicals'44 and phenyl r a d i ~ a l s ' ~ ' .  

2. Stereochemistry 

A s  anticipated, the chromium(I1)-promoted debromination of nzeso- and ~ , ~ - 2 , 3 -  
dibromobutanes shows miti  stereoselectivity. The degree of anti stereoselectivity is, 
however, variable, depending upon the nature of the solvent and upon the ratios 
Cr(II)/dibromide and ligand/Cr(II) (Table 7)lZy. The highest anti stereoselectivity is 
observed in DMSO o r  in pyridine as solvent or by using high ligand/Cr(II) ratios. With 
2-bromo-3-X-butanes (X = CI, OH,  OAc, OTs) the situation is drastically different. 
The  same mixture of tram- and ck-2-butenes is obtained in each case, from the two 
diastereoisomeric compounds. 

The stereochemical data can be satisfactorily accommodated by the reaction 
sequences reported in Schemes 7 and 8lZy. Thus, the anti stereoselectivity observed in 
the debromination of 2,3-dibromobutanes is explained by three considerations: 
(a) The bridged radical (X = Br) is stereospecifically generated from the dibromidc 
and is expected to have a sufficient stability to maintain stereochemical integrity 
before fragmentation or  reaction with chromium(I1). (b) The stereochemical integrity 
is also preserved in the subsequent formation of the alkylchromium intermediate 
since this step certainly involves a stereospecific trans opening of the bridged radical 
and the formed carbon-chromium bond is sufficiently strong. (c) An anti elimination 
from this intermediate is the most probable reaction as bromine is a good leaving 
group which does not need extensive neighbouring chromium assistance in order to be 
eliminated. This hypothesis, however, holds only when the difference in the stability 
of the isomeric bridged specks 23 and 24 is not large, as certainly is the case with the 
bridged radicals formed from the 2,3-dibromobutanes. With other structures (e.g. 
R = phenyl, o r  a much bulkier group than methyl) this difference can become so large 
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TABLE 7. Stereoselectivity in the dehalogenation of meso- and ~,~-2,3-dibrornobutanes by 
chromiurn(I1) at 25°C under different reaction conditions'2' 

[Cr(II)I 2-butene, % 

Substrate [ Dibromide] Solvent diarninc, M trans c k  

meso-2,3-Dibromobutanc 1.56 90?6 EtOH 80 20 
1.56 90% DMF 82 18 
1.56 90% DMSO 97 3 
1.56 88% pyridine 92 8 

~,~-2,3-Dibromobutane 1.56 90% EtOH 64 36 
1.56 90% DMF 43 57 
1.56 90% DMSO 6 94 

5 86% DMF" 0.186 35 65 
5 65% DMF" 3.6h 14 86 

Ethylene- 

4.88 Pyridine 18 82 

'At -15°C. 
b[Cr(II)] = 0.083 M. 

as to make the  23 * 24 isomerization a-much faster process, thus increasing the 
probability that it occurs before the reaction of the radical with chromium(I1); and 
diminishing the arzti stereoselectivity. Accordingly, it has been observed that 
chromium(I1) exclusively converts D,~-1,2-dibromo-l,2-diphenylethanc into trans- 
stilbene'. 

H&R R H 

(23) (24) 

The variations in the anti stereoselectivity observed as the solvent is changed or in  
the presence of ethylenediamine (Table 7) have been rationalized by suggesting that 
the relative importance of the anti and syn eliminations from the alkylchromium 
intermediate may depend on the solvent and the ligands coordinated to chromium(II), 
which influence the extent of the possible interaction between the metal and bromine 
in the elimination process12'. Thus, the maximum anti stereoselectivity observed in 
DMSO, pyridine or in the presence of ethylenediamine might be due to the fact that 
chromium is so tightly coordinated by these solvents or  by ethylenediamine as to 
become less available for bond formation with bromine, thus lowering the probability 
of a competing syn elimination. 

Likewise, the increase in urzti stereoselectivity as the Cr(II)/dibromide ratio 
increases has been explained by suggesting that as the chromium(I1) concentration 
rises, its reaction with the radical has more chance to compete with other possible 
processes (e.g. conversion into a open free radical, isomerization) which diminish the 
stereoselectivity. 

Finally, the lack of stereospecificity observed in the elimination of erythro and 
threo-2-bromo-3-X-butanes (X = CI, OAc, OH, OTs) is expected, since the open 
radical thought to be involved in these cases, alonc o r  in equilibrium with the bridged 
species, should undergo fast rotation and lose asymmetry around carbon. The same 
proportions of truns- and cis-2-butenes are thus obtained from each pair of the 
diastereoisomeric substrates. 
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Predominant anti elimination has been observed in the dehalogenation of meso- 
and ~,~-2,3-dibromobutanes and of 1,2-dibromo-l-deutcrohexane with tri-n-butyltin 
hydride 142; interestingly, the anti stereoselectivity increases by increasing the hydride 
concentration, but disappears in the dehalogenations of the isomeric 2,3-dichloro- 
butanes (where the main reaction is reduction of the carbon-chlorine bond), and 
diethyl 2,3-dibromosuccinates. These results can be accounted for by the free radical 
chain mechanism shown in Scheme 7 by following the same reasoning as used to 
discuss the chromium(I1)-promoted dehalogenations. Thus, in the case of the 
dibromobutanes a bromine-bridged radical is formed. It can lose a bromine atom by 
fragmentation or by reaction with an organotin hydride before isomerization (Scheme 
9). However, when a less stable bridged radical is formed from the dichloro compound 
or when the relative stability of the two possible isomeric bridged radicals is much 
larger than in the dibromobutane system (e.g., with diethyl 2,3-dibromosuccinate) 
isomerization of the bridged radical is possible and stereospecificity disappears. 

It is noteworthy that in these dehalogenations bromine and chlorine exert a very 
similar neighbouring assistance in the formation of the bridged radical as meso-2,3- 
dibromobutane is only c. 60% faster than erythro-2-bromo-3-chlorobutane14*. 

A proclivity towards anti elimination, increasing with increasing reductant concen- 
tration, has been observed as well in the  light-catalysed debrominations of erythro- 
and threo-2,3-dibromo-4-methylpentane promoted by he~abuty ld i t in '~~ .  

Anri stereochemistry has been also found in the eliminations of 2-bromo-3- 
sulphinylbutanes to butenes promoted by tributyltin radicalsl6I. In contrast, /3-phenyl- 
thioalkyl bromides react with trialkyltin radicals in a non-stereospecific way16*. It has 
been suggested that the stereoselectivity results from rapid loss of phenylsulphinyl 
radical from the non-equilibrated alkyl radical. 

The reaction stereochemistry has also been investigated for dehalogenations pro- 
moted by C3H5Fe(C0)2P(C6H5)3h5. From both meso- and ~,L-3,4-dibromohexane 

n-EugSnH + HBr + n-Bi.13Sn' n 
R R  

SCHEME 9 
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prevalent formation of trans-3-hexene is observed. Some isomerization of the bromo 
radical occurs in this case, but the equilibration is no: complete since the two diastereo- 
isomers give a different product distribution. 

D. Dehalogenations by Other Reductants 

A one-electron transfer mechanism has bccn also proposed to account for the facile 
syn dehalogenation of 25 promoted by hydroxide ions in diethyl ether-DMSO 
(equation 20)'". The observation that the trans isomer of 25 eliminates chlorine less 

OH- - 
(25) 

CI CI CI CI 

readily than the cis isomer has been rationalized by assuming that the formation of 
the radical anion is more favoured with the latter isomer since in this case the ethylene 
system is less shielded to the approach of the electron donor. However, beside the 
fact that electron transfer reactions should be little sensitive to steric effects, it should 
be also noted that the electron might first be transferred to the LUMO (lowest 
unoccupied molecular orbital) of the aromatic system. 

Another one-electron reductant is probably sodium dithionite, which dehalogenates 
meso- and D,L-3,3-dibromobutane in a non-stereospecific way, giving mixtures of the 
same composition of trans- and cis-2-butene. Other mechanisms for this reaction have, 
however, been suggested 164. 

IV. DEHALOGENATIONS PROMOTED BY METALS 

A. General 

Metals are certainly the most versatile and powerful dehalogenating agents with the 
broadest area of applications. Besides dihalides, @-substituted alkyl halides (halo- 
hydrins, haloethers, etc.) undergo elimination as well. The reduction of iodohydrins 
by zinc is a step in a sequence which converts epoxides into 01efins'~~. Metals are also 
particularly effective in the dehalogenations of 1,2-dihalocyclobutan~~~~-~~~ and in the 
conversion of 2,3-dihalogcnopropenes to allenes'". 

Among metals, zinc is by far the most common reductant, the method of Gladston 
and Tribe for the zinc-promoted dehalogcnation of dibromides going back to 1874170. 
Zince dust is usually used in solvents like alcohols, dioxane, acetic anhydride, 
acetic acid and DMF. In addition to zinc, other metals, e.g. m a g n e ~ i u m ~ , ~ O J ~ ~ ,  

and to a less extent copper', aluminium2, lead2, cadmium2 and 
lithium70 have been used. Recently, sodium in liquid ammonia has been recommended 
as one of the best dehalogenating systems13. 
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A single metal can also be effectively replaced by metal couples, e.g. zinc-mercury2, 
~inc-silver'~', ~ o p p e r - t i n ' ~ ~  and z i n c - ~ o p p e r l ~ ~ . ' ~ ~  which provide a means to  enhance 
and (or) regulate the reactivity of the reducing system. 

In spite of the widespread use of metals as dehalogenating reagents, relatively 
little work has dealt with the mechanistic aspects of these reactions. The main reason 
is probably that quantitative studies are very difficult in this area since these reactions 
generally occur under heterogeneous conditions. The surface of the metal is involved 
and its state (dust, granules, ctc.) may be therefore of great importance, as also may 
be possible treatments for activation. As a consequence, no firm mechanistic 
conclusions are generally possible. 

B. Stereochemistry 

1. Dehalogenations promoted by zinc 

These reactions are those for which most information is available. When the 
substrate is a 1,2-dibromoalkane of the type RCHBrCHBrR' (R, R '  = alkyl groups), 
zinc-promoted dehalogenations follow an anti stereochemistry. Thus, from 
meso-2,3-dibrornobutane .predominant formation of trans-2-butene is observed. 
whereas cis-2-butene is the main product of the dehalogenation of ~,~-2,3-dibromo- 

In refluxing ethanol the yield of trans-2-butene from the meso 
form is 96-97%; that of cis-2-butene from the D,L isomer is 96%'". The stereo- 
selectivity is smaller ( c .  90%) when the reaction is carried out with the substrate 
in the vapour phase178. 

A significant anti stereoselectivity (between 90 and 95%) is also exhibited in the 
reactions of higher homologues of 2,3-dibromobutanes, such as 7,8-dibromoocta- 
d e ~ a n e s ' ~ ~  and 5,6-dibromode~anes~~,  and in the debromination of 1,1,2- 
tr ibromocy~lohexane~~. Thus, the earlier suggestion 175 that stereoselectivity decreases 
steadily on increasing the molecular weight of the dibromoalkane does not seem to be 
substantiated. I t  is noteworthy that the anti stereochemistry exhibited by the zinc- 
promoted dehalogenations has been successfully exploited in a sequence devised to 
invert olefin geometry17Y. 

An exception to this behaviour is the syn stereoselectivity (80-95%) found in the 
zinc-promoted dehalogenations of rrans-l,2-dibromocyclodecanes and trans-l,2- 
dibromocyclododecanes70. However, this phenomenon might be related to the 
particular conformational situation of medium rings'". 

In zinc-promoted dehalogenations from purely aliphatic dibromides the require- 
ment of an anti periplanar geometry of the bromine atoms is less stringent than in 
halide ion-promoted reactions. For example, a derivative of cis-2,3-dibromo[2.2.1]- 
bicycloheptane can be debrominated by zinc with relative facility, whereas it is 
unreactivc towards iodide ions75. 

Replacement of one or both bromine atoms of the dibromide by chlorine atoms 
significantly reduces the anti stereoselectivity of the dehalogenation process179. The 
anti stereoselectivity practically disappears when eliminations from P-bromoethers and 
P-bromoesters are considered. Thus, equimolar amounts of cis- and trans-2-butene are 
obtained from ~rythro-2-bromo-3-methoxybutane'o. The phenomenon should 
probably be ascribed to the decrease in leaving group ability as we go from vicinal 
dibromides to vicinal dichlorides and to P-bromoethers or P-bromoesters. However, 
the elimination from trans-2-X-cyclohexyl bromides (X = OH, OTs, OAc) promoted 
by zinc-copper in ethanol is c. 10 times faster than from the corresponding cis 
isornersI8'. 

Anti stereochemistry is generally not observed in the reactions of 1,2-disubstituted 
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dibromides, when the substituents are groups capable of interacting favourably with a 
negative charge. Debromination of these substrates leads to the predominant for- 
mation of the more stable olefin from both the diastereoisomeric substrata .  This was 
shown for the reactions of ttrcso- and ~,t-l,2-dibromo-l,2-diphenylethanes~~~~~~~ 
and tneso and D,L sodium 2,3-dibromosuccinates with zinc171. Likewise, threo- 
1,2-dibromo-l-phenyl-2-triphenylsilylcthanc exclusively affords truns-triphcnylsilyl- 
styrene when dehalogenated by zinc in acetic acidlH2. 

2. Dehalogenations promoted by other metals 

Magncsium exhibits a high degree of urzti stereoselectivity in the reaction with 2,3- 
d i b r o m ~ b u t a n e s l ~ ' ;  its stereosclcctivity is, however, significantly smaller than that of 
zinc in the dehalogenation from vicinal d ibromodecar~es~~.  Magnesium, like zinc, leads 
to prevalent formation of truns-stilbene when it reacts with both diastcreoisomeric 
1,2-dibromo-l,2-diphenyIethanc~~~~. 

Alkali metals, e.g. sodium and lithium, do  not  seem to display any significant stereo- 
selectivity'".171. Thus, mixtures of trutrs- and cis-2-butenes of similar composition have 
been obtained in the debromination of meso- and ~ ,~-2 ,3-d ibromobutanes  with 
sodium in liquid ammonia171. Howcver, sytr stereoselectivity is observed in dehalogen- 
ations from medium ring dibromides promoted by lithium7". 

Stereochemistry has been also investigated for the dehalogenations of D,L-I ,2- 
dibromo-1,2-diphenylethanc promoted by copper9 and other metals or metallic 
couples (cadmium, lead, zinc-mercury, aluminium)'. I n  each case the predominant 
product was trans-stilbene. as observed with zinc, with the exception of aluminium in 
DMSO which afforded 53% of cb-stilbene. 

C. Reactivity and Structure 

7. The substrate 

For the reasons stated above, quantitative data of reactivity are not available for 
metal-promoted dehalogenations. Nonetheless, some considerations of qualitative 
nature are possible in the few cases where product yields, obtained under similar 
experimental conditions, can be cornpared. 

A reactivity order of dibromides > bromochlorides > dichloridcs can be deduced 
from the reaction conditions required to perform dehalogenations from 7,8-di- 
halogenooctadecanes by zinc17'. Attack on chlorine is certainly much easier than on 
fluorine. This has been exploitcd for the synthesis of olefins (equation 21) which 
are potential monomers in polymerization p r o c e s ~ e s ' ~ ~ .  

(21 1 (F~C(CI)CF(CI )co,cH~)~ - (CF,C=CFCO,CH,), 

The presence of substituents can influence the reaction rate as well. Thus, it has 
been reported that 1,2-dichlorooctane is not dehalogenated by Z n  after 44 days at 
101 OC, whereas 1,1,2-trichloroethane undergoes 98% dechlorination in 72 hIg4. The 
presence of fluorine substituents, however, has been found to retard the dehalogen- 
ation rateIgs. 

Zn 

2. The metal 

The reactivity of the reducing system has been strongly enhanced by passing from 
zinc in methanol to a metallic couple, e.g. zinc-copper, in a dipolar aprotic 
solvent 1 7 4 . 1 x 6 .  
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The copper-tin couple appears to be less reactive and more selective than the 
zinc-copper couple. Thus, using the former couple, it is possible to accomplish the 
selective debromination of vicinal dibromides containing other reducible halogens173, 
as shown in equation (22). With a zinc-copper couple the third bromine atom is 
reduced as well. 

Sn- Cu .THF 
H02C C(Br)CH ,CH( Br)CO,H - H02CCCH2CH(Br)C02H (22) 

I I I  
CH2Br C"2 

As expected, zinc is more reactive than copper in the debromination of 1,2- 
dibromo-1.2-diphenylethane~~. 

Interestingly, dehalogenation by metals is not accompanied by competitive dehydro- 
halogenation. Metals used in dehalogenation reactions are soft electron donors (and 
have low electronegativity and are easy to oxidize) and interaction with the halogen 
rather than with the hydrogen is strongly preferred. 

D. Mechanisms 

The hypotheses concerning the mechanisms of metal-promoted dehalogenations 
are very uncertain since they are based on very little information, which is nearly 
exclusively of a stereochemical naturc. 

The prevalent anti stereochemistry of zinc-induced dehalogenations from purely 
aliphatic dibromides suggests that these reactions might occur by a concerted 
mechanism (cf. structure 26) where the transfer of two electrons from the metal to the 
substrate and the breaking of the C,-Br bond occur in the same There is 
no  doubt that an anti coplanar arrangement of the two bromine atoms should be the 
favoured one for such a mechanism. 

A stepwise mechanism involving the formation of a carbanion or  of an organo- 
metallic compound as intermediate has instead been proposed for the elimination of 
those substrates where bromine has been replaced by a poorer leaving group or where 
substituents capable of interacting favourably with a negative charge are present on 
the a- and (or) the P-position of the dibromo c o m p o ~ n d ~ ~ ~ ' ~ ~ .  If this intermediate 
(which is most probably a ~ a r b a n i o n ~ ( ~ . ' ~ ~ - ~ ~ ~ )  is sufficiently stable to equilibrate before 
the loss of the leaving group, the low stereospecificity noted above for the reaction of 
these dibromides is accounted for. However, the lifetime of the carbanion o r  the 
organometallic intermediate must be very short since products characteristic of the 
reactions of these species with the solvent have never been observed. A likely 
possibility is that the intermediate is closely associated with the metal surface24. 

In some cases, however, concerted and stepwise mechanisms should occur side by 
side, since significant amounts of cis-stilbene are formed in the dehalogenations of 
D,L-I ,2-dibromo-l,2-diphenylethane promoted by zinc and other metals2. Exclusive 
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formation of the much more stable tram-stilbene should be observed from an inter- 
mediate carbanion which is free to rotate. 

It should be noted that a very short lived carbanion, which loses the leaving group 
before equilibration, might also be involved in the metal-promoted dehalogenations 
which occur with an anfi stereochemistry2". The stereochemical outcome would be 
justified, in this casc, on the ground that in the more favoured initial conformations of 
diastereoisomeric dibromo derivatives, 8 and 9, the two bromine atoms arc anti to each 
other. 

To explain the predominant syrz stcrcochemistry of thc zinc-promoted dehalogen- 
ations of dibromocyclodecanes, it has been suggestcd that, owing to the particular 
conformational characteristics of medium rings, a steric interaction might cause 
preferential surface adsorption of the conformer leading to syn e l i m i n a t i ~ n ? ~ .  
However, if this interpretation is correct it must be assumed that the stcric require- 
ments of the zinc-promoted dehalogenations are quite different from those of the 
corresponding reactions induced by iodide ions. Indeed, an anti stereochemistry has 
been observed in the reactions of dibromocyclodecanes and dibromocyclododecanes 
with iodide ions70. 

It is probable that the mechanisms proposed for the dehalogenations by zinc hold 
also in thc case of the reactions promoted by magnesium: prcdominant concerted 
mechanism for the purely aliphatic dibromides and intervention of a stepwise 
carbanionic mechanism for the other dibromo derivatives. 

The stepwise mechanism should always hold for dehalogenations promoted by 
sodium and lithium since these reductants do not display any stercospecificity. 
However, owing to the ability of these metals (especially sodium in liquid ammonia) 
to act as strong electron donors thcre is also a possibility of one-electron transfer 
processes involving the formation of radical intermediates. 

V. ELECTROCHEMICAL DEHALOGENATIONS 

The reduction of a vicinal dihalide to olefin can also be carried out elcctrocheniically. 
The  two electrons in this case are provided by the cathode (generally mercury) and 
the process is expressed by equation (1). 

Owing to the mildness of the reaction conditions, clectrochemical dehalogenation 
offers an attractive alternative to  chemical dehalogenation. A frequent application of 
this reduction method is found in the synthesis of perhalogenoethylcnes. For example, 
2-chloro-l,l,2-trifluoroethylene is obtained by electrochemical rcduction of 1,2,2- 
trichloro-I ,1,2-trifl~oroethane~~~.l~~. Electroreduction has been usefully employed to 
obtain the dimer of benzocyclobutadiene from 1,2-dibromobenzocyclobutene lz3, and 
the highly strained olefin A1.4-bicyclo[2.2.0]hexene (27), identified as the Diels-Alder 
reduction of vicinal dibromides upon the dihedral angle between the carbon-bromine 

Recently, the selective monoprotection of the less alkylated double bond has 
been accomplished by controlled potential electrolysis'". 

Electrochemical dehalogenation has been reviewed several  time^^-")^.")^, including a 
revicw in the present series3. A brief outline of the main characteristics of the reaction 
is therefore sufficient here. 

Br 
I 

1111 
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Electroreduction of vicinal dibromoalkanes takes  place with a rigorous anti stereo- 
chemistry. Thus, rneso-2,3-dibromobutane is electrochemically dehalogenated to 
frans-2-butene, whereas exclusive formation of cis-2-butene is observed with the 
D,L-isomer1y4. This  stringent stereospecificity agrecs well with polarographic studies 
that have shown a marked dependence of the half-wave potential (El l? )  for  the  
reduction of vicinal dibromides upon the  dihedral angle between the  carbon-bromine 
bonds. T h e  minimum value of was observed fo r  the cit if i  periplanar arrangement, 
i.e. for a dihedral angle of 180" Ig5. 

Another  striking piece of evidence for the preferred anti stcreochemistry of electro- 
chemical dehalogenations is given by the large difference in Ell2 (0.81 V) for  the 
reduction of the two  isomeric dibromidcs 29 and 30; 29 is reduced much more  easily 
than 30 so that when a 60:40 mixture of the two bromides is subjected to electrolysis 
in DMF at a controlled potential (- 1.3 V versus SCE) only 29 is reduced and  30 can 

Br 

be A nice separation of the  diequatorial isomer from the  diaxial one  is 
thus performed. 

The  observed arifi stereochemistry has led t o  the suggestion of a concerted 
mechanism, involving the transfer of two electrons in a single step, for the electro- 
reduction of vicinal dihalides. This suggestion appears  to be supported by the shape of 
the chrono-amperometric (potentiostatic) curvelY4. The  intervention of a carbanion 
intermediate which loses a bromide ion has been excluded on the ground that products 
of proton capture a r e  absent when the reaction is carried out in the  presence of proton 
donor. However, a n  intermediate carbanion which undergoes loss of bromide ion 
before reacting with the proton donor  and  before equilibration could still be consistent 
with the stereochemistry and t h e  reaction products. 

The  more  significant observation against the intervention of a carbanion inter- 
mediate is probably that the reduction of a monohalide, which involves a carbanion 
intermediateig6, is much more difficult than that of a vicinal dihalide. This is indicated 
by the El,* values of ethyl bromide and  1,2-dibromoethane, -2.08 and -1.52 V, 
respectively. This difference is too high to  be attributed to an inductive effect of the  
halogen o n  the carbanion formation, and  therefore suggests that dihalides react by a 
pathway not available to mono halide^^^^. 

In contrast to the  simple dibromoalkane systems, evidence for t he  intervention of a 
carbanionic intermediate has been obtained in the  electroreduction of 1.2-dibromo- 
I-chloro-l,2,2-trifluoroethane, a compound which can  form a very stable carbanion'". 
Likewise, the stereoconvergent debromination of meso- and D,L-diethyl 2,3-dibromo- 
succinate to  give diethyl fumarate l Y 8  might be rationalized on the basis of a carbanion 
undergoing complete rotameric relaxation before losing the  bromide ion. Thus, diethyl 
fumarate, which is more stable than diethyl maleate by c. 4 kcal mol-I i99  is formed 
from both diastereoisomers. However, the possibility that the two diastereoisomers 
react by different mechanisms cannot be excluded: the t?zeso form utilizes the  con- 
certed pathway whereas an intermediate carbanion is formed f rom the D,L isomer, 
where the  conformation with the  arzfi bromine a toms  is disfavoured. 

It should finally be noted that most of the results concerning reactivity and  stereo- 
chemistry of electrochemical dehalogenations might be explained just as well by a 
mechanism which involves two one-electron transfer steps, similar t o  that previously 
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suggested for the dehalogenations promoted by radical anions (Section III.B.1). 
Accordingly, if a radical is formed in the first step, dibromides are expected to be 

much more reactive than monobromides, as observcd, since a bridged radical is 
obtained in the former case. Morcover, when such a bridged radical does not 
isomerizc before undcrgoing further reduction and the carbanion formcd in the second 
stcp loscs the bromide ion before rotation. ariri stercoselcctivity is obscrved, as with 
the 2.3-dibromobutancs. In contrast, when complete equilibration of the bridged 
radical is possible, as with diethyl 2,3-dibromosuccinate, a stereoconvcrgent reaction 
results. 

Probably. a study of thc electrochemical reduction of 8-substituted alkyl bromides, 
e.g. the tosylates of 2-bromo-3-butanol, would be useful to distinguish between the 
concertcd two-electron transfer mechanism and the stepwise one-clectron transfer 
mechanism. In the former casc the bromotosylate should be rcduced more easily than 
the dibromidc as the tosyloxy group is a bctter leaving group than bromine. The 
reverse situation should be obtained if a radical is formed, as bromine is a much more 
effective neighbouring group than tosyloxy. Morcover, in this case the bromotosylate 
should n o  longer exhibit an nnri stereochemistry (see Section III.B.2). 
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1. INTRODUCTION 

Halogen compounds occupy a central position in organic chemistry and, therefore, 
electrochemistry of the  carbon-halogen bond is a subject of considerable importance. 
The present chapter covers mainly preparative and  mechanistic aspects which a r e  
directly related to the C-X bond. It supplements the  previous excellent review by 
Casanova and Eberson' on the electrochemistry of alkyl halides, and  discusses new 
developments which have not been covered bcfore. Since there is a vast literature o n  
the cathodic reduction of alkyl  halide^^-^, including a recent book by H a w l ~ y ' ~ ,  this 
subject is covered only bricfly (Section V) and the  cmphasis is o n  the following 
aspects: 

(1) Many prcvious reviews on electrochemistry of organic compounds2-I0 deal with 
alkyl halides, and are  conccrned almost exclusively with electrochemical reduction. 
Electrochemical oxidation is scarcely mentioned and  only in the past decade this 
aspect has begun to  draw much attention. Therefore, special consideration will be 
given to the anodic oxidation of alkyl halides (Section 11). 

(2) T h c  formation of the C-X bond by halogenation (Section 111), and  its cleavage 
by direct anodic and  cathodic processes, as well as by indirect pathways through 
electrochemically generated electron transfer specics, a re  discussed. Electron transfer 
mediators include aromatic hydrocarbons, inorganic specics, transition metal  
complexes, etc. (Section IV). 

(3) T h e  prcsent review also contains a coverage of the electrochemical properties of 
carbon-pseudohalogen bonds including carbon-azide bonds. The  electrochemistry of 
these bonds has not previously been reviewed (except for polarographic da ta  o n  
isocyanates). 
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No attempt has been made either to chronicle or to categorize the voluminous 
literature, although this reviewer hopes that most of the work which appeared since 
Ref. 1 and up to February 1981 (according to Current Contents) is included. 
Electrochemical techniques and their application in organic chemistry, as well as 
principles of electrochemistry, will not be treated since many textbooks and reviews 
deal with these subjects. In the present discussion, electrochemical reactions of the 
carbon-halogen bond will first be divided according to the nature of the 
electrochemical process (direct oxidation-reduction, halogenation or indirect 
cleavage) and then subdivided in each section according to the nature of the halogen. 

II. DIRECT ANODIC CLEAVAGE OF THE C-X BOND 

In contrast to the vast literature on electrochemical reduction of alkyl halides, both 
from the point of view of mechanism and synthetic applications, relatively very little 
has been published on their anodic oxidation. Since the more electronegative halogens 
either cause the reactions of interest to take place in other parts of the molecule or 
make the appropriate compounds difficult to oxidize, most of the oxidation reactions 
were confined ro iodoaryl and iodoalkyl compounds, which appear to be oxidized 
readily in the region of accessible potentials. However, in the past decade, some 
progress has been made and clectrochemical oxidation under proper conditions has 
been extended to other halides, usually aliphatic compounds. 

A. Carbon-Iodine Bond 

Miller and Hoffman’’ were the first to investigate the anodic oxidation of aliphatic 
iodides in acetonitrile at  a platinum electrode (Table 1). Their oxidation potential was 
sufficiently low with respect to solvent-electrolyte brcakdown to permit oxidation to 
be observed. Whereas tertiary iodides solvolysed much too rapidly in 
acetonitrile-LiC104 medium to allow controlled poteniiai electrolysis, primary and 
secondary iodides were found tc be stable in that medium and form N-alkyl- 
acetamides by a Ritter-type reaction on  a carbenium ion intermediate. Further 
evidence for the involvement of carbocations was deduced from the fact that only a 

TABLE 1. Oxidation potentials of alkyl iodidcs measured o n  Pt anode in acetonitrile 

Compound Eil2. V“ Reference 

Methyl iodide 2.12 11 
Neopentyl iodide 2.14 11 
lsopropyl iodide 2.04 11 
r-Butyl iodide 1.87 11 

Cyclobutyl iodide 2.0b 14 

2-Octyl iodide Not reported 13 
n-Propyl iodide Not reported 13 
Cyclohexyl iodide 2.0b 14 

Cyclopropylmethyl iodide 2.0h 14 
2-Adamantyl iodide 2.0h 15 
2-Iodo-1-methyladamantane 2.0” 15 
2-Iodo-l,3,5,7-tetramethyladamantane 2 . P  15 

“Against Ag/O.Ol M AgNO3. 
hApplied controlled potential for electrosynthesk. 
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rearranged product, namely N-t-pentylacetamide, was formed by the oxidation of 
neopentyl iodide. 

also studied the anodic oxidation of various alkyl iodides in 
acetonitrile and revealed the synthetic potentiality of this reaction which was 
previously reviewed in this series (Ref. 1, p. 1037). 

The electrochemical oxidation of alkyl iodides was extended to alicyclic compounds 
among which iodocyclohexane l4 produced a mixture of N-cyclohexylacetamide and 
N-cyclohex-2-enylace tamide: 

Laurent and Tardivel 

NHCOCH3 
I 

I NHCOCH, 
I I 

The latter product is attributed to  the oxidation of cyclohexene which was previously 
formed by elimination of a proton from a carbocation intermediate. 

Iodocyclobutane and  iodomethylcyclopropane were oxidized at  platinum in 
acetonitrile and both yielded the  same mixture of two isomeric products (-80% total 
yield): N-cyclobutylacetamide and N-(cyclopropylmethyl)acetamide'6. It was sug- 
gested that a common intermediate, [C4H7]+, is responsible for the results obtained 
from both iodides: 

d N H C O C H 3  
1. CH3CN 

= +  

P C H  ,NHCOCH, 

The interconversion of one product into the other can take place in the following 
manner, involving the intermediacy of nitrilium ions: 

It was also shown that upon prolonged electrolysis only N-cyclobutylacetamide, 
which is known to be thermodynamically more stable17, was obtained. 

Several 2-iodoadamantanes were also anodically oxidized in a~e toni t r i le '~ .  Whereas 
2-iodoadamantanc and 2-iodo-1-methyladamantane yielded exclusively the 
corresponding 2-N-adamantylacetamido derivatives, 2-iodo-1,3,5,7-tetramethyl- 
adamantane formed a n  additional rearranged product with a skeletal structure of 
protoadamantane (Table 2). 

B. Carbon-Bromine Bond 

It has been shown that adamantane'8.'o undergoes 2e- oxidation to produce 
N-( I-adamanty1)acetamide (75% isolated yield). The same product (89%) was formed 



6. Electrochemical oxidation and reduction of the C-X bond 207 

TABLE 2. Anodic oxidation of 24odoadamantanes in acetonitrile" 

R' R' NHCOCH3 

R4 & -g 

R 2  - R4& R 2  HCOCH: R4& 

Total 
R3 R3 R3 yield 

Total 
yield 

'Data from Ref. 15. Platinum working anode against Ag/O.l N AgN03 was employed. All derivatives 
were potentiostatically oxidized at 1.7 V. 

also by le-  oxidation of 1 -brorn~adamantane'~. This result implicates the involvement 
of 1-adamantyl carbenium ion in the reaction, since it is known that such an 
intermediate may lead to this product in acetonitrile2I. It was postulated that in the 
oxidation of 1-bromoadamantane, a carbocation intcrmediatc may arise either from 
direct anodic oxidation of the adamantyl moiety or from the non-bonding electrons of 
the bromine atom. When 2-bromoadamantane was potentiostatically oxidized2z at 
2.5 V (against Ag/Ag+), consuming 2 F mol-I. two acetamides were formed: 
N-(2-adamantyl)acetamide (derived from carbon-bromine bond cleavage) and a 
mixture of isomers of 2-bromoadamantylacetamides (derived from tertiary 
carbon-hydrogen bond fission), the latter being highly favourable. However, on 
introducing one methyl group at a bridgehead position the oxidation product 
predominantly undergoes one-electron cleavage to give a non-brominated acetamide 
due to C-Br bond fission. It has been pointed out that 2-bromo-1-methyladamantane 
is solvolysed 30 times faster than 2-bromoadamantane and the different 
electrochemical results have been interpreted in terms of solvent assistance to the 
halogen loss (see for details Section 1I.D). To complicate the matter, when four methyl 
groups are introduced in all four available bridgehead positions, the compound is not 
oxidized at $3.1 V and the total product yield decreased from 80 to 50%. The 
breaking of thescc-C-H bond was found to be favoured over that of the C-Br bond. 
The latter cleavage yielded also a rearranged product (Table 3). 

Unlike secondary adamantyl bromides which gave products due to a competitive 
cleavage between C-Br and C-H bonds, other simple bromoalkanes yielded 
 product^?^ derived from an exclusive C-Br bond breaking, indicating a selectivity 
towards bromine substitution (Table 4). Since all alkyl bromides studied have 
E, 2 2.8 V (except for 1-bromobutanc, 2.47 V), controlled potential electrolyses were 
carried out on the foot of the waves to avoid solvent interferencc. Thus, primary, 
secondary and tertiary bromidcs were found to be oxidizable under these conditions 
and yielded products with reasonably good yields. Furthermore, products due to 
Wagner-Meenvein rearrangement were occasionally observed. Anodic oxidation of 
1 -bromo-2-mcthylpropane, which contains a primary bromide and a tcrtiary 
hydrogen, formed the product derived only from C-Br bond fission. This result is 
quite surprising in light of those obtained from the electro-oxidation of 2-bromo- 
adamantanes. The discrepancy may be explained qualitatively on the basis of 
photoelectron spectroscopy measurements comparcd with oxidation potentials of both 
bromoalkanes and their parent hydrocarbons (Table 5). -4s one can see, the E p p  for 
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TABLE 4. Voltammetric data' and oxidation products23 

Supporting Current 
Reactant (20 mmol) electrolyte yield, O / o h  Products 

r-Butyl bromide TEAFC 83 N-r-Butylacetamide (1) 
2-Bromopropane LiC104 70 N-2-Acctamidopropane (2) 

2-Bromobutane LiC104 60 N-2-Acetarnidobutane (3) 

1-Bromopentane LiC104 40 N-1- (4), N-2- (S), N-3-Acetamido- 

1 -Bromo-2-methylpropane LiC104 50 1 + 3 + N-isobutylacetamidc (7) 

'All preparative oxidations have been carried out at 2.35 V against Ag/AgNO3 0.1 M in 10 ml of 
acetonitrile at room temperature. Cyclic voltammograms of all the listed compounds give E,, 
values in the range 2.4-2.8 V (against Ag/Agf) at 0.5 V s - '  scan rate. 
bBased o n  2 F mol-'. 
CTetraethylarnmonium fluoroborate. 

TEAF 40 

TEAF 41 

pentane (6)  

adamantane is lower than that for its corresponding bromide while their corresponding 
ionization potentials (IPS) are in reverse order (or close to each other). O n  examining 
other simple alkanes and their bromides it. is clear that now the Ep12 values for 
bromobutanes are lower than those corresponding to their parent hydrocarbons, along 
with the  same trend observed for their IP values. O n  the grounds of the above 
observation it was suggested that initial removal of electron from bromoadamantane is 
from the  HOMO which is primarily located on the adamantyl moiety19. However, in 
the case of other bromoalkanes, as shown in Table 5 ,  it  was postulatedz3 that the 
HOMO consists mainly of the lone pair orbital of the bromine, and therefore these 
compounds are easier to oxidize than the corresponding hydrocarbons. This argument 
explains nicely why, in 2-bromoadamantane, C-H competes with the C-Br bond 
fission (both IP and E,,,2 values of the bromide are close to the corresponding values of 
its parent hydrocarbon). In other alkyl bromides the energy gap for oxidation is higher 
and thus the bond cleavage is more selective towards that of the C-Br bond. 

Bccker has also studied2' the effect of supporting electrolyte and substrate 
concentration on the product yield from the anodic oxidation of simple aliphatic 

TABLE 5. Oxidation and ionization potcntials of alkyl bromides and their parent hydrocarbons 

IP, c v  Reference Substrate . E p / 2 ,  V' Reference 

Adaniantane 2.36 20 9.68 25 

n-Butanc - b 24 10.63 26 
1-Bromobutane 2.50 27 10.13 26 
2-Brornobutane 2.40 27 9.98 26 

2-Methylpropane - b 24 10.56 26 

lsobutyl bromide 2.50 27 10.09 26 

"Against AdO.1 N AgN03. Sweep rate, 0.5 V s- ' .  
'E,,/z values of aliphatic hydrocarbons are in the range 3.0-3.6 V. 

1-Adamantyl bromide 2.54 20 9.54 25 

r-Butyl bromide 2.25 27 9.89 26 
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bromides. Since the oxidation takes place o n  the  foot of the wave, obviously the higher 
t he  concentration of the substrate the more  efficient is the bromide oxidation, which 
competes favourably with the  background oxidation. Regarding the effect of 
electrolytes, the  results show better current yields with perchlorate anions than with 
fluoroborate ions since the latter were found28 t o  be adsorbed more easily o n  platinum 
and  consequently decrease the  concentration of the depolarizer on the electrode 
surface. 

T h e  effect of chain length on the  anodic oxidation of straight-chain I-bromoalkanes, 
Br(CH2),CH3 (n =. 1-7), was i n v e ~ t i g a t e d ~ ~ .  It has been found that all substrates 
undergo a n  exclusive C- Br bond cleavage to  produce acetamido derivatives in 
acetonitrile solvent (Table 6). T h e  product distribution indicates isomerizations in the 
direction of the more  stable carbocation, namely from primary alkyl products t o  
secondary ones. However, it was realizcd that hydride migration steps occurred in 
competition with a nucleophilic attack by the solvent o n  the carbocation 
intermediate, because isomerization does  not always end u p  completely with the most 
stable carbocation. 

Current yields were strongly affected by  the chain length a n d  it was found that the 
longer the chain the  lower the yield. T h e  preference for a certain acetamido derivative 
obtained from the long-chain bromides led to the hypothesis that besides the 
possibility of a series of consecutive 1,2-hydride shifts, a remote  rearrangement route 
consisting of a six-membered ring transition state may also be considered, although 
there is n o  clear-cut proof (such as using a labelled compound) to support such a 
hypothesis: 

-e/Pt 
R(CH2I5Br 

I t  is noteworthy that none of the  carbocation intermediates underwent deprotonation 
since no  olefinic products were dctcctcd. 

A study of the effect of ring size on  thc  anodic oxidation of alicyclic bromides has 
been conducted by Beckcr a n d  Zemach3" and  revealed that in addition t o  the 
formation of amides in acetonitrile, olefins were also formed in certain cases (Table 7). 

TABLE 7. Products from anodic oxidation of alicyclic bromides in acetronitrile' 

1 -Bromo-2-hydroxy- 
Substrate (0.5 M) N-Cycloalkylacetamidc, % Cycloalkene, Noh cycloalkane, O/u 

Broniocycloheptane 26 1-2 - 

Bromocyclobutane 60 - - 
Brornocyclopropane CHz=CHCH?NHCOCH3 (45) - - 

Bromocyclohexane 60 14 Trace 
Brornocyclopentane 45 4 Trace 

UData were taken from Ref. 30. Tetraethylammonium fluoroborate (0.2 M) war used as an 
electrolyte. Electrolyscs were carried out at 2.5 V (against Ag/O.l N AgNO3) at 0 "C. Yields 
are based either on isolated products or calibration curves. 
bTrapped as 1,2-dibromocycloalkane. 
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The same authors also studied the effects of concentration, temperature, electrolyte 
and electricity consumption of the anodic process. Only bromocyclopropane 
undergoes ring opening during the course of its anodic oxidation, due to the ring strain 
in the three-membered ring. Also, it is well established that a positive charge 
generated on a cyclopropyl ring causes ring opening to an allylic cation3I. Therefore, 
this result is to be expected and the following mechanism, involving a skeletal 
rearrangement in the cyclopropyl ring, was suggested: 

Bromocyclobutane yielded only, N-cyclobutylacetamide and no N-methyl- 
cyclopropylacetamide was detected since the former is thermodynamically more 
stable”. However, both amides were obtained when the electrolysis duration was 
short, enabling also product formation from the cyclopropylmethyl cation16. 

Unlike the unstrained five-, six- and seven-membered rings which also produced 
cycloalkcnes, no cyclobutene or propene was detected. 

C. Carbon-Chlorine and Carbon-Fluorine Bonds 

The only aliphatic chloro- and fluoroalkancs, the anodic oxidation of which is 
reported, are adamantyl derivatives. Miller and KochZ0 oxidized 1-haloadamantanes 
and concluded that they undergo C-H bond cleavage at the bridgehead exclusively, 
to form haloadamantyl acetamides (Table 8). OthersI5 reported on the 
electrochemical oxidation of 2-chloro- and 2-fluoroadamantanes. Surprisingly, the 
latter gave a product derived from substitution of fluorine by an acetamido group. This 
result was rationalized by the following scheme, which suggests elimination of 
hydrogen fluoride from the electrochemically generated cation radical: 

TABLE 8. Products o f  electro-oxidation o f  adamantyl chlorides and fluorides in acetonitrile on 
platinum anode 

Substrate 
Oxidation Isolated Haloadamantyl Adamantyl 
potential” yield. 96 acetamides (%) acetamides(%) Reference 

1-Adamantyl chloride 2.5 91 100 - 20 
1-Adamantyl fluoride 2.5 5 1  100 - 20 
2-Adamantyl chloridc 2.6 8 2  1 OOb - 15 
2-Adamantyl fluoride 2.6 40 65 35 15 

“Against Ag/O.l N AgNO3. 
bl’hrec isomers. 
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-e 
2-fluoroadamantane - 

CH3CN I 1. CH3CN 

2. H 2 0  I CH2CN 
I 
CH&N 

PjZCCH, 

+KT polymers - 
Another unexpected result involving C- F bond cleavage follows the attempted 

nuclear acctoxylation of 2- and 4-fluoroanisole3'. The  corresponding chloro- and 
bromo- compounds yield straightforward products of anodic nuclear acetoxylation, 
consistent with the ECEC (elcctrochemical-chemical-electrochemical-chemical) 
reaction sequence common in anodic substitution. For the fluoro compounds, fluorine 
is displaced and acetoxylation takes place almost entirely at the position previously 
occupied by the fluorine substituent. A t  low conversions the displacement occurs with 
high current efficiency (70-80%) whereas a t  high conversion the product is oxidized 
further. T h e  mechanism is not clear, but a plausible explanation is given in which a 
fluoride ion is lost a t  some intermcdiary stage, as follows: 

OCH, OCH, 

ArF [ I AcO 

[ArOAc]: - ArOAc + [ArF]? 

- F -  

(and ortho isomer) - [ArOAcI2+ 

AcO 
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Different ti-values have been reported for this reaction, 2 from voltammetric 
measurements and 1 from coulometry at  constant potential. It has been proposed that 
this difference in n-values gives an indication that thc starting material is oxidized by 
an intermediate, e.g. the dication in the above scheme. However, the authors have not 
been able to explain satisfactorily the reduction of either the radical cation o r  the 
dication to the final product. Interestingly, the same behaviour is observed33 when the 
fluoro compounds are oxidized by Ag(II), and it is reasonable to assume that the same 
mechanism is valid for both chemical and anodic oxidation. 

Unlike fluoroanisoles, neither 4-fluorotoluene nor fluorobenzene gave any products 
resulting from displacement of fluorine on anodic oxidation in the same medium. 
Therefore, it is of interest to know how polyfluorinated arenes would behave. These 
compounds contain only fluorine substituents and fluorine displacement or addition to  
the aromatic ring would be feasible reaction pathways. Blum and N ~ b e r g ~ ~  have 
studied the anodic oxidation of hexafluorobenzene, octafluoronaphthalene and 
decafluorobiphenyl in trifluoroacetic acid. After hydrolysis the former two compounds 
gave tetrafluorobenzoquinone and hexafluoronaphthoquinone in 75% and 60% 
yields, respectively, whereas attempts to isolate octafluorobiphenoquinone failed: 

F 

CF3CO0 OCOCF, 

- 
F 

F OCOCF, CF3CO0 OCOCF, 

F \ b F  F' F 

0 

not isolated 

D. Mechanisms 

It is impossible to rationalize onc mechanism for the anodic oxidation of all 
haloalkanes. However, there is a generally accepted mechanistic scheme for alkyl 
iodides and bromides, suggesting an initial electron transfer from the highest 
filled molecular orbital of the organic halide to the electrode. In subsequent stcps, the 
cation radical [RX]' may undergo fission of the carbon-halogen bond to  form 
carbocations and oxidizable halogen, or  a nucleophilic attack (e.g. by the acetonitrile 
solvent) via SN2 type displacement. Usually, when the halogen is CI or F, the cation 
radical may lose a hydrogen atom due to carbon-hydrogen bond cleavage to  form 
halogenated derivatives. 

A study of alkyl iodides in acetonitrile revealcd that thc oxidation process involved 
the formation of carbenium ion intermediates' l . l2 .  Keating and Ske1135 studied the 
anodic oxidation of n-bromopropane in methanol and obtained cyclopropane among 
othcr products. To explain their results, they suggested formation of a highly energetic 
primary carbenium ion intermediate following ejection of the bromine atom from the 
alkyl bromide cation radical. However, when Laurent and c o w ~ r k c r s ~ ~  oxidized 
I-iodo-1 , l  -dideuteriopropane electrochcmically, their results led to a quite different 
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conclusion. By analysing the mass spectra of the isolated N-propylacetamides it  was 
found that 98% of the deuterium atoms arc localized on the cr-carbon 
(Ch'3CI-T2CD2NHCOCH3). This points to an attack of the nucleophilic solvent on the 
radical cation via an SN2 type mechanism: 

Primary products - 
R 

\r. 
I R 

/L\ r( 
CH2-l+' or - Secondary or 

tertiary products / 
CH,CN~ CH,CNi 

If carbenium ions are to be formed, then a mixture of three primary products is to be 
expected37, according to the following scheme: 

. .  .H. . .  
: * . 

Further support for the favoured S N ~  type mechanism evolves from a comparison 
between the results obtained from anodic oxidation of alkyl iodides with those 
obtained from a Kolbe-type process (which is known to produce carbocations under 
proper conditions). Some of the results are described in Table 9. Obviously, the 
differences are indicative of more than one mechanism (at least for the formation of 
the primary substituted amide). The extent of rearrangement of carbenium ions 
produced by oxidation of alkyl iodides has been compared with that of cations 
produced by trifluoroacetolysis of tosylates in a comprehensive paper by Laurent and 
coworkcrs'2. They conclude that, for eiectro-oxidation of iodide, the solvent 
(acetonitrile) assists cation formation. This conclusion is reinforced by the 
o b ~ e r v a t i o n ~ ~  of 20%) inversion in the major product (N-(2-octyl)acetamide) of the 
anodic oxidation of optically active 2-iodooctane. 

The complexity of the reaction of alkyl bromides suggests that more than one 
mechanism is operative in order to explain rearranged, as well as olefinic products. 

TABLE 9. Products obtained from anodic oxidation of alkyi iodides and carboxylates, in 
acetonitrile on Pt anode 

Substrate N-( 1-AlkyI)acetamide, 96 N-(2-Alkyl)acetarnide, %I Reference 

CH3CH2CH2I 60 40 36 
CH3CH2CH2COO- - -100 38 
CH~CHZCH~CH~I  58 42 36 
CH~CHZCH~CH~COO- - - 100 38 
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The following scheme describes possible routes for obtaining products from the 
organic moieties. Thc fate of the halogen, which does not have a straightforward 

I 

interpretation, will 

Haloalkylacetamide 

RNHCOCH, + H+ 

be discussed clsewh& in this chapter: 

RX 

I -e 

addition reaction I‘ CHJCN 
R’+ 

R’N=bCH, 2 H O  R’NHCOCH, + H+ 
See Addendum (page 286) 

111. C-X BOND FORMATION BY DIRECT ANODIC OXIDATION OF ‘X’ SPECIES 

Electrochemical halogenation of organic substrates has been mainly confined to anodic 
fluorination. for which numerous patents and publications exist40. However, 
considerable advances have been made in anodic bromination, chlorination and 
iodination, both from the synthetic and mechanistic viewpoints. The relative ease of 
oxidation is in the expectcd order I -  > Br- > C1- > F-. 

For halogenations in I- ,  Br- o r  CI- electrolytes, Pt and carbon (in their various 
forms) are usually suitable, and there are no  special requirements for anode materials 
other than that they be inert to electrochemical oxidation and to the electrogenerated 
halogen species. In contrast, fluorinations in liquid HF require nickel or carbon anodes 
for perfluorination to occur. The specific reasons will be discussed later in this section. 

The present section illustrates C-X bond formation via direct anodic oxidation of 
halogen moieties (as well as pseudohalogens). 

A. Carbon-Iodine Bond 

In chemical iodination of organic compounds in aqueous media it has often been 
postulated that either iodonium ion ( I + )  or protonated hypoiodous acid, (H201)+, are 
involved4’. In the presence of oxidizing agents, evidence for IO’, I;, I; and I; has 
been reported42. The powerful electrophilicity of positive iodine species has been 
studied by several g r o ~ p s ~ ’ . ~ ~ .  

Popov and G e ~ k e ~ ~  were the first to study the electrochemical oxidation of iodine in 
acetonitrile as a part of an investigation of thc I--Iz-Ij redox system. Their results 
indicated that only a portion of the number of coulombs consumcd in iodine oxidation 
were assayable as positive iodine species. This did not permit elucidation of the 
oxidation pathway. 
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TABLE 10. Oxidation products from iodination of aromatic compounds in acetonitrile-LiC104 
on Pt anode“ 

Percentage yield of iodoarornatic 
isomers from a pre-formcd 

Percentage yield of iodoaromatic 
from mixtures of iodine and 

Substrate agent, ~ / u ’  aromatic substrates, u/o 

Benzene 96 
Toluene 47 paru,  47 ortho 

Anisole 56 paru, 24 ortho 
Nitrobenzene 0 

p-Xylene I00 

1 1  
16 p a w ,  1 6 ortho, 2 trim 
50 (1 2)c 
13 pnra ,  6 ortho, 1 mein 
0 

“Data from Ref. 45. Iodination was conducted in a divided cell a t  1.6-1.7 V against AdO.1 N 

’Based on 3.9 nimol of iodinating agent. 
‘Side-chain substitution product: N-a(p-xylylacetamide). 

AgN03. 

Miller and coworkers45 studied the electro-oxidation of mixtures of iodine and 
benzenoid hydrocarbons and the  results pointed to electrophilic iodination of the 
aromatic ring, competing with a side-chain substitution reaction in a particular case: 

CH2NHCOCH3 

CH3 CH3 CH3 

These authors reported that a supression of the side-chain substitution, as well as 
increasing the total product yield (Table lo), was achieved when the iodinating agent 
was separately formed (upon electro-oxidation of iodine in acetonitrile-LiC104 
solution) followed by addition of the aromatic compound, after the electrolysis was 
discontinued. Furthermore, it was shown that polyiodination can occur by varying 
either the mole ratio between ‘I+’  and substrate or the amount of electricity 
consumption: 

+ 
12-2 e- - 2 ‘I” (could be in the form of CH3C=NI) 

(a mixture of isomers) 

Whereas nitrobenzene has not been iodinated in acetonitrile, i t  has been found by 
Parker and coworkers46 that the anodic oxidation of iodine in trifluoroacetic acid 
containing solvents produces a highly reactivc iodine species which iodinates even the 
most highly deactivated monosubstituted benzenes such as nitrobenzene and 
benzotrifluoride. Representative examples are summarized in Table 11. 
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TABLE 1 1 .  Products from iodination of aromatic compounds in the presence of 17 

Substrate Solventa 

lodobenzene AN 1,4-Diiodobenzene (46) 
1,2-Diiodobenzene (23) 

lodobenzene DCE + 10% TFA 1.4-Diiodobenzcne (77) 
Bcnzonitrile AN No rcaction 
Benzonitrile DCE + 10% TFA 3-Iodobenzonitrile (40) 
Benzaldehydc DCE + 10% TFA 3-lodobenzaldehyde (74) 
Bcnzotrifluoride DCE + 10% TFA 3-Iodobenzotrifluoride (97) 
4-Chloroni trobenzenc DCE + 10% TFA 3-lodo-4-chloronitrobenzene (56) 
Nitrobenzene AN N o  reaction 
Nitrobenzene DCM N o  reaction 
Nitrobenzene DCE No reaction 
Nitrobenzcne AN + 10% TFA No reaction 
Nitrobenzene DCM + 10% TFA 3-Iodonitrobenzene (47) 
Nitrobenzene DCE + 10% TFA 3-Iodonitrobenzene (78) 

'All expcriments in acetonitrile (AN) have bcen carried out at a controlled potential of 1.9 V 
against Ag/O. 1 N Ag', on Pt anode using LiCIOj45. Data in other media, I ,2-dichloroethane 
(DCE), dichloromethane (DCM) and trifluoroacetic acid (TFA), are takcn from Ref. 46, using 
tetrabutylammonium fluoroborate (TBAF) at a constant current of 150 mA. In all experiments 
2 nimol of 12 have been used and about 2.5 F mol-' consumed. 

Regarding the mechanism of the iodination process. two possibilities have been 
suggested so far. One involves an attack of the electrogenerated electrophile, I + ,  on 
the aromatic ring, as has been demonstrated before. and the second suggests an ECE 
(electrochemical-chemical-electrochemical) mechanism in which the iodine cation 
radical reacts as an electrophile: 

- e  1.2 - 12'' 
I;' + ArH - Arl + H+ + I '  

1' a I+ 

Both mechanisms satisfy the stoicheiometry of the iodinations, which requires the 
consumption of at least 2 F mol-I. 

A kinetic study by Miller and Watkinsj' includes measurements of relative rates 
towards 'I" in acetonitrile for substituted benzencs, deuterium isotope effects and a 
linear Harnrnett plot with o+ constants (p' = -6.27, Figure 1). The data are interpreted 
in terms of electrophilic substitution via a o-complex with rate-limiting deprotonation 
of this complex for all compounds studied. In dichloromethane the pvalue is -2.85 
and it has been proposed that this difference is due to the fact that dichloromethane is 
less basic !han acetonitrile and should complex the 'I+' differently. 

It  has been shown4H that a carbon-iodine bond may be formed by anodic coupling of 
iodobenzene to benzene to form a diphcnyliodonium cation and by anodic 
self-coupling to form iodophenylphenyliodonium cation, as a potentially useful 
electrosynthesis of iodonium salts: 

Phl + PhH PhiPh + H+ (1 1 

(2) 
- 2% 

2 Phl - IC6HiPh + H+ 
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FIGURE 1. Hamrnett plot for iodination 
of substituted benzenes by electrochemically 
generated positive iodine species in CH3CN. 
(Reproduced from Ref. 47.) 

This coupling reaction may serve as an  electrochemical method to produce phenol 
from benzene in two stcps. Therefore, the reaction was reinvestigated by Wendt and  
coworkers49 with the  aim of optimizing the yield. In  the dependence of the anodic E1/2 

of the iodoarenes (Table 12) o n  the electrode material one  would expect an  increase of 
coupling efficiencies in the order  gold < platinum < lead dioxide < carbon since the 
adsorption of the substrate a t  the electrode surface increases in this direction. 
However, this prediction was fulfilled only for platinum and gold electrodes and failed 
for lead dioxide and  carbon at  which n o  iodonium ions a re  produced. The  suggested 
reason for  this behaviour is that  polymerization reactions (for instance. with solvent 
molecules) prevail a t  carbon and  PbOz  anodes due  to  a catalytic effect. 

TABLE 12. Half-wave potentials and coupling yields for the anodic iodoarene oxidation at 
diffcrent anode materials in acetonitrile-0.1 M NaC10449 

Anode of iodobenzenc Coupling yield, El12 of iodotoluene Coupling yield, o/Uc 

Au 2.2 20-30 2.18 20 
Pt 2.05 80 2.00 70 
C 1.95 0 1.68 0 
PbO? 1.8 L 0.05 0 - - 

aV, against SCE. 
'For tenfold exccss of benzene. 
'For tenfold exccss of toluene. 
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The same authors49 also studied the two competing reactions (1) and (2). From their 
preparative results they concluded that the choice of platinum-acetonitrile gave the 
best selectivity in favour of reaction ( 1 )  ovcr (2) since benzene was found to be 
adsorbed much more strongly than iodobenzene. Even at a bulk concentration ratio of 
1 : 1 the formation of PhzI+ was almost exclusive (>97%). The same trend was found 
for iodotoluene-toluene. However, at other anode-material/electrolyte interfaces the 
selectivity was worse and the competing anodic self-coupling reaction (2) was 
increased. 

A continuous process has been proposedSo for the synthesis of aromatic amines from 
benzene by the reaction of aliphatic amines (or ammonia) with the iodonium cations 
produced as a result of anodic oxidation of aryl iodides in acetonitrile in the presence 
of benzene: 

- 20 
PhH + Arl 7 

RNH2 
[ArlPh]' - Arl + H + +  PhNHR 

B. Carbon-Bromine Bond 

Bromide ion, in acetonitrile solvent, can be oxidized to B r j  and Br2 in two 
consecutive s t e p ~ ~ l - ~ ~ .  Popov and Geske5' were the first to report the existence of a 
third anomalous anodic wave (observed a t  + 1.5 V against Ag/O. 1 M AgN03),  but they 
gave no  interpretation. The existence of this third step was confirmed by Magno and 
coworkerss4 and a mechanism was elucidated suggesting the electrochemical 
formation of Br+ species. This hypothesis was supported by the fact that 
bromobenzene was detected when bromide ion was electrolysed in acetonitrile in the 
presence of benzene and at a potential corresponding to the third wave and below that 
of the oxidation of benzene. They suggested that bromobenzene is formed as in the 
following scheme: 

[&+I + PhH - PhBr -+- H' 

A radical reaction mechanism was excluded on the basis of their experimental results 
which showed no brornobenzene formation at  working potential values lower than the 
third wave (at which bromine radicals a re  believed to be formed). 

An extended study of anodic bromination of aromatic compounds in anhydrous 
acetic acid on Pt electrode was advanceds5 and, ring-, chain- and solvent-bromination 
took place (Table 13). Interestingly i t  was found that both electrochemical and 
photochemical steps are essential in the formation of aromatic bromo-substituted 
compounds. This conclusion was rcached since no bromo aromatics were formed when 
electrolyses were carried out in the dark at  a controlled potential of 1.0 V. On the 
other hand. illumination of the same solution (without elcctrolysis) showcd that ring 
substitution was very slow and can be neglectcd as a sidc raction in the course of an 
electrolysis. Therefore, the following scheme was suggested: 

2 Br- - Br2+ 2e 

6'2 + ArH 

where [ ArH Br2] is a n-complex. non-oxidizablc intzrmcdiate; 

[ArH - Br2] 

light 
ArH- Brp - Intermediate product (detected by UV) 
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which is detected by ultraviolet light; 

Intermediate product 

Oxidizable species 

The intermediacy of Br2 in the anodic bromination reaction was confirmed by 
electrolysing mixtures of Br2 and aromatic compounds, yielding quite similar results to 
those obtained upon starting from Br- (Table 13). 

The same a ~ t h o r s ~ ~ - ~ ~  have also shown that bromination can take place even more 
rapidly and without the involvement of a photochemical step when higher potentials 
are applied (1.2-1.4 V correspond to the last oxidation wave of the system Br-/ArH). 
The similarity in the results obtained by the two bromination routes points to similar 
mechanisms, except for the initial steps: 

oxidizable species (possibly solvated ArH. Br2); 

W A C  - ArBr + BrCH2COOH + 2 H' + 2 e  

- 1  e 
ArH - ArH', 

-18 
ArH+ + 2 Br- - ArH.8r2 

followed by the same steps in acetic acid, as described in the former scheme. 
A considerable influence of the substrate concentration on the limiting current of 

the third wave was found in acetonitrile and this fact was taken into account by 
postulating57h the following steps, after a non-oxidizable species, [ArH Br2] is 
formed: slow 

[ArH-Br2] + ArH 

[ArHBr'] - [ArHBr'] (0-complev), 

[2 ArHBr'] (0-complex). 

- e  

-- e 
[ArHBr'] - ArBr + H' 

The first step of the three explains the dependence of the voltammetric wave and of 
the product yield on the substrate concentration. An alternative mechanism was 
suggested for the formation of aryl bromides, involving the intermediacy of Br+: 

Br++ ArH - [ArHBr'] (a- complex). 

[ArHBr'] - ArBr + H+ 

In the case of naphthalene b r ~ m i n a t i o n ~ ~ ,  a thermal reaction between Br, and 
naphthalene was suggested, due to the relatively high rate of this reaction (4 x 1 
mo1-l s-l, at  40°C). Since with benzene no bromination took place at 1.0 V (unlike 
the results obtained for toluene and p-xylene), it was concluded that no oxidizable 
intermediates were formed between Br2 and benzene during the electrolysis. However, 
at potentials at which the benzene ring is oxidizable (1.65 V against SCE), 
bromination did take place (Table 13). 

The advantage of using acetonitrile solvent instead of acetic acid was nicely 
demonstrateds7 in the electrochemical bromination of aromatic hydrocarbons on Pt, 
wherc the yields of the brominated products were near loo%, mainly because the 
solvent was not brominated (Table 14). Furthermore. bromination could occur either 
mostly on the chain or mostly on the ring, depending o n  illumination conditions. It was 
also established, by separate control cxperimcnts, that the chain-substitution reaction 
was mainly due to photo-activation of an oxidized intermediatc, e.g. [ArH - Br2] +, and 
not due to bromine radicals. 
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TABLE 14. Electrolysis of Br2 and aromatic hydrocarbon mixtures 
at 1.1 V (against SCE), in acetonitrile at 40°C' 

Percentage rin Percentage chain 
ArH Illumination substitution. YO' substitution. YO 

Toluene Light 5.7 71.0 
Dark 59.0 40.2 

p-Xylene Light 6.2 66.0 
Dark 54.3 19.4 

Benzene Dark N o  reaction 

'Data from Ref. 57a. 
'With respect to  charge exchange. 

-. 

The synthetic usefulness of the anodic bromination of phenol was clearly 
demonstrated by Gileadi and Bejeranos8. It is well known that chemical bromination 
of phenol with Brz in aqueous solutions yields tribromophenol quantitatively. Also, 
para and orrho bromophenols can be prepared separately in high yieldss9. These 
authors have shown that electrolysing a mixture of Br- and phenol afforded either 
monobromophenol or  dibromophenol, as desired, in high yields, avoiding the forma- 
tion of tribromophenol completely. The results, obtained in highly acidic solutions on 
platinized platinum or titanium electrodes, showed that p-bromophenol was the main 
product when one equivalent of charge was passed. 2,4-Dibromophenol became the 
main product when two equivalents of charge were consumed. Other isomers, 
o-bromophenol and 2,6-dibromophenol, were formed in small quantities; 
rn-bromophenol was not detected at all. Only 10% of tribromophenol were found 
at two equivalent charges and none at less than one equivalent charge. Product 
distribution as a function of charge is demonstrated in Figure 2. 

C. Carbon-Chlorine Bond 

Anodic chlorination of aromatic compounds in acetic acid has been conducted in the 
presence of concentrated H C P  or  L i W .  Table 15 shows that mono-substitution 
takes place with no side-chain chlorination, but with relatively low overall yield of 
isolated products. Chlorination of aromatic compounds in the same solvent, via anodic 
oxidation of C P ,  has proved to give similar results with almost equal isomeric dis- 
tributions, suggesting that the same intermediate may be responsible for the halogena- 
tion. 

Recently, Mastragostino and coworkerF have investigated the anodic chlorination 
of an cr,p-unsaturated ester (methyl butenoate) in HOAc-LiCI media. Both addition 
and substitution products have been formed, the latter being in a higher yield than that 
obtained from a chemical chlorination of the same ester. This difference is explained 
by assuming that a chlorocarbo-cation is formed at the electrode surface followed by 
proton elimination to form a monochloro-substituted product. In  the non-electro- 
chemical process, the chlorocarbocation could couple more easily with C1- of the  
nucleophilic solvent. 

Regarding the mechanism, the generally accepted reaction scheme64 is not 

X- - X' t e 

R H t X '  - R X + H + + e  
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Mole fraction (%I 
c \  

FIGURE 2. Product distribution of bromophenol 
derivatives as a function of charge equivalents 
consumed: 0, phenol; 0, p-bromophcnol; A, 
o-bromophenol; e, 2,4-dibromophenol; Bl, 2,6- 
dibromophenol; A, tribromophenol. (Repro- 
duced from Ref. 58.) 

supported by experimental results. O the r  suggested mechanisms", e.g. photochemical 
and thermal chlorination, do ,  however, explain some of these results. 

With regard to  the anodic chlorination mechanism, it has been suggested66 that, 
under voltammetric conditions, t he  final product (starting from C1-) is CI,: 

c1- CI' 

- 
CI' + CI- - a** 

TABLE 15. Anodic chlorination of aromatic compounds in acetic acid, at + I  .4 V (against SCE), 
on Pt, using LiCI" 

Current 
ArH t ,  "C n b  yield, 96 Chloro derivatives 

Chlorobenzene 40 1 .0 
Benzene 40 1.1 15 Chlorobenzene 
Benzene 30 1.1 15 Chlorobcnzene 
Toluene 40 1.9 90 0- and p-chlorotoluene 
Toluene 30 1.7 65 0- and p-chlorotoluene 
p-Xylene 40 2.0 100 Chloro-p-xylene 
p-Xylcnc 30 1.9 90 Chloro-p-xylcnc 

- - 

- 

UData from Rcf. 61. 
bNumber of electrons used for chloro-derivativc generation. 
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2 C12: - c13- + CI- 
or 

C12T + CI' - Cl, 
However, in electrolysis, in which a longer time is available, the final product becomes 
Cl,: 

ci3- a CI, + CI-. 

In anodic chlorination, addition of various organic substrates to the solutions con- 
taining C1- results in an increase in the limiting current of the voltammetric wave of 
C1-. Since none of the aromatic substrates mentioned in Table 15 is oxidized at  the 
potential to which the oxidation wave of C1- is displayed, the increase of the oxidation 
wave is undoubtedly attributable to a reaction between one of the products of the 
electrodic process (CIS, CI,, Cli, Cl; etc.) and the organic substrate to form an oxidiz- 
able chemical species, at the potential corresponding to the C1- oxidation. Since no 
chlorinated compound in the side chain was detected (electrolysis has been performed 
in the dark) the authors exclude the involvement of CI', Clj  and CI, as responsible for 
the chlorination. They suggested an overall scheme of the process and singled out Cl; 
as the halogenating agent: 

- 20 +2 CI- 
2 CI- - 2CI' - 2 clp- - c13- + CI- 

2 CI- + ArHCI, Clp + ci- 

I-. 
o-[ ArHCl]'+ 1/2 CI, 

t 

ArCl + H' 

It has also been shown that the chlorination is most probably of the second order with 
respect to Cl; and of the first order with respect to C6H6. In the case of electrochemical 
chlorination from Clz and the aromatic compounds, i t  has been suggested6, that the 
same intermediate, ArHCI2, is initially formed by chemical reaction between ArH and 
Clz, followed by electrodic oxidation (to form [ArHCI]+) and subsequent fast 
formation of ArCI. From kinetic results it has been concluded that the formation of the 
ArHCI2 intermediate from ClI is much faster than from Clz, and suggested that the 
latter reaction involves the prior formation of a x-complex. 

D. Carbon-Fluorine Bond 

Electrochemical fluorination of organic compounds has been studied quite 
extensively and reviewed by Burdon and tat lo^^^ in 1960, Nagase in 196768, 
Weinberg in 197469 and Rozhkov in 197670 and 198071. The process is not  only 
attractive from an  industrial point of view, but also for being one of the mildest 
methods f o r  obtaining perfluorinated organic compounds. In contrast, chemical 
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fluorination with F2 is often explosive. Only a brief account of the mechanism involved 
and ncw developments in the ficld will be presented in this section. For  more 
comprehensive details the reader is referred to the abovc publications. 

Electrochemical fluorinations are carried out mainly at a nickel anode o r  its alloy in 
anhydrous liquid H F  in which the organic substrate is dissolved o r  suspended. With 
non-conducting substrate-HF solutions, conductivity additives such as  NaF  o r  K F  are 
needed. Completely fluorinated products are obtained upon using nickel electrodes, 
whereas a t  a porous carbon anode, in a solution of HF-KF, high yields in partial 
fluorination have been reported7’. Partial fluorination generally occurs most 
successfully with increasing concentration of the ~ubs t r a t e ’~ .  The porous electrode 
keeps the insoluble feed confined t o  the pores and does not permit to  break out into 
the bulk of the solution. Porous electrodes have becn used for introducing a high 
concentration of gaseous o r  low boiling substances68. Porous and other carbons have 
been used extensively in molten inorganic fluorides. Here the anode generally serves 
as the source of carbon in the product while the inorganic melt provides the fluorine, 
e.g.74 

Porous carbon 
Molten salt (NaF: LIF) anode CF, + C2F6 + C3FB 

Usually fluorination takes place with preservation of the original carbon skeleton 
and functional groups: 

All hydrogens in alkanes, amines, ethers, carboxylic acids and their derivatives and in 
other groups of organic compounds are replaced by fluroine atoms. However, the 
process is sometimes accompanied by f r a g m e n t a t i ~ n ~ ~  between a carbon and a 
functional group, e.g. 

0 
II 

0 
I I  

CH3CCI CF3CF + CF, + CHF3 

C6HsNH2 - C6F11NF2 + c6F12 

I and Br  are  replaced by electrofluorination but chlorine is usually retained in the 
product, for example 

CI CI CI CI 
I I  anode I I  

CI-c-c-CI 7 CI-c-c-CI 
I I  I I  
F F  Br I 

Upon using a Pt anode in acetonitrile containing fluoride ions, it has been found that 
electrofluorination may take place by direct anodic oxidation of the organic substrate 
followed by reaction with the electrolyte. This has been demonstrated for various 
compounds by several groups7G79. In all thcsc cases the reactions are  conducted at  
potentials below that for the dischargc of F- but sufficiently positive for 
electro-oxidation of the organic compound. 

1. Mechanism 

Whereas it is fairly established that chemical fluorination (by F’) is a radical reaction, 
the electrochemical process appears to be much more complicated. Various 
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mechanisms proposcd include the involvcment of radicals. high-valcnt nickel fluorides 
generated at the anode o r  complcx nickel fluorides. The implication is that therc is no  
general mechanism for all electrofluorinations. let u s  consider the  mechanisms 
proposed in the litcraturc on elcctrochemical fluorination, mainly at nickel anodes. 

a.  Radical mechanism. This mechanism suggests that fluorine radicals are  generated 
electrochemically a t  the anodc as a consequcnce of the first oxidation step of F-. 
Perfluorinated organic compounds are formed by subscquent homolytic substitution 
of hydrogen atoms. Others suggested that molecular fluorine which is adsorbed on thc 
nickel anode covered with a film of difluoride is involved in thc fluorination process. 
T h e  latter suggestion has been disputed because free F2 is found during thc induction 
period (but not later) with ncw Ni anodes"'. However, at carbon anodes it is likely that 
an adsorbed fluorine atom o r  free F2 is t h e  gcneratcd fluorinating agent7'. A t  any ratc. 
the radical mechanism has been proved to be oversimplified in explaining many 
results. The  fact that fluorination has been affected by electrode material, its 
crystalline structure and other parameters7" points t o  thc possibility that other 
mechanisms may be involved. 

6.  Fluorination with high-valent nickel fluorides. According to this mcchanism, 
species such as NiF3 or NiF4 are gcnerated at the anode, following initial formation of 
nickel difluoride. Then an organic moleculc reacts with the modified surface of the 
anode. This mechanism docs not providc an acccptablc explanation for many facts. 
For instance, there is no good correlation between thc electrochemical results and 
those obtained from known chcmical fluorinating  agent^"^.^^. Fluorination8' by 
Co(II1) fluoride involves detachment of functional groups from the organic molccule, 
whereas the electrochemical process is distinguished by preservation of the functional 
group of the initial organic material. 

c. Fluorination b y  cotnplex nickel fluorides. In this mechanism, highly conducting 
complexes of high-valent nickel fluorides and the organic compound, (RH),NiF6 and 
(RH)3NiF6, are generatcd at the anode. Direct fluorination occurs on decomposition 
of these complexes with a resultant wcakening of carbon-hydrogen bonds which arc 
attacked by the fluorine radical. Indirect evidcnce for this scheme was achieved when 
coloured anions, [NiF6I3- and [NiF6I2- were detectcdg2 in the anode layer during the 
electrolysis of a solution of KF-HF. Furthermore, it has been previously showng3 that, 
by the action of Fz on mixtures o f  potassium and nickel chlorides, both K3NiF6 and 
K2NiF6 can be formed. 

While W e i r ~ b e r g ~ ~  states that the above complexes satisfy most objectives, Rozhkov70 
claims that, in spite of their great attractiveness, they cannot explain certain facts 
such as the favourable formation cf incompletely fluorinatcd products upon increasing 
the organic substrate concentration, the achievement of complete perfluorinatcd 
products although electron-withdrawing substituents are  attached to thc organic 
substrate, thc increase in fragmentation of the organic molccule upon lowering thc 
current density. etc. 

d. Carbon-fluorine bond formation as a result of ionic fluorination of positive 
organic species. This mechanism suggests that the organic substrate undergoes direct 
elcctron transfer (below thc discharge potential o f  F-) at thc anode to givc a cationic 
species which thcn reacts with the electrolyte medium. 

Since this typc of halogenation is out of the scope of this chapter and has already 
bcen well surveyed by R o z h k ~ v ~ ~ . ~ ] .  on ly  a few illustrative examples are presented. 
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(All examples were carried out in acetonitrile on Pt, using R4NF-HF. Potentials are 
against SCE except for the last entry.) 

Benzene (and substituted benzenes) - C,H,F (4O%la4* 

F F 

F 

Diphenylanthracene - 0 (75%)87 

F Ph 

2.26 
Ph,C=CH2 - Ph,CFCH2F (63%Ia8 

1.8 
Ph3CH - Ph3CF (8O%Ia9 

RqR - 

k 

Other  mechanisms, involving a loose complex of NiFz and F2 formed at  the anode o r  
dissociative chcmisorption of the organic substrate followed by reaction with solvent 
and further electron transfer, have been proposed but very little discussed in the 
Iiteratureh9.9'. 

Recently, the fluorination of nitrogen-containing compounds has been studied by 
several groups. Plashkin and D o l n a k ~ v ~ ~  have studied thc fluorination of N,N-dialkyl 
anilincs: 

Plashkiny3 has extended the work to hetcrocyclic N-isoalkylamines and reported that 
the fluorination is more effective whcn elcctrolytic nickel coating has been used than 
solid nickel anode. In addition to the usual perfluorinated products,'other rearranged 
ones wcre formed, for example: 

'See footnotes in Rcf. 86. 
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y7 
CH(CH3)2 CF(CF& CF2CF2CF3 CF2CF3 o-a+o+( iJ+p I I I 

CF3 
(31-4846) (25-32%) (6-12%) (15-32%) 

Electrochemical fluorination of alkyl-substituted pyridines affords94 the 
corresponding perfluoro-(N-fluoroalkylpiperidines) in yields (2-26%) -which depend 
to a large extent on the position and number of alkyl substituents. However, 
chloropyridines also undergo cleavage during fluorination with the production of 

The electrochemical fluorination of benzene containing one o r  two trifluoromethyl 
groups has been carried and afforded perfluorocyclohexane derivatives with CF3 
groups in good yields (up to -50%). The  use of 2-trifluoromethylbenzonitriles yielded 
perfluorodimethylcyclohexanes: the nitrile group was converted into a trifluoro- 
methyl group, and released NF,. 

Fluorination of aliphatic esters gives perfluoro products as well as degradation 
derivatives with an overall current efficiency of 8-22N9'. Perfluorination of dithiols as 
well as cyclization have been performed98: 

NF3 95 .  

L 

Other examples of cyclization during fluorination include diols, X(CH2CH2CH20H)2, 
where X is CH2, 0, S, NH, NMe or  NEt. These are converted into perfluorinated 
heterocycles which in part undergo cleavage to  form open-chain products9y. 

E. Carbon-Thiocyanate and Carbon-Selenocyanate Bonds 

Many examples of producing vicinal dithiocyanates by addition of thiocyanogen 
(generated by chemical methodsio0) to olefins have becn reportedio1. Surprisingly, 
little attention has been paid to the electrochemical route to vicinal dithiocyanates, 
proceeding via the anodic preparation of thiocyanogen. 

It has becn found that pseudohalide anions (SCN-, SeCN-) can be converted to the 
Corresponding pseudohalogens (via the intermediacy of X?) by electrochemical 
oxidation on Pt anode in a c c t ~ n i t r i l e ~ ~ ~ - ' ~ ~ .  The synthetic utility of thiocyanation of 
both activated and non-activated olefins in acidic medialo4 and in a~etoni t r i le '"~ is 
shown in Table 16. 

The effect of solvent and irradiation was briefly outlinedin4. The addition of 
thiocyanogen to styrene was very slow in methanol and no dithiocyanate addition 
product could be detected. However, when the solution was irradiated during 
electrolysis in methanol. two main products were obtained, 1 -phenyl-l,2-dithiocyanato- 
ethane (81%) and 1-phenyl-1-methoxy-2-thiocyanatoethane (13%) as well as other 
unidentified products. I t  was established that thc minor idcntified product was formed 
in a photochemical reaction from the major product. This was confirmed by irradiating 
a solution of the latter compound in methanol. The same phenomenon repeated itself 
in acetonitrile; no reaction took place without irradiation and only the dithiocyanate 
addition product (80%) was formed after irradiation. Unlike the former solvents, the 
addition of thiocyanogen to styrene was reasonably fast in glacial acetic acid and no 
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photoinitiation was necessary. h'owever, it was found that thiocyanation of double 
bonds with electron-withdrawing groups, e.g. vinyl chloride, was effective in acetic 
acid only upon irradiation. 

Electrochemical thiocyanation of aromatic compounds has been known for several 
decades105a. Recently Cauquis and PierreIosb have studied the thiocyanation of acti- 
vated olefins in acetonitrile, which all produced a mixture of two isomers as dernon- 
strated in Table 16. These results show the ambident character of the ion SCN- in 
aprotic medium and the strong nucleophilic nature of the nitrogen in the ion106, 
leading at least partially also to isothiocyanation. 

On addition of water to the electrolysis mixture it was found that hydroxylation 
competes with thiocyanation and products containing SCN and OH groups were also 
formed. 

The first electrochemical selenocyanation of organic compounds was conducted on 
substituted anilinesIo7 and the reported yields were rather poor (10-20%). Cauquis 
and Pierrelo8 attributed these low yields to the presence of water, which is known to 
react with (SCN)2 and (SeCN):oZb-1"3a. These authors extended the study of both 
thiocyanation and selenocyanation of substituted anilines and phenol under improved 
conditions (pseudohalide anions were oxidized in the presence of the aromatic 
substrate at Pt anode in acetonitrile at -10°C) and the yields went up to 70-8096 
(Table 17). 

1. Mechanism 

mechanisms have been suggested. 
Among the various literature reports on thiocyanation of double bonds two possible 

(i) A radical one which involves the electrochemically generated SCN' and/or 
photodissociation of the pseudohalogen (SCN);! 'OY. This mechanism is supported by 
the fact that it has been shown in several cases and by different authors that 
thiocyanation in benzene, acetonitrile and methanol could be accelerated by 
light I Ola.104.1 1 1  

TABLE 17. Thiocyanation and sclenocyanation of aromatic compounds in acetonitrile" 

Substrate 

Yield of substitution products, % 
Applied anodic 

4-SeCN potential, vb 4-SCN 
~~~ 

Aniline 0.40 
0.25 

N-Methylaniline 0.35 
0.25 

N,N-Dimethylaniline 0.20 
N-Ethylaniline 0.35 

0.25 
N,N-diethy lanilhe 
o-l'oluidine 

0.20 
0.35 
0.25 

78 

65 
70 

62 
70 

72 
55  

70 
65 

75 
nz-Toluidine 0.35 62 

Phenol" 0.60 70 

"Data from Rcf. 108. Potentials are against AgJO.01 %I Ag'. 0.1 M LiC104 as electrolyte. 
bAll working potentials were 200-300 mV below the El,, of the organic substrate. 
'This compound reacts very slowly with selenocyanogen. 

0.25 68 
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(ii) An ionic mechanism was also suggested since not all results could br, cxplained 
by the radical mechanism. For instance, electrolysing SCN- in acetonitrile in the dark 
affords (SCN)., as the initial reactant towards olefins. It was previously shownIozb that 
SCN- oxidizes at lower potential than the olefins studied, and therefore any radical 
mechanism is excluded under these circumstances. Furthermore, addition reactions 
are generally slow and their duration is incompatible with the life-time existence of 
SCN radicals in  solution due to their known instabilityIozb. More support for the ionic 
mechanism lies in the fact that thiocyanation can occur in acidic media in good yield 
and without any effect of irradiationIo4. 

The supporters of the ionic mechanism suggest a complex formation between 
thiocyanogen and the double bond of the alkene as the first step in this electrophilic 
addition, followed by a formation of a cyclic cyanosulphonium ion (in analogy to 
halonium ions formation"') and then opening by SCN- o r  other anions present to 
yield products: 

SCN- 5 SCN' - (SCN), 

I I  I I  
C' I I  I I  

\ /  

b S C N  + [SCNI- - -C-C- + -c-C- 

/ \  NCS SCN NCS NCS 

Table 16 shows that in acetic acid or in acetonitrile + water, the amount of products 
containing C-NCS vanishcd or went down. It has been s u g g e ~ t e d ~ ~ ~ ~ ' ~ ~ ~ ' ~ ' ~ ~ ~ ~  that in 
protic solvents hydrogen bonds are formed with the nitrogen atom of the [SCNI- 
derived from the heterolytic fission, which decrease both its nucleophilic character 
and, consequently, the formation of the isothiocyanate isomers. 

de KleinIo4 had also studied the acid effect on the thiocyanation reaction and 
suggested that the acid catalyses the heterolytic fission of the S-S bond in the 
transition state: 

The main product in methanol-HCI was found to be l-phenyl- 
1-methoxy-2-thiocyanatoethane along with 1,2-dithiocyanato-l-phenylethane as a 
side product. This result can be accounted for by the above hypothcsis. Further 
support for the latter can be derived from the experimental result that the yield of 
addition product of thiocyanogen in acetic acid decreases markedly (from 67% to 
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15%) whcn potassium acetate is added as a base, decreasing the acidity of the solution 
and hence the catalytic effect. 

F. Carbon-Azide Bond 

reaction in the following scheme, 
The anodic discharge of the azide ion to nitrogen molecules occurs according to the 

-e 
2N3- - 2 N j  - N, - 3N2 

has been studied in aqueous solutions on Pt anode by several authors114 and was 
reported as the basis of an analytical method for the determination of the azide ion115. 

Azide ion has also been oxidized in aqileous alkaline solution in the presence of 
nitroalkanes at  platinum on nickel anode. It has been postulated1Ih that 
gem-azidonitroalkanes can be prepared in good yields via initially formed azide 
radicals, according to the following scheme: 

The generation of azide radicals in organic solvents and investigation of their 
addition to olefins for the syntheses of substituted hydrocarbons has been advanced by 
Schafer and c o w ~ r k e r s ~ ~ ~ . ~ ~ ~ .  Intermediacy of azide radicals has been postulated since 
the gas evolution at the anode is strongly decreased in the presence of olefins: 

I I  N3- I I  

I I  I I  
+C-C--N3 - N3-C-C-N3 (monomer) 

Oxidative addition of azide ions to olefins generally affords a one-step synthesis of 
1,2- and 1.4-diazidoalkanes which can easily be converted into 1,2- and 1,6diamines 
by reductive climination of nitrogen118. Table 18 shows the results obtained after 
electrolysing acetic acid-NaN3 solutions in the presence of olefins. 

Wendt and coworkers119J20showed that the outcome of the electrochemical addition 
of azide radicals to olefins depends strongly o n  the anode material. It was found that 
dimers were produced at  a platinum anode with high yiclds whereas monomers werc 
especially produced on a carbon anode. This bchaviour was attributed to the poor 
adsorbtion of the radicals at platinum, which givcs rise to formation of dimers, relative 
to the strong radical adsorption at carbon anodes at which the formation of monomers 
is prcferred. In  the latter case, the radicals which are produced are generally 
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TABLE 18. Azidoalkancs obtained on clectrolysing N; in glacial acetic acid on Pt 
anode at + 1.6 V (against AgJAgCl) in a non-divided cell, at 40°C"8 

Substrate Yield, %" Products 

Styrene 57 
a-Methylstyrene 45 

Cyclooctcne 24 

1-Octene 17 

15 
33 1 ,I-Diphcnylethylenc 

Cyclohexene 18 

"3CH2CH(Ph)h [, 3CHzC(Ph)(Me)h 
1,2-Diazidocyclooctanc 
Azidocyclooctane 
3-Azidocyclooctene 
CH3(CH2)5CH(N3)CH2N3 
CH3(CH2)6CHZN3 
CH3(CH2)4CH=CHCH2N3 
CH3(CHij4CH(N3)CH=CHz 

Ph2C(N3)CH2N3 
PhzC(OAc)CHzN3 

1,2-Diazocyclohexane 
Azidocyclo hexane 
3-Azidocyclohexene 

~ 

"Yield of products referrcd to current consumption 

immediately oxidized to carbocations at the applied anodic potential: 

A nice example of the effect of electrode matcrial on the anodic Nj'addition to  styrcne 
in acctonitrile is demonstrated in Table 19. Yields are high (70-10096) provided that 
styrene concentration is high cnough (> 0.1 M). 

The electrode kinetics and the kinetics of thc consecutive addition to olefins as wcll 
as  the convcrsion of N; to N6 has bccn studied thoroughly by Wendt and coworkers"'. 
Their investigation was conducted at different elcctrode materials, namely platinum, 
graphite and glassy carbon. Table 20 shows that the rates of addition of N j  to olefins 
arc slowest on platinum anode and are cqual or greater than the homogeneous kinetic 
diffusion-limited value at carbon. This is clcar evidence that the scavenger radical 
reaction is essentially heterogeneous and is catalysed by the electrode surfacc. 

TABLE 19. Products obtained from addition of azide to styrene"" 

Dimers Monomers 

Pt f-CH(Ph)CH?N3]? PhCH(N3)CH*N3 
C PhCH( N 3)CH ?CH( Ph)CH?N 3 (trace) PhCH(N3)CH2N3 

PhCH=CHN3 
PhCH(NHCOCH3)CH?N3 
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TABLE 20. Rate constants for the addition of N; to alkenes at various anodeso 

Rates ( M - ~  s-') measured in acetonitrile 

Alkene PI GC' C 

I-Octcne 
Cyclohexene 
cis-Stilbene 
rrans-Stilbene 
Styrene 
a-Methylstyrene 
1 ,I-Diphenylethylene 
I ,4-Diphenyl- 1,3-butadicne 

2.2 x 105 
6.0 x 10' 
1.0 x 105 
4.0 x 107 
2.0 x 107 
4.0 x 107 
6.0 x 107 
4.0 x 10' 

3.0 x 105 
1.5 x 10" 
7.5 x 108 
4.5 x 108 

7.5 x 10' 

1 .5  x 10'0 

1.5 x loR 

6.0 x lo8 

1.1 x 10' 
4.9 x 109 
8.4 x 10' 
2.1 x 10" 
7.0 x 10"' 
1.4 x 10" 
2.1 x 10" 
6.4  x 10" 

~ 

"Data from Ref. 119. 
bGC = glassy carbon. 

G. Carbon-Isocyanate Bond 

To date very little has been published o n  thc electrochemistry of isocyanates, and 
even this is mostly confined to polarographic dataI2'. Cauquis and Pierre'22 have 
studied the anodic oxidation of isocyanate anion and suggested, along with another 

that Pt catalyses the decomposition of the unstable (OCN)2 to oxygen and 
~ y a n o g e n ' ~ ~ .  according to the following scheme: 

OCN- a OCN' 

2 OCN' - (OCN);! 

(OCN);! - (CN)2 + 0, 

Electrochemical isocyanation of organic compounds is also a rare reaction in the 
electrochemical literature. In fact, there is one on the formation of 
1-naphthylisocyanate by anodic oxidation of naphthalene in molten ammonium cyanate. 

IV. INDIRECT CLEAVAGE OF THE C-X BOND BY ELECTROCHEMICALLY 
GENERATED MEDIATORS 

The field of homogeneous electron transfer to organic substrates by clectrochemically 
generated mono- and doubly-charged species has received increasing attention in 
recent years. The major importance of such an indirect electrolysis lies in thc 
capability of oxidizing or reducing a substrate at a potential below the one required for 
the dircct electrochemical process. In certain cases, the direct process is not feasible at 
potentials accessible in organic solvents. For instance, the reductive cleavage of alkyl 
fluorides can take place only through homogeneous electron transfer (see Chapter 5 in 
Ref. 5). 

Thcre are numerous examplcs in  which an electron carrier between the electrode 
and the substrate acts as a c a t a l y ~ t ~ ~ ( + l ~ " .  These rcportcd examples include both 
homogeneous reductions and oxidations of organic substrates, usually catalysed by 
organic redox couples, e.g. an aromatic hydrocarbon and its corresponding anion or 
cation radical. Other types of electron transfcr mediators have been reported too. and 
include, for instance, transition metal  ion^'^^-'^". Detailed kinetic analyses of 
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homogeneous redox catalyses of electrochemical reactions by various types of 
mediators have been published quite r e ~ e n t l y ' ~ ~ J ~ ' .  As will be shown later in this 
section, not  all electrochemically generated species react in a catalytic manner and 
some of the  products are due to  SN2 type displacement or nucleophilic addition. The 
discussion will be confined exclusively to reactions involving the cleavage or formation 
of a carbon-halogen bond. 

A. Reactions of Alkyl Halides with Electrogenerated Organic Species 

1. Anion radicals and dianions 

The reaction between aromatic anion radicals (formed electrochemically or  from an 
alkali metal and aromatic hydrocarbon) and an alkyl halide has been the subject of 
many ~ t u d i e s ' ~ ~ - ' ~ ~ .  Naphthalene anion radical has been a favourite reactant and 
several types of alkyl halides, including primary alkyl fluorides148, have been included 
in these studies. The results are interpreted in terms of electron transfer from the 
aromatic anion radical to the alkyl halide: 

ArH- + RX - ArH + R'+ X- ( ArH = naphthalene) 

The aliphatic radical may react with an aromatic anion radical, either by coupling or 
electron transfer or both: 

Coupling 

These competing reactions depend on the structure and nature of the aliphatic halide. 
The results obtained by Garst and coworkers146 ruled out the possibility that 

alkylated products are to be formed by a nucleophilic displacement mechanism, since 
they were found not to be affected much by extreme variation in the nature of the 
halogen (iodine through fluorine): 

ArH' + RX + [ArHR]' 4- X- 

They suggested that alkylated products may be formed by reacting R' or R- with an 
aromatic hydrocarbon, in addition to the reaction between R' and ArH'. A further 
study by Sargent and Lux'47 threw light on this point and it is now generally agreed 
that regardless of the nature of either the alkyl fragments or the halogen atom, all alkyl 
halides react with A r W  via initial electron transfer and yield alkylation products only 
as a result of radical-radical anion combination: 

ArH' + RX - ArH + [RX]' 

[RX]; - R ' +  >(- 
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The carbanion-coupled product may undergo a protonation and/or another 

coupling reaction with an alkyl halide to form dialkylated aromatic hydrocarbon: 

[& . .* 

R H  

H H  
--i 

H k  
The alkyl free radicals, generated after transferring electron from naphthalene 

anion radical to alkyl iodides, undergo combination to dimers, and this reaction was 
found to compete favourably with hydrogen abstraction, disproportionation and 
further electron transfer to form a carbanion: 

A dimer 

RCH=CH2 + RCH2CH3 

ArH I- ArH + RCH2CH2- 

Unlike alkyl iodides, bromides and chlorides'43 yielded substantial quantities of 
hydrocarbon products which could not arise from radical-radical or radical-solvent 
reactions. It has been suggested that carbanions were the immediate precursors for the 
major hydrocarbon products. 

Lund, Michel and Simonct lZ8 have studied the  electron-transfer reactions between 
electrochemically generated anion radicals of various aromatic and heterocyclic 
compounds and less easily reducible compounds (halobenzenes, azides, a sulphonate, 
and sulphonamide) by means of classical polarography and cyclic ~ o i t a m m e t r y ' ~ ~ .  
Typical examples of 'catalytic currents' in polarography and in  cyclic voltammetry are 
demonstrated in Figures 3 and 4, respectively. These authors calculated the rate of 
homogeneous electron transfer between a variety of mediators and substrates and the 
results are shown in Table 21. Clearly, there is a dependence between these rate 
constants and AE (thc difference between half-wave potentials of a mediator and a 
substrate) and the smaller this difference, the higher the rate constant for a given 
substrate. O n  the basis of their available results they concluded that the rate of the 
electron exchange between the mediator and the substrate is the limiting factor when 
the latter decomposes fast. However, the poorer the leaving group attached to the 
substrate, the more significant becomes the rate of the decomposition of the substrate. 

Since an anion radical transfers only one electron at  a time to a molecule outside the 
electrical sphere of the double layer, at which the electrode has no influence on the 
stereochemistry of the product, whereas an electrode can transfer two electrons at a 
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FIGURE 3. Polarograms of chrysene 
(4 x M) in DMF containing tetrabutyl- 
ammonium iodide and various concentrations 
of bromobenzene. (a) 0 M; (b) 5 x 1 0 - ' M ;  
(c) 1.5 x M; (d) 4 x M. (Repro- 
duced from Ref. 128.) 

time, a stereochemical influence may be observed in the latter case. An attempt'28 to 
test such a possibility was carried out for the  reduction (Table 21) of d , l -  and 
meso- a,a'-dichlorostilbenes by means of both anion radicals and directly at the 
electrode. The results from both cases gave rrans-stilbene preferentially, suggesting 
that two one-electron steps are involved. However, direct electrolysis of 
d ,I - a,a'-dibromostilbene gave 40-60% cis-stilbene and indirect electrolysis yielded 
only 5% cis-stilbene. Probably in the latter case, the intermediate has more time to 
rotate about the central bond due to a larger time gap between the two electron 
transfers. 

Sease and ReedI3" studicd the catalytic electrochemical reduction of alkyl halides 
via anion radicals of aromatic hydrocarbons and found it to be limited only to alkyl 
chlorides. They explain this unusual behaviour by the lower polarity of the C-Br 
bond and the more positive electrode potential (relative to alkyl chlorides), which is 
closer to the electrocapillary maximum. A failure to reduce alkyl fluorides by 
electrochemically generated organic mediators is attributed to the presence of 
tetraalkylammonium cation, which was previously found, by Garst and to 
decrease strongly the rate of electron transfer. They reported that rates of clectron 
transfer between aromatic radical anions and alkyl halides are highly dependent upon 
thc nature of the cation associated as counterion with the radical anion and the extent 
of ion pairing in the system151. Elcctron transfer from a tight ion pair to a molecule is 
slower than from a loose ion pair or a free radical anion'52. For instance, one can see 
from Table 21 that the rate of the reaction between sodium naphthalide and n-hexyl 
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chloride in dimethoxyethane (in which the sodium and naphthalene radical anions 
exist as loose ion pairs), is higher than that observed for the same chloride upon 
electrogeneraiion of napththalene anion radical, in  the  presence of Et,N' as cation. 
The reduction of the supporting electrolyte (amalgam formation) sometimes hinders 
the reduction of a difficulty reducible substrate. Contrastingly, it was found 129 that 
anthracene anion radical transfers an electron to 2-chloropyridine in the presence of 
Li+, although the polarographic wave of this cation masks the reduction of 
2-chloropyridine. 

In a different case129, when tetrabutylammonium iodide (TBAI) was used as 
supporting electrolyte, an electron was transferred from the  anion radical of 
2-methylnaphthalene to the cation to form the tetrabutylammonium radical. The latter 
decomposes slowly into tributylamine and butyl radical, which may couple with the 
anion radical to form butylated methyltetrahydronaphthalene. 

Lund and Simonet 131 have studied the indirect electroreduction process also by 
cyclic voltammetry and controlled potential electrolysis. Their results are in agreement 
with the findings by chemical  method^'^^-'^*, that the coupiing between an  anion 
radical from an aromatic hydrocarbon and an alkyl halide occurs between the anion 
radical and the aliphatic radical. From a preparative point of view, there a re  two 
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TABLE 21. Rate constants for the reaction between electron transfer mediators (M) and alkyl 
and aryl halides ( S )  

M S A E , V  k ,  M-'s-'" Refb 

Biphenyl 
1-Methylnaphthalene 
Naphthalene 
2-Methylphenanthrene 
Phenatithrene 
Terphenyl 
Benzonitrile 
Chrysene 
Methyl benzoate 
Diethyl fumarate 
Ethyl cinnamate 
Anthracene 
rram-Stilbene 
Biphenyl 
Quinoxaline 
Acndine 
Quinoxaline 
Benzophenone 
Benzophenone 
Naphthalene 
Naphthalene 
Anthracene 
Biphenyl 
Biphenyl 
Naphthalene 
Phenanthrene 
Phenanthrene 
Diethyl fumarate 
Ethyl cinnamate 
Anthracenc 
rratu-Stilbene 
Dicthyl fumarate 
Ethyl cinnamate 
Anthracene 
trans-S t il  bene 
Diethyl fumarate 
Ethyl cinnamate 
Anthracene 
Diethyl fumaratc 
Ethyl cinnamate 
Ant hraccn e 
Diethyl fumaratc 

Chlorobenzene 
Chlorobenzenc 
Chlorobenzene 
Chlorobenzene 
Chlorobenzene 
Chlorobenzcne 
Chlorobenzene 
Bromobenzene 
Bromobenzene 
Bromobenzene 
Bromobenzene 
Brornobenzene 
Bromobenzene 
Fluorobenzene 
1 -Brornonaphthalene 
1 -Bromonaphthalene 
9-Brornophenan threne 
d,l-Stilbene dichloride 
meso-Stilbene dichloride 
1 -Chlorohexane 
1 -Chlorohexane 
I-Chlorohexane 
1 -Chlorohexane 
I-Fluorohexane 
I-Fluorohexane 
1-Chlorohexane 
1 -Chlorooctane 
Butyl chloridef 
Butyl chloridef 
Butyl chloridef 
Butyl chloridef 
Butyl bromidef 
Butyl bromidef 
Butyl bromidef 
Butyl bromidef 
Benzyl chloridc 
Benzyl chloridc 
Benzyl chloride 
Allyl chloride 
Allyl chloride 
Allyl chloride 
Ally1 bromide 

0.27 
0.28 
0.32 
0.37 
0.39 
0.52 
0.55 
0.36 
0.39 
1.10 
0.64 
0.42 
0.27 
0.32 
0.39 
0.45 
0.32 
0.30 
0.28 

>0.39 
>0.40 
>1.0 
>0.3 

E 

e 
- 
- 
>0.43 
>0.43 

1 .so 
1.04 
0.92 
0.67 
1.01 
0.55 
0.43 
0.17 
0.86 
0.40 
0.28 
0.84 
0.38 
0.26 
0.18 

2.3 x 104 
1.2 x 104 
5.0 x lo3 
1.6 x 103 
1.2 x lo3 

0.8 x 10' 
4.0 103 

1.7 x 10' 

1.3 x lo2 
0.0 
0.46 
0.45 x 10' 

9.0 x 10' 
1.5 x 10' 
0.5 x 10' 
2.7 x 10' 
3.0 x 103 
9.0 x 103 

1.08 x 103 

1.4 x 
2.2 x 10-4 
4.5 x 102 
4.9 x 10' 
0.0 
0.15 
0.25 
3.0 x 10' 
0.47 
3.0 x 102 
1.5 x 103 
1.9 x 104 
3.0 x 10' 
5.5 x 103 
2.2 x 1 0 4  
1.2 x 10' 
1.5 x 103 
5.8 x 103 
3.7 x 103 

1.8 103 

3.2 x lo2 

6.6 x 
0.32 x 10' 

128 
128 
128 
128 
128 
128 
128 
128 
128 
149 
149 
149 
149 
128 
128 
128 
128 
128 
128 
130 
151C 
151C 
151C 
148" 
1 4gd 
130,150 
130,150 
149 
149 
149 
149 
149 
149 
149 
149 
149 
149 
149 
149 
149 
149 
149 

"Error in the range 5-15%. 
*All measurement in Ref. 149 were carried out in DMSO; DMFwas used in other experiments. 
'In dimcthoxycthane. 
'In THF. 
' N o t  known. 
fPresumably they are all primary halides since there is no specification in Ref. 149. 
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aspects: catalytic reduction and reductive coupling. The electrocatalytic reduction of 
alkyl halides has the advantage that it takes place with much less overvoltage than is 
required for the direct reduction at the electrode. The coupling reaction usually gives a 
mixture of alkylated, partly hydrogenated products, and competes with other reactions 
which form aliphatic hydrocarbons. In spite of the disadvantage of forming a complex 
mixture (see below), inaccessible compounds may sometimes be formed, e.g. 
I-t-butylpyrene is the main product from electrolytic reduction of pyrene in 
DMF-TBAJ in the presence of t-butyl chloride1s3 (other conventional ways of 
preparing it were unsuccessful). Some preparative examples are demonstrated below: 

CMe3 
I 

PhCH=CHPh r-BuCI.-2.3 V ISCE) * PhCHCHZPh + PhCH$H2 
OMF-TBAI. [H'] 

Conditions as above 
Naphthalene 

+ Q y Y e 3 @ 3  + rnCMe3 
(see Ref. 155); 

BU 
I -1.3 V (VS.  SCE) 

PhNO, + 2 BuX He, DMF - PhN-OBu ( X  = CI, Br, I )  

(see Ref. 156); 

\ /  \ '  \ /  + c=c + ,C-C-R+ ,C-C-R \ / 2 e - .  RX \ ,OR 
,C=C, 

RO RO/ 'OR 0' 'OR 0' ' OH DMF * 
0 

YNPh 
20-. RX \ /  ' ' - /c=c, + ,c=c, + ,c-c DMF PhNR RNPh PhNR PhN / *NPh 

\ '  \ ' c=c, + ,c=c, 
NHPh PhNH PhNH -- PhN5 

(see Ref. 154); cis and trans 
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Pt cathode. R X  
PhCGCH - PhCGCR (R = Me, Et, mBu) 

(see Ref. 157 -this reaction is limited only to alkyl halides which are more easily 
reducible than phenylacetylene); 

Me Me 
I 

Me 
I 2 e-. R" X I 1. H' hydrolysis R"-F-COOH 

PhCH,N=C-COOR' Bu,,N'. DMF PhCH2NH7COOR' 2, H,,Pd-C - 
R" NH* 

(see Ref. 158 - this reaction is carried out at a potential where the alkyl halide is 
reduced but not the Schiff base); 

f-- RSH 

R-S-S-R 
2 e - .  LiCl 

DMF 
- 2 RS- 

R-S-R'+ x- 
I R'X 

(see Ref. 159 - the S-S bond must be more easily reducible than the electrophile 
itself). 

In some cases electron transfer from a dianion of an aromatic compound to an alkyl 
halide may be possible154. The dianions are much stronger bases and nucleophiles than 
the anion radicals. Therefore, it was found, for instance, that perylene dianion 
exchanges electrons with dichlorobenzene, but abstracts a proton from butyl chloride. 
It was also noticed that a reaction with the dianion is only observed when the reaction 
between the anion radical ar.d tlic substrate is infinitesimally slow. The enhancement 

TABLE 22. Enhancement factor, R', of the current peak height of thesecond reduction peak of 
the mediator in the presence of certain aromatic halides'32 

Aromatic halide Concn, M x 1 0 '  Mediator Concn. M x lo4 R* a 

1.4-Dichlorobenzene 
1 ,CDichlorobenzenc 
1 ,CDichlorobenzene 
1,4-Dichlorobenzene 
Benzotrifluoride 
Benzotrifluoride 
Benzotrifluoride 
Benzotrifluoride 
Bromobenzcne 
Bromobenzene 
p-Bromoanisole 
Butvl chlorideh 

3.5 
0.6 
2.3 
0.57 
3.4 
2.3 
2.3 
2.3 
3.2 
3.2 
4.0 

c - 

Perylene 
Dimethyl terephthalate 
4-Benzoylpyridine 
3-Benzoylpyridine 
Pc ry I e ne 
Dimethyl tcrephthalate 
4-Benzoylpyridine 
2-Benzoylpyridine 
Dimethyl terephthalate 
4-Benzoylpyridinc 
3.6-Diphenylpyridazine 
Anthracene 

33.0 
42.0 
45.0 
45 .o 
33.0 
85.0 
45.0 
45 .o 
42.0 
45 .o 
70.0 

1 - 

9.5 
2.2 
5.3 
4.5 
6.5 
4.0 
4.5 

10.0 
5.3 
3.4 
6.5 
C - - 

"R* = i /ips where i: is thc current peak height in the absence of halo-substrate. 
hAlkyl Ralides may react as proton donors by elimination of hydrogen halide. The observed 
increase in the current peak height on  addition of butyl chloride to anthracene dianion is probably 
due to a catalytic reduction of the butyl chloride, but it  could also be causcd by further reduction 
of the coupled product. ti-butyldihydroanthracenc. 
'Not reported. 
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effect during the course of reduction of substituted halobenzenes in the presence of 
dianions as electron transfer mediators is shown in Table 22. 

When the tendency to proton abstraction is diminished for compounds forming less 
basic dianions, an SN2 reaction between the dianion and the substrzte (two electrons 
are transferred simultaneously) or an electrori exchange forming two anion radicals 
may take place. 

A schematic and qualitative scale of a possible distribution of the relative half-wave 
potentials of aromatic electron transfer mediators (M), alkyl radicals and alkyl halides 
was suggested by Lund and S i ~ n o n e t ~ ~ ~ ,  as follows: 

RR'CH' 

-E 

RR'CHX 

On the basis of electron affinity considerations of the components participating in the 
reaction it is reasonable to assume that electron affinity increases in the order RR'R"C' 
< RR'CH' < RCH2' < Ar'. On examining the schematic representation one may 
postulate that the rate of electron transfer from an aromatic anion radical to a primary 
alkyl radical is faster than the transfer to a tertiary alkyl radical. it is also assumed that 
coupling between aliphatic radicals and electron transfer mediators would be favoured 
for tertiary alkyl halides compared with primary ones, since the rate of the coupling 
reaction is insensitive to the radical structure. 

The catalytic regeneration of substrates by an electron transfer mediator has been 
extended'32 to 1,2- and 1,3-dihalides, employing anion radicals of aromatic 
hydrocarbons, heteroaromatic compounds, ketones, esters, nitriles and olefins, as well 
as dianions of some of these groups of compounds. An interesting result has been 
reported upon reacting anthracene with 1,3-dibromopropane. A ring-closure product 

the 1- and 2-positions of anthracene was formed: due to coupling in 

+ Br(CH,),Br - 
The catalytic effect of the homogeneous electron transfer observed for dihalides is 
shown in Table 23 and represented by the enhancement factor, R*,  of the current peak 
height of the first peak emerged from the formation of the radical anion of the 
mediator. 

2. Cation radicals 

As has been demonstrated in the preceding subsection, extensive work has been 
done on the properties of aromatic anion radicals as electron transfer carriers. In 
contrast, relatively little has been published on cation radicals as electron transfer 
mediators. Among the few known examples, the reaction161.':2 of 
9,lO-diphenylanthracene (DPA) cation radical with halides and with SCN- has been 
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TABLE 23. Enhancement factor R' of the current peak height of thefirst reduction peak of the 
mediator in the presence of dihalides and halo-substituted benzenes'32 

Dihalide 

1,2-Dichlorocthane 
1,2-Dichlorocthane 
cis-l,2-Dichlorocthylene 
cis- I ,2-Dichloroethylenc 
cis-l,2-Dichloroethylene 
I-Bromo-3-chloropropane 
1 -Bromo-3-chloropropane 
1 -Bromo-3-chloropropane 
1,3-Dibromopropane 
1.3-Dibromo~rooane 

Concn, M x lo2 Mediator Concn, M x lo4 R'" 
~ 

1.4 
4.2 
4.4 
4.4 
4.4 
3.4 
2.1 
3.4 
3.1 
3.3 

Phenanthrene 
p-Methoxyacetophenonc 
Pyrcne 
Methyl nicotinate 
p-Methoxyacetophcnone 
Anthracene 
p-Methoxyacctophenone 
Pyrene 
Anthracene 
Pvrene 

9.4 
11.0 
8.2 
3.6 
3.3 

93.0 
3.3 
8.2 

93.0 
8.2 

11.6 
4.5 
4.9 
7.6 

11.4 
2.1 

11.5 
4.0 
2.9 
4.7 

,~ ' I  

1,3-Dibromopropane 0.69 p:Methoxyacetophenone 2.2 11.9 

"R' = ip/i:, where ig is the current peak height in the absence of dihalide. 

investigated more thoroughly and the conclusion is that both electron transfer and 
addition processes are feasible (Table 24): 

2 DPA + X2 
e transfer 

Nucleophilic -I_ DPA + DPAX, 

2 DPA? + 2 X -  

addition 

The mechanism has been discussed by Evans and B 1 0 u n t ' ~ ~  and supported by their 
previous kinetic work with DPA' and C1- IM. The  following scheme is suggested: 

- DPA? + x- - [DPAX]' 

DPA? + [DPAX]' - [DPAX]++ DPA 

DPA + X2 

€ DPAX, 

[DPAX]++ X- 

However, not all cation radicals react according t o  this scheme. For example, 
thianthrene cation radical has been shown to undergo an initial disproportionation 
step followed by a reaction of its dication with a substrate165. 

The reactivity of radical cations toward nucleophiles presents'66 some puzzling 
features and the reactions of the radical cations of pcrylene 167.168, thianthrene *65.16y, 

p h e n ~ t h i a z i n e l ~ ~  and dibenzodioxin 17" are  representative of the complexities involved 
(Table 25). N o  systematic reactivity pattern is disccrnable when one tries to relate 
their reactivities to  oxidation potentials of the nucleophiles; although iodide ion is a 
good nucleophile, it is too easily oxidized by all cation radicals studied to  permit 
nucleophilic substitution in the ring. Recently. Eberson and  coworker^^^^.^^^ have 
proposed an interesting approach by employing the Dewar-Zimmerman rules'73. 
They suggested that these rules may give testable predictions about the reactions 
between radical cations and nucleophiles. The proposal is based on  the basic assump- 
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TABLE 25. Reactivity patterns of radical cations versus nucleophiles in homogeneous solutions 

Reaction typeb 
Nucleophile E", Vu 
(X-) (X'/X-) [ Perylene]' [Thianthrene]? [Phenothiazine]' [Dibenzodioxin]' 

F- 
CI - 
Br- 
I -  
NO; 
CN- 

PhCOO- 
H20 
Pyridine 
Amines 

CH3COO- 

3.0 
2.1 
1.7 
1.2 
0.7 
1.6 
1.8 
1.1 
1.1 
1.8 
1.2 

No reaction 
ET 
E T  
ET 
N A  
N A  
N A  
N A  
N A  
N A  
Not known 

Not known 
NA 
Not k:;c;vc 
E T  
Not known 
E T  
Not known 
Not known 
NA 
NA 
NA 

No reactionC Not known 
NAd Not known 
N A ~  Not known 
ET E T  
N A  NA 
E T  E T  
Not known Not known 
Not known Not known 
N A  NA 
N A  NA 
Not known E T  

'Data from Refs 166, 168-170 and 172, in acetonitrile. The last three entries correspond to E1p. 
*Against Ag/Ag+ (0.1 hi) reference electrode; ET, electron transfer; N A ,  nucleophilic addition. 
'F- acts as a base toward the phenothiazine radical cation, producing a dimer, 3,lO'-bipheno- 
thiazine, and unidentified green product. 
"he corresponding 3-halo and 3,7-dihalo phenothiazines a re  formed. 

tion that the transition state of the electron transfer reaction does not require any 
interaction between the two reacting components. Nucleophilic attack does require 
such interaction to form a new bond. They conclude that the nature of the transition 
state (aromatic or antiaromatic) influences the pathway which takes place. The same 
idea has been applied to the reaction between radical anions and electrophiles and 
accordingly, it has been clearly demonstrated that the protonation of radical anions 
derived from 4n + 2 aromatic systems is considerably slower than that of the 
analogous ~ a r b a n i o n ' ~ ~ .  

In contradiction to Eberson's postulate, Rozhkov and coworkers174 have presented 
evidence that fluoride ion can react as a nucleophile towards radical cations. Evans and 
H ~ r y s z ' ~ ~  also arrived at conclusions contrary to those of Eberson on examining the 
rates of reaction of perylene radical cation with various nucleophiles.* According to 
their results, the rate constants for Br- and CI- are of the same order of magnitude 
despite the fact that these anions differ in oxidation potential by at least 250 mV, and 
therefore their reactivity should be different. This behaviour indicates that either 
bromide is reacting more slowly than expected or chloride much faster. However, a 
good correlation is obtained for various nucleophiles, excepting I- ,  when a 
nucleophilic reactivity scale has been used. Consequently, these authors concluded 
that iodide is the only electron donor which clearly reduces perylene radical cation by 
electron transfer, whereas C1- and Br- reduce by  a mechanism involving nucleophilic 

addition, as follows: r -I- 

AH - [PeryH]? + X- - lPery,x] - PeryH + X ' .  

The above mechanism is well known176 for reversible addition of a free radical to 
aromatics whenever the radical is more stable than the aromatic radical. 

'It should be noted that the rates measured by Evans and Hurysz do not take into account the 
background reaction, e.g., the reaction between perylene radical cation and  MeOH. This missing 
point is important and its absence may lead to different conclusions. 
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B. Electrochemical Generation of Inorganic Species as Electron Transfer 
Mediators 

The previous section demonstrated various possibilities of reductive carbon-halogen 
bond cleavage by indirect electrolysis through a homogeneous electron transfer by 
aromatic anion radicals and dianions, or carbon-halogen bond formation via a 
displacement process. 

The present section describes the oxidative breaking of the carbon-halogen bond 
indirectly by electrochemically generated positive halogen species. It is shown that 
alkyl halides can be oxidized at potentials with lower absolute values than that 
required for the direct process at the electrode. A prerequisite for such a 'catalytic' 
process is a fast and irreversible chemical follow-up reaction of the substrate after the 
homogeneous electron transfer with the mediator. Here, the cleavage of the 
carbon-halogen bond is the irreversible step. 

1. Positive iodine species 

The results obtained from coulometry and other electrochemical data on the anodic 
oxidation of alkyl iodides are inconsistent with a simple S N ~  or sN2 type 
mechanism 11.36*177. Miller and coworkers*7x discovered that a stable I +  species could be 
formed by iodine oxidation at potentials necessary for alkyl iodide oxidation. They 
demonstrated that an indirect process involving I + and alkyl iodides could contribute 
to carbon-iodine cleavage to form the same product obtained from direct anodic alkyl 
iodide chemistry, and postulated the following scheme: 

CHJCN 
RI +'I+' -7 RNHCOCH, + 

Several alkyl iodides were reacted with electrochemically generated positive iodine 
species from anodic oxidation of I2 in acetonitrile and the results are summarized in 
Table 26. 

An attempt to  determine the percentage of N-alkyl acetamides coming from direct 
anodic cleavage of alkyl iodides and that formed by the indirect cleavage upon 
reaction with iodonium species was advancedI3 by examining the products obtained 

TABLE 26. Reaction products of electrochemically generated I +  and alkyl iodides in aceto- 
nitrile at 1.7 V (against AdO.1 N Ag') on  platinum anode 

Iodides Ref. Products and yield, 96 

2-Octyl 12 N-(2-Octyl)acetamide (54) + N-(3-octyl)acetamide (22) 
1-Adamantyl 13 N-( I-Adamanty1)acetamide (60) 
Cyclohexyl 13 N-(Cyclohexy1)acetamide (45) 
n-Propyl 13 N-(n-Propy1)acetamide (19) + N-(isopropy1)acetamide (1 2) 

16 N-Cyclobutylacetamide (61) + N-(cyclopropylmethyl)acetamide (15) 

P C H p l  16 N-Cyclobutylacetamide (72)' + N-(cyclopropylrnethyl)acetarnide (8) 

+I 

~ ~~~ 

aUnder appropriate conditions this was the only product formed. 
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from S-2-octyl iodide by the two methods. On the basis of results which indicate great 
similarity between the two processes, the problem remained unresolved. 

The nature of the positive iodine species has been postulated to be [CH3CNI] or 
N - i o d o a ~ e t a m i d e ~ ~ . ~ ~ ~ .  In protic media, other species have been ~ u g g e s t e d ~ ' - ~ ~ ,  such as 
(H20)I+, I+,  IO+, etc., which are perhaps also present in 'wet' aprotic media. 

The electrophilicity of electrochemically generated positive iodine species was 
discussed elsewhere (Section 1II.A). However, its potentiality to cleave other types of 
carbon-halogen bonds has not been reported. 

2. Positive bromine species 

Recently Becker and Zemach have reported that electrochemically generated 
positive bromine species could partake in the cleavage of both C-Br and C-CI 
bonds179. On anodic oxidation of By, in acetonitrile at platinum anode, a new 
absorption band appears in the ultraviolet ( I m a x  = 269 nm) which does not 
correspond either to the solvent or to Br,. Based on some literature reports on the UV 
spectra of halide and polyhalide ions in acetonitrile180 it has been suggested that a 
complex is formed between positive bromine species and acetonitrile which may have 
a structure of [CH3CNBr] + or a 'sandwich', [(CH3CN),Br]+, with various countenons, 
e.g. Br-, Br: and the electrolyte employed (CIO,). 

The reactivity of 'Br+' species in the fission of carbon-bromine bonds has been 
studied179 for a variety of alkyl bromides, primary through tertiary, cyclic and 
non-cyclic compounds (Table 27). The type of products was the same as that obtained 
by direct anodic oxidation of alkyl bromides, namely, N-alkylacetamides and olefins. 

TABLE 27. The effect of electrogeneratcd positive bromine species on various alkyl bromides" 

Total mF F mol-' Reaction 
Substrate (M) Brz, M consumed (Br2) time, h Products (%)b  

Cyclohexyl 0.3 
bromide (0.5) 

Cyclopen tyl 0.27 

Cyclohept yl 0.27 

Isopropyl 0.27 

sec - B u t y l 0.27 

l-Bromo-2- 0.27 

bromide (0.53) 

bromide (0.53) 

bromide (0.53) 

bromide (0.53) 

methylpropane 
(0.53) 

(0.53) 

(0.53) 

1-Bromobutane 0.27 

2-Bromopentane 0.53 

4 .93 

.05 

.76 

.61 

2.05 

4.18 

2.97 

3.10 

0.5 1 5 .O 

0.51 4.0 

0.69 2.0 

0.41 7.0 

0.5 1 5.0 

0.91 3.5 

0.37 8.0 

0.38 5.0 

N-Cyclohexylacetamide (10) 
1,2-Dibromocyclohexane (10) 
3-Acetamidocyclohexcne (2) 
N-Cyclopentylacetamide (1 4) 
1,2-DibromocycIopentane (1) 
N-Cyclohepthylacetamide (13) 
1,2-Dibromocycloheptane (1) 
Isopropylacetamide (8) 

2-Acetamidobutane (10) 
1-Acetamidobutane (trace) 
r-Butylacetarnide (32) 
1-Acetamido-2-mcthylpropane 

1-Acetamidobutane (trace) 

2-Acetamidopentane (10) 

(trace) 

OData from Ref. 179. Experimental conditions: 15 ml acetonitrile-0.1 M LiC104; 
nitrogen atmosphere-controlled potential at 1.6 V against AdO.1 N AgN03 and at 38 5 1"C, 
using Pt anode. 
bControlled experiments, under the same conditions but without electrolysis, show only trace 
amounts of N-alkylacetamides. 
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However, the yield of isolated products was usually -15% (in one case, up to 32%), 
significantly lower than the product yield obtained from the direct process at the 
electrode, 40-75%23*27,30. Although the indirect carbon-bromine bond cleavage seems 
to bc less efficient, its advantage is that it takes place at  lower potentials (-1.6 V) 
compared with the required potentials for the direct process (-2.5 V). The difference 
in potentials at  which the two processes take place enables one to estimate the relative 
contribution of each of the processes to the carbon-bromine bond breaking. It is 
noteworthy that such an estimation was not feasible in the case of alkyl iodides, since 
both direct and indirect electrolyses occur at  about the same potentials. 

The potentiality of electrochemically generated ‘Br” species towards 
carbon-chlorine bond cleavage in alkyl chlorides was It was found that 
such cleavage does occur in secondary and tertiary compounds (Table 28), but it 
seems t o  be less efficient than for alkyl bromides. This result is not surprising due to 
the fact that the C-Cl bond is stronger than the C-Br bond. The main importance of 
indirect C-Cl bond fission arises from the fact that attempts a t  direct anodic cleavage 
have been u n s u c ~ e s s f u l ~ ~ . ’ ~ ~ .  

1. CH3CN 
RCI + ‘Br+’ [R+j - RNHCOCH,+H+ 

An interesting feature of using ‘Br+’ in a double mediatory system has been 
reported recentlyl*l. Secondary alcohols were found to be oxidized to ketones in 
reasonable yields in the presence of n-octyl methyl sulphide and tetraethylammonium 
bromide as mediators, while the same thioether in the presence of 
tetraethylammonium p-toluenesulphonate gave a rather poor yield. This result 
indicates that this sulphide works as a better mediator in the presence of bromide ion. 
In a typical example, 2-octanol yields 25% of 2-octanone without the presence of Br- 
but 85% of the ketone in its presence. A reaction mechanism involving an initial 
oxidation of Br- to Br+, following the formation of sulphonium ion intermediate by 
reacting bromonium ion with sulphide, has been postulated; this is similar to the 

TABLE 28. The effect of electrogenerated positive bromine species (at 1.6 V against Ag/Ag+) 
relative to non-electrolysed solutions of Br2 and acetonitrile on C-CI bond cleavage of various 
chloroalkanes“ 

Reaction ‘Total m F  F mol-’ 
Substrate (M) Br2 (M) time, h consumed (Brz) Products (%) 

Cyclohexyl 0 .8  24 - - No products 

Cyclohexyl 1.33 4 10 0.5 N-Cyclohexylacetamide (8.6) 

3-Acetamidocyclohexene (1) 

chloride (0.2) 

chloride (0.33) 1,2-Dibromocyclohexane (trace) 

sec-But yl 0.16 24 - - N o  products 
chloride (0.32) 

sec-Butyl 1.33 7 1.65 0.4 2-Acetamidobutane (3) 
chloride (0.33) 2-Acetamidobutane (7) 

t-Butyl 0.10 24 - - N-(r-buty1)acetamide (2) 
chloride (0.32) 

r-Butyl 0.27 0.5 2.41 0.6 N-(r-buty1)acetamide (22.5) 
chloride (0.53) 

UData from Ref. 179. All experiments were carried out at 38 r?I I “C using LiC104 as an 
electrolyte. 
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chemical oxidation of alcohols by means of dimethyl sulphide and halogens182. 
-2 e- 

Br- - Br' 
Br 

Br- 
Br 

f I 

0 

CHOH 7 RSCH, z=== R CH, 
Br R1 \ 

RSCH, R2' I 
I +  

0 

Br- Br- CH- 

I 
I 

RSCHB - -H' R f Y  3 - RSCH,+R1COR2+Br- 

H 0 O\F/ 
R1' \R2  CH 

R1' \R2 

Recently, the elctrolytic transformation of olefins into oxyselenides has been 
reported183. The reaction is promoted with a trace amount of halide ion (Cl-, Br-, I-), 
of which positive species are electrochemically generated. The reaction has shown high 
regioselectivity and gave high product yield. 

3. Superoxide ion 
Alkali metal superoxides are well known but their insolubility makes them of little 

preparative use, unless incorporated into a crown ether184. However, superoxide ion 
may be generated electrochemically from oxygen185. The discoveryIx6 that 02' is a 
respiratory intermediate of aerobic organisms has prompted widespread interest in the 
chemical properties and reactivity of 02' with organic functional groups (carbonyl 
systems187, tosylates188, alkyl halides18s192, etc.) as well as with metal ions as a 
complexation ligand 184.193. 

Peover and coworkers189 have studied the nucleophilic reactions of electrogenerated 
superoxide ion with alkyl bromides. Their study, by cyclic voltammetry at 
mercury-covered platinum electrode in DMF-Bu4NC104, is consistent with a 
nucleophilic substitution mechanism. The displacement of bromide by superoxide 
gives an alkyl hydroperoxy radical which has an electron affinity at  least as large as 
that of oxygen: 

0 2 - C  e 

mBuBr +02" ===== n - 6 ~ 0 ;  + Br- 

03 (Eo'= -0.50 against NHE) 

This radical can be further reduced, either by the electrode or by bulk reaction with 
superoxide: 

+ e  
m&lo; = n-Bu02- 

m&lOi + 02- - n-Bu02- + 0 2  

On polarography at the dropping mercury electrode (DME), the cathodic current 
corresponding to reduction of oxygen was approximately doubled by the addition 
of excess of n-BuBr, as required by the overall stoicheiometry of the substitution. 
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m&Br + 02+ 2 e - mBu02- + Br- 

Table 29 demonstrates some representative results obtained upon reacting alkyl 
bromides with electrogenerated 0 2 '  and with KOZ-crown ether. The solvent, as well as 
the nature of the alkyl bromide, have tremendous effects on the products: primary 
bromides yield mainly peroxides and small amounts of alcohols in CH3CN. DMF or 
benzene, whereas tertiary bromides form alcohols and alkenes preferentially in DMF 
and DMSO. In the latter solvent, n o  peroxides are formed by any type of bromide. It 
seems that with secondary and tertiary halides competing elimination rcactions 
account for olefin formation. 

A polarographic study of oxygen with added acetyl chloride has revealed essentially 
a four-electron wave, as is required by the formation of diacetyl peroxide and its 
subsequent reduction: 

+ 2 e  2 CH3COCI + 0 2  - (CH,C0)202 + 2 CI- 

(CH3C0),02 2 CH3COO- 

Stable solutions of tetraethylammonium superoxide in aprotic media have provided 
a basis for a chronopotentiometric study of the kinetics for the ycleophilic 

+ Cl-). The reaction is found to be first order in superoxide and occurs with 1:l 
stoicheiometry. The rates of reactions of butyl bromides and iodides are too rapid 
for quantitative evaluation by this method. However, Danen and Warner"' succeeded 
in measuring the rate constants for alkyl bromides reaction by using the stopped-flow 
technique. Kinetic results by several  group^'^'.^^^.^?^ are consistent with an S N ~  
mechanism; the reaction rates follow the order 1" > 2" * 3" for alkyl halides and 
tosylates and the attack by Oz' results in an inversion of c o n f i g u r a t i ~ n ~ ~ ~ ~ ' ~ ~ .  Some of 
the kinetic results in DMSO and pyridine are summarized in Table 30. 

displacement of alkyl chlorides to give peroxide radicals (RCI + O z ' p  ROz' 

4. Sulphur dioxide radical anion 

aprotic media, containing an alkyl ha lid^'^^*^^? 
An interesting synthesis of sulphones consists of the cathodic reduction of SO? in 

+e 2 RX 
SO2 - SO2; +e- RS02R + 2X- 

Dihalides usually give polymeric or cyclic sulphones, for example: 

Under appropriate conditions, non-symmetric sulphones can be formed: 

CH2=CHCH2Br CH 2= CHCH 2 

SO2 + 2 Br- 
\ 
/ 

+ +so2 

CH38r CH3 

C. Electrochemical Generation of Transition Metal Complexes as Electron 
Transfer Mediators 

Organometallic species are commonly uscd as reagents for organic synthesis. 
Surprisingly, there have been few attempts to couple the electrochemical generation of 
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TABLE 30. Second-order rate constants for the reaction of 02' with primary, 
secondary and tertiary alkyl halides in DMSO and pyridine" 

kz,  M-'s-' (25°C) 

Substrate Solvent 1 "  2" 3" 

A. Butyl halides 
BuCl' (CH3)2SO 3.2 0.6 0.4 
BuCl Pyridine 2.3 0.5 <0.003 
BuBr Pyridine 90 54 C0.01 

CH3Br (CH3)2SO 

CH3(CH2)3Br (CH3)zSO 

B. Alkyl bromides 
670 - - 
350 
150 
- 65 - 

- - 
- - 

CH3CHzBr (CH3)2SO 

(CH&CHBr (CH3)2SO 

"Data from Ref. 184. 
'The reactions for butyl bromides and iodides in DMSO were found to be too rapid 
for quantitative evaluations of their rate constants. 

reactive intermediates with synthetic reactions'". Only  in the  past few years, has the 
role of odd-electron and zero-valent transition metal complexes in organic chemistry 
become a subject of current intere~t '~ ' -~() ' ,  for example, oxidative addition reactions, 
radical chain processes and thc activation of carbon-hydrogen bonds. The advantage 
of employing electrochemical methods for generating odd-electron complexes is quite 
obvious, since no additional reagents are needed. 

Quite recently, there have been several  report^*^*-*^^ on the electrocatalytic 
reduction of alkyl halidcs through electrochemically generated transition metal 
complexes as electron transfer mediators. Electrochemical reduction"* of a d8 Rh 
complex, [ Rh(diphos)dCl, to the corresponding d8 Rh complex, [ Rh(diph~s)~]O, in the 
presence of cyclohexyl halides yiclded, catalytically, cyclohexyl radicals according to 
the following scheme: 

SH 
Hg cathode 

[Rh (diphos)2]+ f\t [ R h ( d i p h ~ s ) ~ ] ~  - RhH(diphos)2 

On changing various conditions (solvent, electrode material and substrate), several 
types of products may be formed from the cyclohexyl radical: 

o - o + o + ~ + ~ ~ H ~  
A B C D 

The results shown in Table 31 demonstrate a pronounced catalytic effect, especially for 
the reduction of cyclohexyl iodide at  mercury in acetonitrile and cyclohexyl chloride 
at platinum in dimethyl sulphoxide. The formation of radical termination products 
points to radical nature of the propagating species, [ Rh(diphos)2]('. 
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TABLE 31. Electrochemical reduction of cyclohexyl halides via electrochemically generatcd 
[ Rh(diphos)zl complcx202 

Solvent 
~ ~~ 

Electrode Halide % Halide' n b  Types of product 

Benzonitrile Hg CI 33 4.1 A + B + C + D  
Acetonitrile Hg CI 50 3.4 D 
Acetonitrile Graphite CI 33 4.5 A + B 
Acetonitrile Hg Br 10 5.2 A + B + D  

I 10 23.0 A + B + C 
10 3.7 A + B 

Acetonitrile Hg 
Dimethylacetamide Pt CI 
Dimethylsulphoxide Pt CI 33 16.0 Unidentified 

'Percentage of cyclohexyl halide by volume, in the solution. 
'The coulometric n value is based on the equivalents of the [Rh(diphos)z]CI present. 

The fact that cyclohexyl chloride could not be reduced directly under the same 
conditions but without the Rh(0) complex exemplifies the  utility of the electrocatalytic 
Rh( I)/Rh( 0) system. 

Pletcher and  coworkerszo3 have studied the catalytic nature of Ni(1) species, derived 
electrochemically from Ni(I1) square planar complexes, towards the reduction of alkyl 
halides in acetonitrile (Figure 5) .  It was found that hydrocarbon products a re  formed 
and a mechanism was postulated, involving not only a simple electron transfer 
mechanism, but also organonickel specics as intermcdiate in the.catalytic proccss: 

Ni(ll) + e Ni(I) 

R 
I 
I 

Ni(l) + RX - Ni(lll) 

X 
R' + Ni(ll) +X- 

R 
I 
Ni(ll) 
I 

X R  

Ni(ll) + &ll) 
I 

I 
I 
Ni(lll) 

X 
+Ni(l) RE R Y I X 

I Y -  

I 
Ni(ll) - R- + Ni(ll) 

X 
I 

X 

As one can  sce from the  above general scheme, both radicals and carbanions may be 
involved, depending o n  the  life-time of the C-Ni(I1) intermediate. If it is short-lived 
(as was found for secondary and tertiary alkyl bromides), then this bond will rapidly 
decompose to form R-, and  regenerate the clcctroactive complex, as was found for 
secondary and tertiary alkyl bromides. However, with primary bromides it was 
suggested that a 'Ni-C' intermediate would have sufficient life-time to undergo 
reduction at the electrode o r  i n  solution before the spontaneous cleavage to  a radical 
might occur. Only the spontaneous cleavage process forming radicals was found to  be 
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lOOmM 

-1.0 
v 
1 / E/VvsAg wire -2.0 

FIGURE 5.  Cyclic voltammograms of 1 mM 
Ni(salen) (see footnote a to Table 32) in 
C H ~ C N - B U ~ N B F ~  beforc and after the addition of 
1-bromooctane (the numbers on the curves indicate 
the concentration of the bromide). Potential sweep 
rate 0.3 V s- ' .  (Reproduced from Ref. 203.) 

catalytic, whereas the other pathway is an ECE mechanism, leading to an 
electroinactive complex. 

Some representative results are described in Table 32 and it  is obvious that most of 
the products are consistent with a free-radical intermediate which determines the 
product distribution by the following reactions: 

2 R '  - R-R 

Disp. 
2 R' - RH + olefin 

R-+ CH~CN - RH +CH*CN 
It was found that in the case of primary halides, dimerization was the major route, 
while with tertiary radicals disproportionation predominates. For secondary radicals, 
all the three reactions listed above were of similar importance. In certain cases, 
products derived from a carbanion intermediate were observed: 

R-+ CH3CN - RH +CH2CN 

CH2CN + RBr - RCH2CN + Br- 

The results with n-octyl iodide are different from those with the bromide and seem to 
represent the intermediate situation where both mechanisms, the catalytic and ECE 
are competing. Probably it is due to a weaker Ni-C bond in the iodo complex than in 
the bromo one. 

In conclusion, the reductions of alkyl iodides and bromides in the presence of Ni(1) 
intermediates occur at considerably less negative potentials (e.g. - 1.20 V) than in 
solutions containing alkyl halide alone (- -2.2 V). It was also demonstrated by 



'Organic yields based on octyl halide consumed. Ni(sa1en) = [N,N'-ethylene-bis(salicy1idene- 
irninato]nickel(II); Ni(teta)2+ = (5,5,7,12,12,14-hexarnethyI-1,4,8,1 I-tetraazacyclotetra- 
decane)nickel(II). 
'Faradays per molc when current had dropped to 5% of initial value. 
'Non-straight-chain hexadecancs (two or  three isomers). 

employing two different nickel (11) complexes, that the weaker the Ni-C bond in the 
intermediate, the more significant is the catalytic effect. 

The effect of activated olefins on the indirect reduction of alkyl bromides in the 
presence of Ni(1) intermediate was also studicd and showed that an insertion reaction 
takes place, forming a new Ni-C bond which undergoes cleavage by further 
reduction. This hypothesis was found to be valid only when an electron-withdrawing 
group is attached to the double bond. The  following overall process was suggested204 
in the presence of such olefins and alkyl bromides: 

t e  
Ni(l1) ====== Ni(I) 

R 
I 
I 

Ni(1) + RBr - Ni(lll) 

Br 

R RCH 2CH C N 

Ni(lll) + CH,=CHCN - I 
I 
Ni ( 1 1 1 )  

Br 

I 
I 
Br 

RCH2CHCN X 
+ e  I 

I 
ki(lll1 HX RCH2CH2CN + Ni(I1) 

Br Br 
I 
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According to the suggested scheme, 2e per molecule of Ni(I1) are transferred, and the 
reaction was not found to be catalytic because, in the final stage, the nickel species is 
not electroactive and the reaction does not continue further. The reaction was studied 
with primary, secondary and tertiary butyl bromides in the presence of acrylonitrile 
and the same typc of product was dectected in good yield. The reaction was extended 
to a range of olefins in the  prescncc of 2-bromobutane and it was found that both 
coulometry and yield are dependent on the olcfin structure. The reaction depicted in 
the above scheme secms to be general for several types of alkyl bromides and with 
olefins conjugated or attached to electron-withdrawing groups. However, wherever the 
yield is low, C4 and C8 hydrocarbons were also formed, indicating that the first Ni-C 
species mentioned in the scheme dccomposes rapidly to generate radicals and does not  
survive long enough to react with an olefin to form the second Ni-C spccies. 

Recently it has been shown that othcr205 nickel complexes, e.g. triphenylphosphine 
nickel(II), can be electrochemically reduced in ethereal solvents as well as in ethanol 
to zero-valent nickel, at varioiis cathode materials (gold, platinum, nickel). The 
kinetics of the reaction of Ni(O)L, 4 t h  PhX (X = I ,  Br, Cl) have been studied and the 
rates follow the order I > Br > CI: 

NilO)L, + PhX - PhNiXL2 + 2 L. 

Electrolysis of PhX in excess at the reduction potential of PhNiXL2 allows the catalytic 
reduction of PhX. 

Other groups20" have demonstrated the catalytic electrochemical reduction of alkyl 
halides by vitamin B I 2  derivativcs and vitamin Bl2 model compounds. Recently, 
Scheffold and coworkers2073 have reported a novel 1,4 addition of alkyl halides to 
Michael olefins employing controlled potential electrolysis. Bromoalkylcyclo- 
hexenones, bearing all the functional groups required in one molecule, yielded 
two types of product, bicyelic ketones and open-chain derivatives, as follows: 

&(CH2),,Br & + &(CH4,, H 

(CH2)n 
( n  = 3-5) 

& (CH,),, Br - ( 5 3 H 2 ) , ,  + & (CH,),, H 

The suggested mechanism involves the initial formation of a catalytically active Co(1) 
species by electrochemical reduction of a Co(II1) complex, followcd by a rapid 
reaction with alkylating agent to form octahedral alkyl-Co(II1) complex. The latter is 
electrochemically reduced to a Co(l1) intermediate which reacts with a Michael olefin 
to form the typc of products mentioned above and regenerates the Co(1) complex. 
This chemically catalysed reductive cleavage provides a versatile tool for the formation 
of C-C bonds. 

in which the formation of an organometallic 
intermediate is proposcd. a rccent work by Costa and coworkers'0s describes a 
catalytic reaction between electrogencrated Co(1) complex and tertiary organic 
halides which does not afford the organocobalt derivative. Instead, the reaction gives 
an unstable intermediate which in turn decomposes, rcgenerating Co(I1) and alkenes. 

Unlike former examples, and 
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7. Templates 

An interesting example of intramolecular electron transfer has been reported by 
Breslow and coworkers*"9, who used templates to direct the free-radical chlorination 
of stcroids to specific positions. An interesting application of such template methods to 
electrochemical hnctionalization of a steroid has been found successful2I0, as is 
demonstrated in the following scheme: 

- 0  
___c 

In this intramolecular electron transfer process, the esteric steroid in the scheme shows 
an oxidation peak at  +2.6 V (against Ag wire o n  cyclic voltammetry). When i t  was 
oxidized in acetonitrile in the presence of CI-, in the dark, at +1.8 V, the steroid 
molecule was not chlorinated and only chlorine was evolved. However, oxidation at 
+2 .7  V, followed by saponification, rcsulted in the corresponding chlorinated 
cholestan-3-a-01, in 35-71 % isolated yield. The results are interpreted in terms of an 
electrochemically initiated chain reaction sustained by a remote abstraction of 
hydrogen from the 9 position to form a radical intermediate which reacts with 
electrochemically generated chlorine to produce the chlorinated steroid. 
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2. lnducfion 

Another interesting example involves catalysis of chcmical reactions by clectrodcs. 
Pinson and Saveant"' were the first to demonstrate that the nucleophilic substitution 
reaction of 4-bromobcnzophenonc (ArX) with thiophenolate (Nu-) can be triggered 
electrochemically. Thc catalytic nature of the rcaction has been ascribed to the 
'exchange' current, since on ly  0.2 F/mol-' of substrate has been rcquircd to convert 
95% of ArX to ArNu: 

A r X + e  ArX' ( X  = Br) 

- ArX- - Ar'+X- 

Ar'+Nu- - ArNu- (Nu- = PhS-) 

ArNu=-e - ArNu 

Later cxperiments conducted by Tilborg and coworkers"' on the same system have 
shown inconsistency with the above mechanism and suggested the possiblc occurrence 
of a bimolecular radical chain, as follows: 

ArNu' + ArX ArNu + ArX' 

The reaction may be terminated by, for example, recombination of the chain carrying 
the radicals to form a dimer: 

R R 
I 5- OH 

I 

SPh SPh 

Indeed, a pinacol was obtained as the main by-product. According to this mechanism 
the catalytic nature of the reaction is attributed to disproportionation of the radical 
anion, ArNu', with starting material, ArX. Which mcchanisrn is the truc one may be of 
importance with rcspcct to the applicability of the rcaction, although both may 
operate simultaneously. 

A comprehensive account of the electron-induced catalytic nuclcophilic aromatic 
substitution with mcchanistic features has been accomplished quitc rccently by 
Saveant2I3. It is suggested that duc to the fact that the substitution reaction is triggered 
by setting the potential at the reduction wave of the substrate, the best candidatc to be 
attacked by a nucleophilc is the neutral radical (Ar? formed upon cleavage of the 
initial radical anion. This mcchanism is similar to the S R ~ I  mcchanism previously 
established by Bunnett2IJ, and which is based on the electrophilic reactivity of aryl 
radicals towards nucleophiles. 

3. Modified electrodes 
and graphite"'" 

electrode surface. there has been a tremendous interest in this ficld. The use of surface 
modified electrodcs is widespread in areas such as photoelectrodes, synthesis. catalysis 

Since thc first publications on chemical modification of S n 0 2  
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and basic research on the propcrtics of immobilized molecules. The most interesting 
molecules to attach to a functionahzed electrode surface arc obviously the 
electrochemically reactive ones which can be appiicd on electrocatalysis. In such a 
catalytic proccss. the attached molecule acts as a fast electron transfer mediator for a 
substrate dissolved in the contacting solution. The basic idea of the process is 
expressed in the following scheme: 

Product 

ELECTRODE SOLUTION 

Red Shstrate 

Two excellent reviews have been published recently by Murray2" and by Snell and 
Keenan2Ig, which covcr the literature to date on the field of chemically modified 
electrodes. Nowadays there is a variety of mcthods for immobilizing reagents on 
electrodes such as metal oxidc surfaces (SnOz, R u 0 2 ,  Ti02 and oxides of Pt, Au, Si 
and more), oxidized sites on carbon surfaces as well as oxide-free carbon surfaccs. 
Other approaches of surface modification which do not involve chemical binding, 
include chemisorption (irreversible adsorption) of n-systems on pyrolytic graphite 
and attaching a polymer (in which the reagent of interest is incorporated) to the 
electrode surface by various coating methods. Polymcr coating seems to be appealing 
because it is technically simple, affords a 'stable' surface and provides a relatively large 
electrochemical response since multiple layers (10-1000) of rcdox sites react. 
However, in spite of thc vast literature in this growing field, the information available 
so far does not give a straightforward answer on whether reactivity is promotcd or 
diminished by immobilization of the electroactive reagent and seems to be highly 
dependent upon experimental conditions. 

Examples of electrocatalysis include oxidation of ascorbic acid2I9 by attached 
benzidinc, oxidation of dihydronicotinamidc adenosine diphosphate (NADH) by the 
use of a quinone-modificd graphite as well as polymer-modified s ~ r f a c e ~ ' ~ . ~ ' " .  
Elcctrocatalytic reductions involve the reduction of organic dihalides by using a 
polymer-modified electrode2" (thc turnover numbcr for catalyst sites was estimated t:, 
be lo4 for this reduction221) and reduction of molecular oxygen by metalloporphyrin 

Modified electrode 

+ 2e 
- PhCH=CHPh + 2 Br- PhCH Br CHBr Ph 

 derivative^^^^-^^^ chemisorbed on pyrolytic graphite or adsorbed on glassy carbon225, 
and by poly(p-nitrostyrene) dip coated on Pt226. So far, the most successful 
electrocatalysis on a modified electrode has been the 4e reduction of O2 to H 2 0  
without significant production of H 2 0 2  by an adsorbed dicobalt face-to-face porphyrin 
d i m e r ~ * * ~ .  

V. DIRECT CATHODIC REDUCTION OF THE C-X BOND 

Electrochemical reduction of organic halogen-containing compounds in aqueous and 
non-aqucous media has been studied quite extensively, from mechanistic and synthctic 
viewpoints. The field has been reviewed by several authors and fairly rccently by 
Hawley'O. Since this author does not feel the need to re-review the current literature, 
this section is mainly confined to results which supplement the former review in this 
series' and which shed light o n  the complex mechanism of the reduction process. 
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With regard to the electrochemical reduction of carbon-pseudohalogen bonds, very 
little has been published. The second part of this section trcats the reduction of the 
carbon-azide bond. 

A. Organic Halides 

The reductive cleavage of organic halides is irreversible2" and is in general 
independent of the pH of the medium. The ease of the reduction is-in the order RI  
> RBr > RCl > R F  and tertiary RX > secondary RX > primary RX. No direct 
reduction of an unactivated C-F bond in a monofluoroalkane has been reported. 
Aromatic and vinyl halides are more difficult to reduce than alkyl halides. Vicinal 
dihalides and gem-dihalides are reduced more easily than the corresponding 
monohalides. 

Macroscale reduction of monohalides leads to the corresponding hydrocarbon and 
some coupling products. Vicinal dihalides afford olefins and/or saturated 
hydrocarbons. a,o-Dihalides form cyclic products and the corresponding 
hydrocarbons, depending on the proximity of the halides. gem-Halides generally 
afford hydrocarbons, although carbene intermediates have been detected. 

1. Reduction path ways 

In spite of the voluminous data on the reductive cleavage of the carbon-halogen 
bond, it is impossible to force all of the data into a strictly ionic or free-radical 
mechanism, because of the essentially ambivalent nature of the process228. In 
principle, there are several possible mechanisms of electron addition and C-X bond 
rupture and these are illustrated by the following schemes. 

Scheme I .  A cleavage of the carbon-halogen bond in  a single two-electron process 
to give a carbanion: 

R X + 2 e  - R-+X- 

Sclienze 2. Two one-electron transfers, the first concerted with bond rupture. When 
only one reduction wave is observed, the second step is assumed to be fast, 
suggesting that the standard potential for the reduction of the radical is anodic of the 
potential required for the first electron transfer step: 

R X + e  r.d.s._ R'+X- 

f a s t  R ' + e  - R- 
Scheme 3. The first step is a composite one and consists of generation of a radical 
anion, which subsequently decomposes as follows: 

R X +  e - [RX]' 

2 R '  - R-R 
or 

R ' + e  - R- 
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Scheme 4 .  The addition of a second electron to the radical anion occurs 
synchronously with C-X bond cleavage: 

RX + e  - [RX]' 

[RX]' + e  - R-+X-  

Scheme 5. Formation of a dianion from the radical anion: 

[RX]' + e - [RX]*- 

Scheme 6. A reduction which involves organomercury intermediates: 

RX+Hg - RHgX 

2 RHg',,, - RZHg + Hgo 

R2Hg+2e - 2R-+Hgo 

The mechanism outlined in Scheme 3, involving a radical anion and free-radical 
intermediates, is the generally accepted one, although it has some !imitations. Some 
halogenated aromatic ketones, nitro and nitrile compounds, and halogenated 
polynuclear aromatics can be reduced to fairly stable radical anions which could be 
characterized by electrochemical and ESR methods*". In these cases, cleavage into 
free radicals and halide ions occurs in the bulk solution and the final products result, at 
least partially, from free-radical reaction pathways*3o. It is assumed that the decay of 
the radical anion is very fast (there is t h e ~ r e t i c a l ' ~ ~  and kinetic232 evidence for this) or 
even concerted172 with the first electron transfer to prevent escape of RX' from the 
electrode surface by  diffusion. Recently, Saveant and coworkers233 have also proposed 
essentially a simultaneous electron transfer bond-breaking process for the reduction of 
aliphatic halides. 

There is no direct evidence for the existence of free radicals, and attempts to detect 
them by ESR measurements and spin trapping techniques have However, 
the intermediacy of radicals has been established indirectly through isolation of 
dimeric products, organometallic compounds at mercury or lead ~ a t h o d e s * ~ ~ ~ * ~ * ,  and 
rearrangement products239. Some authors have pointed out that dimerisation in 
the electrochemical reduction of organic halides may well be the result of a 
nucleophilic Wurtz-Fittig type attack of the carbanion intermediate on the starting 
halide, which would be even more likely with the highly reactive benzylic or allylic 
 specie^*^^^*^^. 

For halo-compounds which show two reduction waves in d.c. polarography, the 
second electron transfer was attributed*36 to the reduction of R' to the corresponding 
R-, thus suggesting that this process occurs at a more negative potential than that 
of the first electron transfer. The formation of carbanions in the second step can be 
demonstrated, for example, by trapping the carbanion with carbon dioxide241 or by 
isolating Hofmann-elimination products (when reduction is carried out in the presence 
of quaternary ammonium salt as e l e c t r ~ l y t e ) * ~ ~ ~ ' ~ ~ :  

R- + Et,N+ - RH + CH,=CH2 + Et,N 
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2. Acyclic monohaloalkanes 

Although most simple monohaloalkanes are electrochemically reduced in a single 
step242, some compounds exhibit two polarographic waves. Consequently, new 
mechanisms have emerged, involving radical anions, radicals and organomercury 
intermediates, as illustrated in the schemes above (Section V.A.l). Just to present a 
simple example, t-butyl bromide gives a single 2e wave in DMSO, but t-butyl iodide 
affords two waves. Fry243 has suggested that both the ease of reduction of the C-I 
bond and the difficulty of reducing the r-butyl radical to the corresponding carbanion 
give rise to separate one-clectron waves from butyl iodide. 

Recently, interesting results have been reported on the electrochemistry of primary 
haloalkanes. Peters and coworkers’44 have studied the reduction of 1 -bromo- and 
I-iododecane in D M F  at Hg cathode and originally stated that the process involves 
one electron and no carbanions. More recently they reported245 that both radicals and 
carbanions lie on the product-forming pathways. For 1-iododecane this group has 
observed two well resolved waves ( E  1,21 = - 1.61, E -- -2.1 against SCE) by d.c. 
polarography study and suggested that the decyl radical arising from this reduction is 
stabilized sufficiently to allow the two waves to be resolved. This stabilization is mainly 
due to the strong interaction of the decyl radical with the mercury electrode. 
Evidently, thc isolation of didecylmercury (at potentials more positive than the second 
reduction wave) in nearly quantitative yield supports this hypothesis. Contrastingly, 
I-bromodecane does not show two waves and does not afford a detectable amount of 
mercury compound at any reduction potential. They further studied the reduction of 
1 -iododecane by means of chronocoulometry, polarography, cyclic voltammetry and 
controlled potential coulometry. It was reported that the relative time scale of the 
techniques is of great importance (when potentials negative of the polarographic 
maximum (ca. -2.05 V) have been employed) and strongly affects the n-value. 
Electrolysis with the latter technique in DMF + 50 m;M H 2 0  for 10 min affords n = 1. 
Gn tfi.: e;hcr hand, with tne other three methods, where electrolysis can be done with 
much shorter times, an n-value of 2 is obtained (at potentials more negative than 
-2.1 V). At these negative potentials, the decyl carbanion is the predominant 
intermediate, and this was confirmcd by deuterium-labelled trapping experiments. 
The  amount of water present also has a strong effect on the results. When the 
concentration of H 2 0  is high (50 mM), then ti = 1 results from the protonation of 
electrolytically generated decyl anions by HzO, followed by producing 1-decene and 
I-decanol, as follows: 

n-decyl- + H,O - n-decane + OH- 

1-decene + H20 + I- 

1-decanol + I- 

n-decyl I + OH- 

However, when the conccntration of H 2 0  is low ( 2  mM), then-value approaches 2 and 
decyl carbanions are presumably protonated by D M F  to produce mostly decane: 

n-decyl- + HCON(Me)2 - n-decane + -CON(MeI2 

At more negative electrolysis potentials, products of high molecular weight were 
formed, presumably from 1 -decane and radicals derived from D M F  and N-methyl- 
formamide as an impurity. 
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W a g e n k n e ~ h t ~ ~ ~  has studied the reduction of ti-BuBr in a C0,saturated solution of 
DMF, at a Hg cathode. Approximately equal amounts of three products were 
obtained, one from direct reduction of butyl bromide and the other two from indirect 
reduction by C02'. Apparently, the reduction on Hg was found to be a one-electron 
transfer: 

2 BuBr a Bu2Hg + Hg + 2 Br- 

0 0  
+2e  1 1  1 1  BuBr 2 C02 - 2 C027 - -0C-CO- Bu02CC02Bu (dibutyl oxalate) 

+1'0 C02: + BuBr - Br-+ [BuCO;] - BuCOO- 

CO? + Bu' - BuC02- 7 BuCO~BU (butyl valerate) 

The same reduction on graphite appears to be a 2e process leading to butyl carbanion 
which reacts chemically to afford the following products:246 

BuBr 

Br-+ Bu- 2 e  
graphite * 

Butane + Butene 

Octane 

Bu- + BuBr 

BuBr 
Bu- + C02 - BuCO;T BuCO~BU 

Bu- + HCONMe2 - Butane + -CONMe2 

00 
co Ill1 

-CONMe2 -i&+ BuOCCNMe2 (butyl-N,N-dimethyloxamate) 

y 3  

Bu- + Et4N+ + 2 C 0 2  + 2 BuBr a Et3N + 2 Br- + Bu02CCHC0,Bu 

(dibutyl a-methylmalonate) 

When butyl iodide was reduced at a graphite cathode, both butyl valerate and butyl 
N,N-dimethyloxamate were formed. Due to the fact that butyl-N,N-dimethyloxamate 
is not obtained when either BuBr or BuI is reduced o n  Hg, Wagenknecht suggests the 
absence of Bu- as an intermediate in the reduction of butyl halide at a Hg cathode. 
Consequently, two distinct pathways were described above for the formation of butyl 
valerate, via butyl radical (on Hg) and via butyl carbanion (on graphite). 

As has been demonstrated above, the electrode material is known to play an 
important role in the electroreduction of alkyl halides. Other examples reveal that the 
final products of reduction of alkyl halides on Hg are generally alkanes; on lead, 
tetraalkyllead is formed237, and reduction on a tinz4' cathode gives a product 
distribution which is dependent upon the size of the alkyl group. The major product 
from the reduction of methyl iodide in DMF is Me4Sn, but from higher alkyl iodides 
dimers as well as monomeric hydrocarbons are formed. It is assumed that steric 
factors, as well as the strength of metal-alkyl bonds, dictate the product distribution. 
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3. Acyclic polyhaloalkanes 

It has been found248 that the ease of reduction of gem-polyhaloalkanes at a glassy 
carbon electrode, in anhydrous DMF proceeds in the expected order, CX4 > RCX3 > 
RCHXz > RCHzX. However, the reduction of C H Q  at Hg is reported to occur more 
readily than that of CHzC12. This behaviour clearly indicates that, at mercury, 
polychloroalkanes may not be reduced by simple stepwise loss of C1- as on glassy 
carbon, due to chemical involvement of the mercury beforc or during the 
electroreduction step. 

Semmelhack and H e i n ~ o h n ~ ~ ~  have shown that 2-haloethylchloroforates yield 
2-haloethoxycarbonyl derivatives when they react with amino, hydroxy and thiol 
groups. Removal of the protecting group from these derivatives occurs in nearly 
quantitative yield with a minor side-reaction, as follows: 

-c PhC02CH2CHC12 (by-product) 

Merzz50 reduced 2,2,2-trichloroethanol and triclilorophenylethyl derivatives 
electrochemically. The major product is reported to be 1,3-dichloroalkene and its 
formation is affected by both the acidity of the solution as well as by the nature of the 
substituent adjacent to the trichloromethyl group. 

The predominant reduction pathway of vicinal polyhaloalkanes involves 
p-elimination of two halide ions in an overall 2e step and olefin formation, although 
stepwise loss of halogen from 1,2-dihalidcs has also been claimed. 

Several groups251.252 have recently studied the electrochemical reduction of various 
meso-vicinal dibromides in order to try to determine the stereochemistry of the 
reaction. It has been found that all exhibit high specificity for arzriperipfanar 
elimination of halide ion to form the (E)-olefin: 

CH2=CCI2 + PhCOz (87%) 
MeOH 

PhCO2CH2CC1, PhCO2CH2CCI2 

Br 

Br 

In contrast, thc behaviour of d,l-diastereomers is more complicated and does not 
appear to be p r e d i ~ t a b l e ~ ~ l . ~ ~ ~ .  For example: 

(Z) -2-butene 

There is evidence with the reduction of 1,1,2,2-tetrabromoethane that potential 
does not affect the stereochemistry of the reduction product253. It has been suggested 
that the (E)-l,2-dibromoethene is formed from the  antiplanar rotamer, whereas the 
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(Z)-isomer is formed from the predominant (85%) synclinal rotamer. Other factors 
have been suggested to affect the ( Z ) / ( E )  product ratio, such as steric effectszs4, an 
anionic intermediate and differences in ion pair formation252. 

The mechanism of the reduction of vicinal dihalides to olefinic products, by a 
concerted 2e process or via a discrete carbanion intermediate, is still debatable: 

2- - 2 x -  ’ ] - Alkene . . . .x I I  

I I  I I  

I I  + a  I I + e  I I  - X -  

X-C-C-X .+2e. [ x.. ..c- 

or I 

X-C-C-X X-C-C’ - X-C-C- - Alkene 

Some investigators are in favour of a concerted process due to the remarkable ease 
with which dihalides are reduced25s, or due to the absence of a carbanion intermediate 
(to form any proton capture or Hofmann degradation products)251. Garst and 
coworkers2s6 have studied the reduction of 2,3-dihalobutanes by sodium naphthalide 
and with the assistance of CIDNP experiments suggested that the mechanism for 
2,3-dibromobutane may involve a loss of a bromine atom from either the initial radical 
anion or the bromoalkyl radical: 

I I  I I  I I  

Alkene + Br-+ Br. 

Mishra and SymonszS7 have studied the reduction of 1,2-dihaloethanes and with the 
assistance of ESR and 6oCo y-ray techniques reached the conclusion that the reaction 
pathway involves a loss of Xr’ from initially formed radical anion, as follows: 

Alkene + X,’ I 1  

I I  
[x-c-c-XI’ - 

Electroreduction of 1,3-dihalides at a Hg cathode affords cyclization as the principal 
reaction pathway. whereas higher homologues yield substantial quantities of 
organomercury derivatives accompanied by little or no cycloalkane. However, on  Pt 
cathode in THF, moderate yields of 3-7 ring cycloalkanes can be formedzss. The 
generally accepted concerted 2e pathway for the formation of cycloalkane requires 
stereospecific reduction. Fry and Britton’”’, have shown that reduction of both meso- 
and d,l-2,4-dibromopentane is non-stereospecific and affords almost equal amounts 
of products from either diastereomer: 

PH3 + A  CH3CHCH2CHCH3 

Br Br 
I I 

CH3 CH3 CH3 

meso - 

dl. -  

41% 45% 

4 4% 39.5% 

Moreover, they also obtained pentanc and 1- and 2-pentene, but no dimers or 
organomercurial products. In  the light of their results they are in favour of a stepwise 
reduction pathway of 1,3-dihalides. 
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The product distribution from the reduction of 1,3-dibromopropane at Pt in DMF 
has been shown by Wiberg and Epling26" to be potential dependent; cyclopropane is 
the major product at -2.65 V (against Hg) whereas propane becomes the main 
product at - 1.45 V. By performing labelling experiments, they concluded that 
propane is formed predominantly via hydrogen atom abstraction by the propyl radical 
and not a carbanion intermediate. Similar product-distribution potential dependence 
has been observed for 1,4-dibrornobutane at  Pt, out on Hg mainly dibutylmercury 
along with minor by-products were detccted261. 

In view of the fact that cyclopropanes are formed in good yields upon reduction of 
1,3-dihalopropanes, attempts have been made to synthesize cyclopropanones 
electrochemically from a,a'-dihaloketones262-2M. However, non-cyclized products 
(involving the intermediacy of an enol allylic halide and 2-hydroxyallylic cation) are 
formed with the exception of the successful trapping of several cyclopropanones as 
their hemiketals. With regard to the formation of a cyclic product, an interesting result 
was obtained by cathodic reduction of cr,a'-dibromophosphinate on Hg in DMSO 265. 

The products formed confirm strongly the intermediacy of a cyclic derivative, 
oxyphosphirane: 

0 0 0 

I -Br- I 
I t  +2e I I  + 2e II 

PhCHBrPCHBrPh - PhcHPCHBrPh (PhCH2)2POMe 

OMe OMe 24% 

0 
II 

-Pow 
__L 

,H Ph, ,Ph + ,c=c, Ph\ /c=c\ 
H Ph H H 

43% 33% 

4. Ally1 halides 

Lately, Bard and Merz have re in~es t iga ted '~~ the electrochemical reduction of allyl 
halides in non-aqueous media, by means of cyclic voltammetry and coulometry. They 
reduced allyl iodide, ally1 bromide, (E)-3-bromo-l-phenyl-l-propcne and 
(E)-5-bromo-2,2,6,6-tctramethyl-3-heptene on vitreous carbon and each compound 
gave a single 2e reductior? wave, with half-peak potentials of -1.38, -1.64, -1.11 
and - 1.89 V (against SCE), respectively. However. on Pt and Hg, multiple waves 
were formed bccause of halide surface effects (which have been noticed previously22h 
in the electrochemical reduction of 9,10-dichloro-9,1O-dihydro-9,10-diphenyl- 
anthracenc at Pt and Au electrodes in DMF or CH3CN). These authors suggest that 
the reduction of allyl halidcs o n  Hg involves organomercury intermediates which are 
reduced at potentials corresponding to the second polarographic wave, according to 
the mechanism outlined in Scheme 6 (Section V.A.1). Their conclusion is that the  allyl 
halides are reduced via a two-electron electrode reaction and the rcduction of the allyl 
radical to the ally1 anion cannot be seen as a separate step. Moreover, the reduction of 
the allyl radicals occurs at potentials substantially more positive than the  potential 
required for the first electron transfer to the allyl halide. This was confirmed by 
electrochemical oxidation of ally1 anion, previously formed by reduction of allyl 
halide, with solvated electrons in liquid ammonia. These authors' principal conclusion 
is in contrast to previous statements in the literature since i t  leads to the mechanism 
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first suggested by Von Stackelberg and st rack^^^^, which is outlined in Scheme 1 

Polyhaloallyl compounds, of the general formulae R2CXCH= CHX and 
R2C= CHCHX2, have been electrochemically reduced by Doupeux and Simonet2". 
3,3-Dibromo-l,l-diphenylpropene has been found to undergo prior chemical 
reaction with the mercury cathode to give a readily reducible organomercury 
derivative, followed by two consecutive 2e waves to form 1 ,I-diphenylpropane, as 
follows: 

(Section V.A.l). .- 

2 e  

+ 2  H' 
Ph$=CHCH3 - 

However, unlike the above compound, the reduction of 1,l-dichloro- or l-bromo- 
1-chloro- derivatives does involve a carbanion intermediate, which undergoes either 
protonation to give l-chloro-3,3-diphenylpropene or  intramolecular cyclization with 
concomitant loss of CI- to yield 1,l-diphenylcyclopropene. The former product could 
be reduced further at more negative potentials to form 1,l-diphenylpropene and then 
to 1 ,I-diphenylpropane. 

Brillas and Costaz6' have reported that the electroreductions of (E)-1,4-dibromo- or 
(E)-1 ,4-dichloro-2-butene each consisted of two waves. The second was attributed to 
the reduction of the product, 1,3-butadiene, and the first to the addition of 2e to give a 
halide ion and anionic intermediate: 

t2 e -X- 
XCH,CH=CHCH,X X- + XCH2CHzCHCH2- - CH2=CHCH=CH2 

Halogenated acetylenes havc been investigated by Peters and 
Since the isolated triple bond in I-bromo-5-decyne is electrochemically inert, only a 
single ( 1 1  = 1) polarographic wave (El ,?  = -2.45 V, against SCE) has been observed 
and attributed to the cleavage of the C-Br bond, to form the following products: 

CH3(CH2)3C=C(CH2)4Br - CH,(CH,),C=C(CH,),CH, + n-Buo 
59% 38% 

Since the cyclic product does not contain bromine atom, these workers postulated that 
it arises from either adsorbed radical CH3(CH2)3C-C(CH2)4 or an organomercury 
intermediate, CH3(CH2)3C-C(CH2)&gBr or CH3(CH2)3C=C(CH2)4]zHg. The 
nature of the products from the electroreduction of 6-bromo-l-phenyI-l-hexyne, as 
well as their distribution, have been found to be potential dependent27o. At -2.45 V 
(against SCE) and tz = 1, I-phenylhexyne (58%), I-phenylcyclohexene (14%), ben- 
zylidenecyclopentane (1 2%) and I-phenyl-1-hexyne-5-ene (9%) have been formed, 
presumably all due to the involvement of the radical, PhCEC(CHr)i .  Electrolysis at 
more negative potential (-2.60 V) afforded n = 3 and higher yields of the carbocyclic 
products: cyclohexylbenzene (23%), benqlidenecyclopentane (20%), l-phenylcyclo- 
hexene (1 1 %), 1-benzylcyclopentene (7%), 1-phenyl-1-hexyne (1 7%) and l-phenyl- 
1-hexene (13%). At this potential, a reduction of the triple bond was postulated 
too: 

t e  
PhC=C(CH2)4Br - Phe=C(CH2)4Br - Br- + - P h C H a  
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The redox behaviour of 6-chloro-1-phenyl-1-hexyne has been found2'l to be more 
complex. Here, the major product was benzylidenecyclopentane (81 %) along with 
various hexenes, one hexyne and one hexane. The following mechanistic scheme has 
been proposed: 

PhkCH(CH,),CH,CI (€)-PhCH=CH(CH2),CH2Ccl 

Phk=C(CH2)&I 

PhCH2 

A t  higher concentration of the substrate, an allenic derivative, 
6-chloro-l-phenyl-l,2-hexadiene is formed2", which is further reduced to  a radical 
anion. This intermcdiate may undergo either intramolecular cyclization o r  
protonation, as follows: 

+e  -a- 
PhCH=C=CH(CH2)3CI - PhkHC=CH(CH2)3CI - 

5. Benzyl halides and halomethyl arenes 

It is accepted that benzyl iodide reduction at Hg involves the intermediacy of 
benzylmercury radical, and a similar but slower reaction is assumed for benzyl 
bromide and chloride. The following mechanism has been (which is  
slightly different from that in Scheme 6 (Section V.A.1)): 

Ini t iat ion PhCH,I + e - [PhCH,I]' - PhCHi  +I- 

Propagation P h C H i  + Hg - PhCH,Hg' 

PhCH2Hg'+ e - PhCH,- + Hg 

or 
PhCH2Hg' + PhCH,I - PhCH2Hg+ + PhCHi + I- 

PhCH2Hg++ I- - PhCH2Hgl - 1/2(PhCH,),Hg +1/2 Hgl2 

Termination PhCHi + SH - PhCH, + S' 

2 P h C H i  - PhCH2CH2Ph 
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The presence of a carbanion intermediate has been e ~ t a b l i s h e d ~ ~ ~ . ~ ~ ~  in the reduction 
of benzyl chloride, and more recently in 1-bromo-1-phenylethane derivatives274. 

PhCH2CI + 2 e - PhCH2- + CI- 

I PhCH2COT -I- PhCH2CI - PhCH2COOCH2Ph + CI- 

The reduction of 0- andp-nitrobenzyl bromide, chloride and thiocyanate at  Hg or Pt 
affords mainly bibenzyl in high yield ( 2 8 5 % )  and only a small amount of 
n i t r ~ t o l u e n e ~ ~ ~ .  The suggested mechanism is in line with the radical mechanism 
outlined in Scheme 3 (Section V.A.I), excluding the intermediacy of a c a r b a n i ~ n ~ ~ ~ ~ .  
In contrast to the above results, rn-nitrobenzyl halides form rn-nitrotoluene as the 
major product in an overall l e  step276b, and it has been suggested that the radical 
anion of the meta isomer is more stable than its ortho or para counterparts276a. 

Other related compounds investigated by various groups include 
a ,a ’ -d ibrorn~xylenes~~~,  benzhydryl  halide^'^^*^"^, and trichloro- and 
t r i f luoromethylben~enes~~~.  Generally, the reduction involves cleavage of the 
carbon-halogen bond followed by subsequent substitution by hydrogen: 

CF3 
I y 3  

@ Pb MeOH cathode * @ (X=CN,COOMe) 

X X 

An interesting case is the cathodic reduction of a,a,a’,a‘-tetrabromo-o-xylene, which 
has been investigated by Rampazzo and coworkers280. This compound exhibits two 
major voltammetric peaks at a Hg cathode in DMF. Electrolysis at the first wave 
affords 1,2-dibromobenzocyclobutene and polymers, whereas at the second wave a 
tetracyclic product is formed, resulting from a rearrangement of a Diels-Alder 
benzocyclobutadiene dirner, as follows: 

6. Alicyclic halides 

This topic has been well treated in the previous review by Casanova and Eberson in 
this series’ and has been reviewed recently by Hawley (Chapter 2 in Ref. 10). 
Therefore, only recent developments in this ficld are outlined below. 

Casanova and Rogersz8’ and Wiberg and coworkers’8’ have reported on a practical 
and convenient method for the synthesis of highly strained olefins from the electrolytic 
reduction of l-bromo-4-chlorobicyclo[2.2.0]hexane. A1.4-bicyclo[2.2.0]hexene is 
formed in quantitative yield and trapped with cyclopentadiene: 
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Cl 

Electroreduction of 1,4-dibromobicyclo[ 2.2.2loctane afforded [ 2.2.2lpropellane 
(12%), which was trapped by chlorine to obtain 1,4-dichlorobicyclo[ 2.2.21octane’”: 

Cathode 

Br 

Recently, Peters and coworkers284 have found evidence for the intermediacy of 
[2.2.l]propellane upon reducing 1,4-dihalonorbornanes electrochemically at low 
temperature, although attempts to isolate it were unsuccessful. 

In contrast to a previous report285 that anionic intermediates or a concerted process 
must be involved in the electroreduction of dihalobornanes, Azizullah and Grim- 
shaw286 have reported that the intermediacy of radicals is favoured in the reduction of 
certain dibromobornanes. The following mechanism has been suggested for the 
reduction of endo-2,endo-6-dibrornobornane in DMF: 

Br Br 

. I  . 

7. Aryl halides 
Most published works on halobenzenes are limited to polarographic studies. The 

generally accepted mechanism is the one outlined in Scheme 1 (Section V.A.l). How- 
ever, radical intermediates have been suggested for dimerization of certain halogen- 
ated aryl compounds287 and for hydrogen atom abstraction from the solvent’88 as well 
as for intramolecular c y c l i ~ a t i o n ~ ~ ~ .  The reductions of metu and para halobenzenes 
usually proceed by the stepwise removal of halogen290. However, o-dibromobenzene 
behaves differently and Wawzonek and Wagenknecht”’ have suggested the inter- 
mediacy of benzyne. 

In the reduction of halogenated nitrobenzenes, the intermediacy of the nitrophenyl 
radical has been demonstrated by anion capture2y2: 
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yo2 

yo2 

X @ + a  - -a 

Q CN 

yo2 

NO* 

The ease of dehalogenation follows the order I > Br > C1 and ortho * para > meta. 
Alkyl substituents adjacent to the nitro group decrease the stabilities of the corre- 
sponding radical anions and enhance the rate of halide ion loss, as was found by Hawley 
and coworkers293. Other kinetic studies regarding the effect of temperature, electrode 
potential, etc., o n  halide ion loss have also been c o n d ~ c t e d ~ ~ ~ , ~ ~ ~ .  

It has been shown previously2y6. that certain substituted benzonitriles afforded 
stable radical anions whereas others, e.g. p-amino- and p-fluoro-, decomposed rapidly 
to form cyanophenyl radicals followed by dimerization: 

2 O  0 - N C W C N  [ W w C N ] T  

Kemp and coworkers2y7 studied the reduction of fluorobenzonitriles by solvated elec- 
trons in ammonia and found no dimeric products, but only benzonitrile. Later, Hawley 
and ~ o w o r k e r s ~ ~ ~ ~ ~ ~ ~  reported that electrochemical reductive dehalogenation of 
halobenzonitriles occurs by at least five different pathways in DMF. 

Electrochemical reduction of halobenzophenones have been studied by Saveant and 
c o w o r l i e r ~ ~ ~ ~ ~ ' ~ ~  and the following mechanism has been suggested: 

-X- 
PhCOC6H4X + e = [PhCOCGH4X]; - PhCOC6Hi 

PhCOC,H,' + SH - PhCOPh + s' 

The above scheme has been supported by the results obtained by Grimshaw and 
coworkers3n0, precluding the intermediacy of carbanion intermediates (no incorpora- 
tion of deuterium into benzophenone resulted when reductions were carried out in 
DMF-l% D20).  However, the intermediacy of both aryl radicals and carbanions has 
been suggested in the electroreduction of halobenzamide  derivative^^^^*^^)'. In certain 
cases, deuterium did incorporate into the site previously occupied by the halogen. 
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A vast literature on polarographic studies of substituted mono- and polyhaloben- 
zenes is available, and, for many of them, 2e reductive dehalogenations have been 
observed. Cockrell and Murray302 have managed to prepare dehalogcnated products 
with excellent isotopic purity, via aryl carbanion intermediates. 

8. Halogenated polycyclic arenes 
In contrast to ~.-'iycl~lorobenzenes'"O, the polychlorobiphenyls give a large number 

of reduction p r o d u ~ t s ~ " ~ . ~ ~ ) ~ .  Some of the polychlorobiphenyls also undergo reductive 
dechlorination, losing two chlorines simultaneously. The intermediacy of benzyne is 
excluded since the chlorines lost arc usually meta to one another. 

Campbell305 has studied the cyclic voltammetry of fluorobiphenyl derivatives and it 
seems that substitution of chlorine with fluorine grcatly enhances the stability of the 
corresponding fluorobiphenyl radical anion. Campbell also studied the effect of proton 
donors on the reduction of fluorinated biphenyls and naphthalene and suggested a 
similar mechanism for all systems studied, in which the fluorinated radical anion is first 
protonated and then further reduced to the corresponding anion, followed by loss of 
F- to give thc final aromatic hydrocarbon: 

ArF+e = [ArF]' 

[ArF]'+ Ht - [ArHF]' 

[ArHF]' + e - [ArHFI- 

[ArHF]- - ArH + F- 

Halonaphthalenes have been also studied by Renaud306 in the presence of D 2 0  and 
relatively high isotope purity (>88%) of deuterated naphthalene was obtained from 
the iodo- o r  bromonaphthalene, whereas only -50% was obtained from chloro- 
naphthalene. 

Electrochemical reduction of 9-halo- and 9,9-dihalofluorenes has been conducted 
by Hawley and  coworker^^^^-"^. Usually, the process involves an overall 2e reductive 
cleavage of a halide ion and formation of the corresponding ion. The final products, 
monomers and dimers (see below) and their distribution are dependent (at least) 
upon reduction potential, protoil availability, nucleophilic attack by the carbanion 
intcrmediate and on the parent compound. 

Hawley and coworkers308 have also studied the electrochemical reduction of mono- 
and dihalobifluorcnyls. 'The controlled potential electrolysis of 9-chlorobifluorenyl 
yielded bifluorenyl as the major product (77%) and bifluorenylidene as the minor one 
(2 1%). However, the reduction of 9,9'-dichlorobifluorenyl affords bifluorenylidene in 
high yield. 9,9'-Dibromobifluorenyl behaved in a more complicated manner since its 
reduction is clectrocatalyscd by both bifluorenylidene radical anion and dianion. If the 
reduction occurs either directly at the electrode surface (Pt) o r  indirectly by the 
bifluorenyl radical anion, bifluorenyl is formed in high yield, whereas little o r  none of 
this product is observed when the reduction is mediated by the dianion. 



274 J. Y .  Becker 

The electroreduction of bromofluorenones yielded fluorenone as the product, 
whereas no decomposition was observed of the corresponding chlorofluorenone rad- 
ical anions309. 

g-Bromo-, 9 , l  O-dibromo- and 9,1 O-dichloroanthra~enes~~~.~~~ have been studied in 
various solvents. A complex mixture of products, including anthracene, di-9- 
anthrylmercury, anthraquinone and others has been reportedza9. 9,10-Dihalo-, 9,lO- 
dihydro- and 9,lO-diphenylanthracenes have been studied at Pt and Au cathodes and 
their redox behaviour has been shown to be affected by the presence of halide ions and 
water266.311. The isolated reduction product is diphenylanthracene. The dichloro 
derivative (DPAC12) has been studied also in connection with the electrogenerated 
chemiluminescence phenomenon which accompanies the reduction of this compound 
concomitantly with diphenyl anthracene (DPA)311.31'. It has been suggested that 
direct excited singlet formation occurs by one of the following pathways: 

DPAs + DPAC12 - [DPACI]' + CI-.t DPA 

[DPACI]' 4- DPA; - - + 'DPA* + ci- 
or 

DPA: + D P A ~  - -. DPA+'DPA* 

9. Halogenated heterocycles 

Among all heterocycles, the polarographic reductions of halopyridines have been 
studied most extensivcly. The ease of reduction follows the expected order, 
I > Br > CI > F. Regarding the position of the substituent, the ease of reduction 
usually follows the order 4-X > 2-X > 3-X. Protonation or N-alkylation shifts the 
reduction potential to more positive values. Recently, the reduction of dihalopyndines 
on the mercury dropping electrode has been reported313. Most of the studies have 
been carried out in aqueous or mixed aqueous-organic solutions and very few in pure 
organic solvents314. In the  few controlled potential electrolysis studies, it has been 
found that dehalogenation takes place in the reduction of halopyridines. 

Other halogenated heterocycles, 6-chloro- and 6-f l~oroquinol ines~ '~,  monohalo 
derivatives of quinazoline, quinoxaline and p h e n a ~ i n e ~ l ~ - ~ l ~ ,  1 , 3 - t h i a ~ o l e s ~ ~ ~ . ~ ' *  and 
thiophenes319 have been studied polarographicaily. 

B. Organic Azides 

The electroreduction of organic azides has been studied very little. Lund3'" has 
found a strong dependence of E 1,2 on pH for alkyl azides and no dependcnce for acyl 
azides (Table 33). 

Azides undergo 2e reduction in two differcnt pathways3z'. One reaction involves 
nitrogen-nitrogen bond cleavage with the loss of NZ, from all alkyl, phenyl and acyl 
azides: 

+ ?e 
RCON3 +2H;- RCONH, + N2 

The second pathway involves carbon-nitrogen bond cleavage and takes place 
whenever the azide possesses an active methylene group, such as phenacyl azide 

PhCOCH3 + N3- 
+2 e 

PhCOCHZN3 7 
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TABLE 33. Polarographic half-wave otentials (-V versus SCE) of some azides RN3 in 
aqueous solution at room temperature P20 

PH 

Substituent Concentration, M 0.9 2.6 4.3 6.2 9.1 11.9 Product 

Ally1 4.8 x lo-' (0.88) (0.91) 0.98 
Phenyl 4.1 x 1 0 - 4  0.82 0.90 0.92 

Benzyl 1.5 x 10-3 0.86 (0.85) 0.95' 
CPyridylrncthyl 3.0 x loa4 0.82 0.82 0.86 
Phenacyl 2.5 x 10-4 0.68 0.76 0.85 

1.00 1.13 1.29 

Isonicotinoyl 2.7 x 0.15 0.15 0.16 
0.65 0.73 0.88 

Benzoyl 2.7 x 0.22 0.22 0.21 

1.07 1.16' 
0.93 0.98 

1.48 
1.04 1.08 
0.97 1.13 
0.98 1.07 
1.44 1.52 
0.20 0.21 
0.15 0.15' 
1.05 1.20 

- ' Unknown 
0.94 Aniline 
1.47 
1.06 Bcnzylamine 
1.10 4-Picoline 
0.99 Acetophenone 
1.33 
- Benzamide 
- ' Isonicotinamicie 

'pH 8.3. 
'Not measured. 
'pH 4.8. 
Values in parenthesis are uncertain. Products have becn isolated and identified3". 

Armand and Souchay have studied323 the  polarographic reduction of carbamoyl 
azide, as the basis for nitrite determination. The reaction was reported to consumc 
3Fmol-I in acidic media (pH = 1-4), in contrast to Lund's results321 which found 
12 = 2: 

0 0 
II I1 - 0.75 V against SCE 

i H2N-C-NHNH2 + 1/2 N2 H,N-C-N3+ 3 e + 3 Ht 

0 0 
II II 

0 HZN-C-NH2 + N2 H2N-C-N3+ 2 e + 2 H+ 

Later, in  1970, Kononenko and coworkers324 studied the electroreduction of substi- 
tuted azidobenzenes (Table 34) in DMF and observed one 2e reduction wave for all 
compounds, leading to the formation of the corresponding amines. They also observed 
a linear correlation (correlation coefficient 0.997) of El,? with para and nzeta sub- 
stituent constants resulting in p = 0.33 ? 0.007. This indicates the existence of an in- 
ductive effect of the substituents on the reduction process. The same group has also 
investigated conjugated diazides (Table 34) of the type N3C6H4-CH=Y=CH- 
C6H4N3 (where Y = a conjugated system) and stated that the change from mono- to 
diazides containing bridge groupings that lengthen the chain of conjugation leads to 
the facilitation of this reduction ( - E l l z  = 0.9-1.1 V). 

Malyugina and  coworker^^?^.^^^ have extended the elcctroreduction to various 
isomers of halo derivatives o f  azidobenzene as well as to azidoquinolines and 
azidonaphthalenes, in ethanol-water solutions. All compounds have shown at least two 
irreversible reduction waves and some of them three (Table 35). This time, it has been 
suggested that the reduction of the  azido group takes place stepwise in two waves. The 
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TABLE 34. E of azidobenzenes and diazides in DMF-Et4NI 
(against SCE) 3Yh 

Compound Ell29 v 

1 -Azido-3-nitrobenzene - 1.2016 
1-Azido-4-methylbenzene -1.519 

1 -Azido-4-nitrobenzene - 1.206" 

1-Azido-3-methylbenzene - 1.499 
1-Azido-4-methoxybenzene - 1.544 
1-Azido-3-me thoxybemene - 1.408 
Azidobenzene -1.46 

Y in N&H4CH=Y=CHC6H4N3 

0 
II 

=CH-C-CH= 

0 

- 1 .ooo 

-0.935 

- 1.010 

- 1 .O98 

-1.115 

"Two additional polarographic waves, at -0.862 V and 
- 1.777 V, have been observed and correspond to the nitro group. 
bAs in the former footnote. but at -0.707 and - 1.907 V. 

third wave has been attributed to the carbon-halogen bond fission. The data pre- 
sented in Table 35 show that the introduction of halogen in the azidobenzene molecule 
facilitates the reduction of the azido group in comparison with unsubstituted azidoben- 
zene. In these two-step reductions, a linear correlation has been found only with E 
of the second reduction wave and the Taft U *  constants for mera halo-substituted 
azidobenzenes. Their results for other azidoaromatic compounds indicate that 



6 .  Electrochemical oxidation and reduction of the C-X bond 277 

TABLE 35. .Ellz (against SCE) of azidobenzenes, azidonaphthalenes and azidoquinolines in 
25% EtOH-H,O, 0.1 M LiC104 325.326 

Ell?. v 
Compound 1st wave 2nd wave 3rd wave 4th wave 

- - Azidobenzene -1.15 - 1.58 
1 -Azido-2-chlorobenzene -0.97 -1.53 - - 
1 -Azido-3-chlorobenzene -0.94 - 1.47 - - 
1-Azido-4-chlorobenzene -0.97 - 1.40 - - 
1 -Azido-2-bromobcnzene -0.92 -1.51 - - 
1-Azido-3-bromobenzene -0.92 - 1.48 
1 -Azido-4-bromobenzene -0.92 - 1.47 
1-Azido-2-iodobenzcne - 0.9 1 - 1.48 
1-Azido-3-iodobenzenc -0.91 - 1.36 -1.64 - 
1 -Azido-4-iodobenzene -0.90 - 1.33 - 1.70 - 
1 -Azido-2,6-dichlorobenzene -0.91 - 1.20 - 1.65 - 
I-Azido-2,4,6-tribromobenzene -0.80 - 1.22 -1.71 - 
I-Azidonaphthalene - 1.03 - 1.56 
2-Azidonaphthalene - 0.93 - 1.48 - - 
7-Azidoquinoline -0.67 - 1.30 -1.57 - 1.86 
3-Azidoquinoline -0.72 - 1.35 -1.62 - 
6-Azidoquinoline -0.81 - 1.17 - 1.53 -1.82 
5-Azidoquinoline -0.90 - 1.34 - 1.52 - 
8-Azidoquinoline - 1.04 - 1.63 -1.83 - 
8-Azido-2-methy lquinoline - 1.04 - 

- - 
- - 
- - 

- - 

- - 

azidonaphthalenes exhibit two 1 e reduction waves whereas azidoquinolines are reduced 
by one 2e step. 

The different electrochemical behaviour obtained for various azidobenzene 
derivatives by different groups may be accounted for by the influence of media 
(aqueous alcoholic solution and LiC104 versus DMF and tetraethylammonium 
iodide). Both solvent and electrolyte could stabilize the first l e  reduction intermediate 
and consequently give two distinctive polarographic waves. 
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ADDENDUM 

E. Carbon-Isocyanate and Carbon-lsothiocyanate Bonds 
Recently, Becker and Zinger have studied3?I the direct anodic oxidation of organic 

isocyanates and isothiocyanates in acetonitrile. It has been found that phenyl- and 
1-naphthylisocyanate undergo polymerization whereas alkyl isocyanates undergo 
a-cleavage. For instance: 

0 

NCO 

2.9 WVS. AQ/AQ+) 

Pt. CHBCN 

non-divided 

1 divided cell 

NHCOCH, 

* n 3% 

Alkyl isothiocyanates are oxidizcd at lower anodic potentials than the correspond- 
ing isocyanates and afford products not only due to a-cleavage process but also due 
to oxidation of the C=S functional group. Tertiary and secondary compounds 
yielded isocyanates, and primary alkylisothiocyanates formed mostly cyclic dimers 
containing S-S bond. It is assumed that the HOMO in isothiocyanates involves 
also the non-bonding electrons of the sulphur atom. For example: 

NCS 
I 

NHCOCH3 
I 

yco 

dvided cell + o  
(24%) (16%) 
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I. INTRODUCTION 

The pyrolysis of organic azidcs was last given a comprehensive review by Abramovitch 
and Kyba', using literature references to the end of 1969. Substantial interest in this 
field has continued, and there have been exciting new developments. Major research 
efforts have been made on understanding how singlet and triplct nitrenes interconvert 
and give rise to products, on the high-tempcraturc nitrene-carbene interconversion, 
the nature of neighbouring group assistance to azide pyrolysis. and to pyrolyses which 
involve ring opening. 

This review concentrates o n  aryl azides, with some attention to sulphonyl azides. 
Little new information on alkyl azide pyrolysis has been published in recent years. 
Unsaturated azides have received considcrable attention, and this work is rcvicwed by 
Professor H. W. Moore in another chapter in this vohme. 

II. SOLUTION PYROLYSES INVOLVING ARYL NITRENES 

A. Experimental Conditions 

Unless there are special effects operating, a tcmperature of about 150°C is needed to 
obtain a half-life of 2 h in the decomposition of a phenyl azide. The pyrolysis generally 
proceeds as in equation (1). via a singlet nitrene which can intcrconvert with the 
lower-energy triplet'. The final products form by further reactions of these transient 
species. .. 

ArN- (1 1 A 
ArN3 ArN 

Singlet Trip I et 

There have been important advances in mcthods of controlling the singlet-triplet 
system to maximize the yields of desired products (see Sections 1I.B and 1I.C). 
Suschitzky and his collcagues' advocate usc of the highest reaction temperaturc 
commensurate with stabilities of reactants and products, so that the nitrenes are 
energetic enough to give useful rcactions. Singlet nitrcne reactions arc favourcd by use 
of tetrachlorothiophen, which not only provides a high rcflux temperature (240°C) but 
also simplifies the reactions by having no abstractable hydrogen. For triplet nitrene 
reactions, deactivation of the initially formed singlet is rcquired, and can be achieved 
via the 'heavy atom' effect3 of bromobcnzene. Excellent deactivation to the triplet 
species, in combination with a higher rcaction tcmperature, is provided by 
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2,3,5-tribromothiophen2. It is always recommcnded that triplet reactions be 
performed under nitrogen because oxygen is a triplet quencher4. 

B. Nitrene Traps 

1. Trapping of singlet aryl nitrenes from azide pyrolysis 

Therc is at this time no universal trapping agent for singlet aryl nitrenes under 
pyrolysis conditions. While many can be trapped with aniline to make azepines’, this 
method has limitations. Nitroazepines are u n ~ t a b l e ~ . ~ .  certain halogenoazepincs react 
further with aniline6. and the trapping experiment is often complicated by an 
alternativc reaction between the azide and thc aminc to yield a ‘crossed’ azo 
compound’. However, most singlet aryl nitrenes can be effectively removed from a 
reaction systcm by promoting singlet-to-triplet crossing (see Section 1I.C). 

2. Trapping of triplet aryl nitrenes 

The selective trapping of triplet arylnitrenes from the singlet-triplet equilibrium can 
usually be achieved with a nitrosoarene (equation 2)s.y.’0. The preferred trap is 
4-nitroso-N,N-dimethylaniline, known” to be a radical quencher and spin trap. Both 
isomers of the azoxy compound have becn reported. Another very effective trap is the 
masked 1,2-dinitroso compound, benzofuroxan (equation 3)12. 

ArN3 + p-ONC6H4NMe2 Ar-h=N--(& I NMe2. (2) 
0- 

0- 
N=NAr 

N=NAr a N=NAr 

0- 

(3) 2 ArN3 i- aN\ * 
I 

N’ 
+ Lo- 

(Ar = 4-methoxyphenyl) (40%) (5%) 

C. Roles of Singlet and Triplet Nitrenes in Product Formation 

There have been very important advances in  our understanding of which products 
arise from singlet and which from triplet nitrenes. Most of thesc contributions have 
come from the research group of Hans Suschitzky at Salford. The evidence from 
thermal experiments is summarized below; readers should consult the original papers 
for the photochemical evidence. which is also relevant. 

Interest in the reactions of aryl nitrenes centres on  the formation of cyclized products 
by reaction with another part of the samc molecule. Nitrcnes are also known to enter 
into intermolecular reactions (to yield amine, azo compound, and various polymers)’ 
but these reactions have not attractcd much recent interest and will be given very 
little attention in this review. 

The formation of cyclic products in azide pyrolyses docs not necessarily involve 
‘free’ nitrencs. Cases of neighbouring group participation by ortho substituents in the 
loss of nitrogen arc well known, and do not appear to proceed via nitrenes (see Section 
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111). The present section is devoted to those cases where nitrenes are actually 
produced in the rate-determining step, and thc reaction products arise in subsequent 
steps. 

1. Use of ‘heavy atom effects’ and triplet traps 

The use of both these effects to identify origins of products was first reported in 
1974 by Suschitzky and his collcagues, and has proved a powerful method. Data for 
pyrolysis of 1-naphthyl azide are given in Table 1 and demonstrate quite clearly where 
thc various products ariseI3. 

NO 
I 

N Me2 

(1 1 (2) (3) 
The phenazine 2 must be derived from the triplet nitrcne: its yield is increased by 

changing solvent from cumene to bromobenzenc (the heavy atom effect) while its 
formation is totally inhibited by the nitroso trap 1 which removes the triplct nitrene in 
the form of the adduct 3. The azo compound and amine are likewise seen to be 
triplet-derived products; there are in fact no tractable products from singlet nitrene in 
this particular reaction. Similar work has now been reported for other aryl azides4. 

Further light on the behaviour of singlet and triplct nitrenes is shed by Suschitzky’s 
work with 2-azidobiphenyls’ (scc equation 5 ) .  

Me 
Me 
\ 

(4) (5) (6) 

The data in Table 2 identify the carbazole 5 as a singlet-dcrived product. Triplet 
converters of increasing efficicncy niake somc inroads into its yield. These inroads are 

TABLE 1 
I-naphthvl azideI3 

Use o f  hcavy atom and spin trap cffects to identify origins of pyrolysis products from 

Product Yields (YO) 
(R = 1-naphthyl) PhBr PhBr + 1 Cumenc Cumene + 1 

R-N=N-R 20 0 1 1  0 
R-NH2 10 Tracc 28 Trace 
Phenazine 2 12 0 5 0 

61 Adduct 3 - 92 - 
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TABLE 2.  Heavy atom effects on products of pyrolysis of 2'-mcthyl-2-azidobiphenyl (4)' 

Solvent 
Temperature. Carbazole 5 Phenanthridine 6 
"C yield, ?6 yield. % 

Paraffin 360 100 0 
PhBr 155 98 1 .s 
2,3,S-Tribromothiophen 156 95.5 4.5 

compensated by the appearancc of phenanthridinc, which must thcrefore arise from 
the triplet nitrene. In both this and further work'", these workcrs propose that phenyl 
azide -+ azepine and 2-azidobiphenyl + carbazole are best viewed as concerted 
cyclizations of a singlet nitrene intcrrnediate. Triplet nitrencs are seen as the 
precursors of amines, azo compounds. and phenazincs with the azo compounds bcing 
dimers of 'lazy' triplets which lack the thermal energy to enter into other reactions. 

2. Substituent effects on product formation from aryl nitrenes 

Ring substituents can exert a considerablc influence on  the balancc of products 
derived from singlet and triplet precursors. 4-Mcthoxyphcnyl azide4 gives 
triplet-derived prnducts (phenazinc, azo compound, aminc) while other aryl azides can 
give singlet-derived products. 

The most clear-cut set of results on substituents effccts operating in competitive 
situations bctween singlet and triplet nitrcnes was rcportcd by Suschitzky and his 
group4." (see equation 6 and Table 3). Here we see thc singlet-dcrived product 8 
favoured by electron-attracting substituents (5-chloro. 4-trifluoromethyl) in the 
2-azidoaryl ring of 7. Triplet-derived products (9 and 10) dominate for a 
5-dimethylamino group and, of course, when bromobenzenc is used as solvent. 

Me Me Me M e  

Me G N  

bN3 
150- 160 "C 

i x x' x 

TABLE 3. Substitucnt effects on the products of pyrolysis of azides 7Is 

Yields, %I 

Solvent Substitucnt X 8 9 10 

Cumcne 
Cumene 
PhBr 
Dccalin 

5-NMe' 
5-CI 
5-CI 
4-CF3 

0 44 41 
39 5 2 

21 n 6 
67 0 0 
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3. Solvent effects 

Apart from the heavy atom effects, there has been little exploration of solvent 
effects o n  the ratio of products derived from singlet and triplet sources. Suschitzky4 
reports that diglyme stabilizes (and thus deactivates) the singlet nitrene derived from 
the azide 7 (X = 5-chloro). Thus, only a trace of the singlet-derived product 8 is 
obtained. Both the triplet-derived products 9 and 10 are observed, 10 in 83.5%) yield. 
This remarkably high yield of aminc is attributed to the plentiful supply of nearby 
hydrogen atoms when the triplet forms within the coordination shell of its singlet 
predecessor. 

D. Substitution by Nitrenes into Adjacent Aryl Rings 

1.  Formation of carbazoles 

cyclization of the singlet nitrene? (equation 7). 
This reaction (reviewed in  Ref. 1) is now believed to proceed via a concerted 

Y H n 4  >-w ‘,N H 

I (7)  

Carbazole 
N H 

The nitrenc can participate as either a or a d’ component (depending on whether 
it uses its empty or filled orbital). thereby accommodating either electron-releasing or 
electron-attracting substituents in  the rings. 

Hall, Behr and Reed” havc reported that pyrolysis of 2-azido-2’,3’,4’, 5‘,6’- 
pentadeuteriobiphenyl yields carbazolc with (33 ? 9%) N-H and (67 2 9% 
N-D. which they intcrpreted in terms of hydrogen abstraction by a nitrene (from 
solvent or the 2’-position) prior to ring closure. Further studies of exchange 
possibilities are needed before one attempts to reconcile the result with Suschitzky’s 
scheme (equation 7). 

2. Substitution by nitrenes into adjacent heteroaromatic rings 

presumably because it impairs the concertedness of the ring closure described above2. 
A bridgehead nitrogen (as in the azide 11) leads to poor yields of cyclized product, 

However. the cyclization goes reasonably well (via the singlet nitrene) when there is 
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a nitrogen atom at the ortho position (see equation 6 and Table 3 above). When there 
is competition between cyclization of a singlet nitrenc to sulphur or nitrogen, the 
cyclization goes exclusively to nitrogen (equation 8) 1 8 . 1 9 .  

A 
(8) - Cumene.-Nz (79%) 

N3 

3. Reactions via spirodienes and azanorcaradienes 

There have been extensive studies of pyrolysis in which an azide of type 12 yields a 
cyclic product 13. Substituted examples for X = S reveal that the cyclization proceeds 
with rearrangement (equation 9)2".21.22. 

R +a;Q H R 
(9) 

( x = O  or S) 

Cadogan has reviewed the fieldz3 and points out that all the observed cyclic products 
can be rationalized by assuming that a singlet nitrcne forms either a spirodiene 
intermediate 14 (preferred by CadoganZ3) or the highly strained azanorcaradienes 15 
(preferred by Gurnos J ~ n e s ~ ~ . ~ ~ ) .  N o  cvidencc exists to distinguish between them. 

(1 4) (1 5)  

( X = O , S , S 0 2 , C H 2 )  

The methylene-bridged azides (121 X = CH2) differ from the others in that ring 
expansion is a major pathway, and will be treated separately. 

a. Sulphur and oxygen bridges. The general mechanism24 for phenothiazine 
formation is given in equation (10). 

(1 0) 
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When the ortho-positions in the phenyl group are blocked with methyl groups, one 
might expect the nitrene to abstract hydrogen. In practice, it is the sulphur atom which 
attaches to the  methyl group, a result which Cadogan and KulikZ4 rationalize with 
equation (1 1). 

. .  
(17) CH3 

The diradical 17 was invoked as the precursor to the thiazepine 18. because the 
suprafacial 1,3-sigmatropic shift in 16 is disallowed. CadoganZ3 has since suggested 
that thc shift could proceed if sulphur USCS its d orbitals. 

Q f - - Y q r M e  as-sm NHAr NHAr 

Me 
H 

Me Me 

(1 9) (20) 
(1 8)  

(Ar = 2.4.6-trirnethylphenyl) 

The rcaction also yields thc  disulphidc 19, and a trace of the azepine 20 has been 
reported”. Suschitzky has established an unusual feature of the pyrolysis shown in 
equation (1 1): all three products form from both singlet and triplct prccursors. A 
diradical spirodienc (21; X = S) must bc proposcd. 

(21 1 
Blocking the orfho-positions of thc phenyl ring of the azide with methoxyl groups 

(22) leads to quite curious reactions” which can be explained by equation (12). 
This pattern of behaviour is, however. changed when a thicnyl group replaces 

pheny126. The simplcst thienyl azide 23a gavc only polymers but the dimethyl azide 23b 
gave 24, an example of thc hitherto unknown heterocycle, 
pyrrolo[2,l-b]benzothiazoIe. 

This product (and others) arose via the benzothiazole thioketal27, which apparently 
forms as in equation (1 3). The bchaviour of azides of type 23 is further modified by 
bcnzo fusions”. 

An intcrcsting suggestion to explain why pyrolysis of 23a gives polyniers is that the 
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OMe 

OMe OMe 

a:b ** OMe - QQp+ 
OMe 

Path b 

H 

A’ I 
OMe 

a z q O M e  H 33% 

OMe 

Q@l+ 
A2 OMe 

Path a I 

OMe 
+ 

CH20 

33% 
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spirodiene intermediate 26 (R = H) opens out to give 25 whereas methyl groups in 26 
prevent this reactionz6. 

The 2-azidobiphenyl ethers (12; X = 0) pyrolyse in a way similar to the sulphides 
(12; X = S), but there are important differences. 2-Azidobiphenyl ether does not yield 
a phenoxazine (13; X = 0) on pyrolysis2* but the cyclization does occur if both orrho 
positions are blocked by methoxyl groups”. The apparent pathway (equation 14) 
resembles equation (1 2) except that the spirodiene intermediate can rearrange with 
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23b - - Qq (13) 

S- 
R 

(26) ( R  = Me) (27) (R = Me) 

f QMe alp+- - 

OMe 

/ OMe 

\ OMe 
\ 
\ 
\ 
\ 
\ 
\ OMe 

-a:b H =% 

+ CH,O 15% 

either oxygen or nitrogen acting as the nucleophile; only sulphur acts thus in equation 
(12). The existing data do not make it clear why the azidobiphenyl ether 12 (X = 0) 
cyclizes only if the orrho positions are blocked, though the explanation offered for the 
thienyl cases 23 may be relevant. When the orho positions are blocked with methyls, 
the oxygen analoguc of 18 is the major product and no phenoxazine is obtainedzy. 
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The sulphone bridge (12; X = SOz) leads to more complicated mixturcs of pyrolysis 
products. As wcll as rcarrangement via a spirodicne intcrmediate, it is necessary to 
invoke the  (singlet) nitrcne as an elcctrophile substituting into the adjacent aryl ring. 
The ratios of substitution isomers in the phenothiazine-5,5-dioxide products arc 
controlled not only by electronic effects, but also by proximity ones3'). 

6. Mefhylene bridges. Decompositions of azides of type 12 (X = CH,) have been 
extensively studied by Gurnos Jones and his group at Keelc. The products (which arc 
often quite complex) include the ring-expanded lOH-azepino[ 1,243 indoles (e.g. 28), 
as well as acridans (29) and acridines (30) (equation 15)". The acridinc is believed to 
arise from the acridan by oxidation)'. 

Ph 
I 

190 - 200 "C 

TrichlorobenzCnC 

Ph 
I 

Ph 
I 

(30) 

The three products form in  about equal proportions in  the example shown, but in 
brornobcnzene solvent there is very little 28 in a product mixture dominated by 29 and 
30. Naphthalene (a solvent of low triplet energy) had a similar effect on product 
distribution. Thus, 29 and 30 are identified as triplet-dcrivcd products, with the 
azepinoindolc 28 derived from singlet nitrene. Jones and his c o ~ o r k e r s ~ ~ . ~ ~  havc 
accounted for products in the thermolysis of azides 12 ( X  = CH,) in terms of ring 
openings and H-shifts from an azanorcaradicnc intcrrncdiatc 15 but thcir subsequent 
discovery of triplet nitrene involvement requires that a species like 21 (X = CH2) be 
added to thc rcaction intermediates. The ratios of azepine to acridan/acridine are 
strikingly affected by substitucnts in thc bcnzyl group of 12, and thc pyrolysis products 
from thc 2'-methoxy derivativc includc an acridan which has lost mcthoxyl in a fashion 
similar to the sulphides and ethers (see Scction II.C.3.a a b ~ v c ) ) ~ . ~ ~ .  

c. Ester bridges. Thc azidcs 31 (R = H, Mc. C1. Br or COOEt) give no cyclic 
products whcn pyrolysed in solution, but flash vacuum pyrolysis gives a carbazole. The 
mechanism as shown in equation (16) was proposed35. 

Appropriate activation of the electrophilic nitrene (by thc carbonyl group), and of 
the aryl ring to be substituted, is apparently csscntial: no cyclization occurs if thc ester 
function in 31 is reversed. 

E. Rates of Aryl Azide Pyrolysis 

There is now a considerable body of data on the rates of pyrolysis of aryl a ~ i d e s ~ ~ " .  
The decompositions arc first-order in azide, though Dyal14" has shown that the order 
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0 
0 
I I  400-500 OCf0.1 torr 

c 
- N2 

increases above 0.01 M concentrations, presumably due to radical-induced 
decomposition which is known to operate in certain azidc p y r o l y ~ e s ~ ~ , ~ ' .  

Rates have usually been measured by nitrogen e v ~ l u t i o n ~ ' . ~ ~  but in  our experience it 
is more convenient to monitor the azido band near 2150cm- '  in the infrared 
spectrum44. 

For phenyl azides, the rate of decomposition is increased by all substitucnts (see 
Table 4), though thc total range of rates is only fivefold if we exclude the special cases 
of neighbouring group assistance (Section 111.D). The largest rate increases shown in 
Table 4 arc exerted by  ortho substituents with lone electron pairs and/or n-bonds, and 
these presumably stabilize thc nitrene-like transition state by exerting a through-space 
interaction with thc vacant nitrogen orbitaljj. Solvent has little effect on rate unless 
triazoline formation between azide and solvent is possible or radical chains can 
d e v e l ~ p ~ ~ . ~ ~ .  Isokinctic rclationships are common: the variations of E,,, and AS,,[ bear 
a linear relationship both for substitucnt ~ h a n g e ~ ~ . ~ ~  and for solvcnt change". 

To most organic chemists, the interest in thcse rate data lies in the cstimation of 
half-lives under sclectcd pyrolysis conditions. The rates of these simple pyrolyses are 
especially useful for comparison with thosc in which neighbouring group assistance for 

TABLE 4. Kinetic data for pyrolysis of aryl azidcs in decalin ~o lu t ion~" .~"  

Azide 

log k = -n/T + b 
f1/2(393 K), 

k,,1(393 K)  h a =  b =  

Phenyl 
2-Me thylphenyl 
2-Chlorophcnyl 
4-Chlorophenyl 
2-Cyanophenyl 
4-Cyanophenyl 
1 -Naphthyl 

2-Biphenyl~l'~ 
2-Naphthyl 

1 
1.27 
5.03 
1.55 
4.92 
2.28 
4.31 
2.87- 
1 ..54 

35.5 
28.0 

7.1 
22.9 

7.2 
15.6 
8.2 

12.6 
23.2 

7130 
6607 
6763 
7218 
6080 
6960 
7074 
7735 
7009 

12.867 
1 1.641 
12.635 
13.281 
10.914 
12.793 
13.361 
14.856 
12.747 
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extrusion of nitrogen is believed to occur (see Section 111). Some useful data for these 
purposes are collected in Table 4. 

111. SOLUTION PYROLYSES WITH NEIGHBOURING GROUP ASSISTANCE 

A. Cyclization Reactions Leading to Five-membered Rings 

The general reaction shown in equation (17) has been widely used as a method of 
synthesis of five-membered heterocycles; the group -X=Y is most commonly nitro, 
carbonyl or arylazo’. 

It has been known for nearly a century that the loss of nitrogen accompanying these 
cyclizations is often appreciably faster than from pyrolyses of aryl azides in which there 
is no cyclization. The rate increase can be very large, e.g. 2-azidoazobenzene pyrolyses 
21,180 times faster than phenyl azide at 393 K in decalin solution46. (2-Cyanophenyl 
azide pyrolyses only 4.02 times faster.) Some kind of neighbouring group assistance is 
clearly indicated, and a number of studies of reaction kinetics have been made in an 
attempt to understand how it operates. Two schools of thought have emerged. 

6. Possible Mechanisms for Thermal Cyclizations 

7. Single-stage cyclization and nitrogen extrusion 
Some elements of this mechanism have been in the l i t e r a t ~ r e ~ ~ - ~ ’  since 1956, but it 

was first given a formal description by Dyall and KcmpS3 in 1968. The n-electron 
reorganization can be represented in various ways, one of which is shown in equation 
(’8). 

This electrocyclic process leads to a new heterocyclic ring, and the transition state 
must derive some stabilization from the dclocalization energy of the new 
heteroaromatic system. This pathway does not involve a high-energy nitrene species; 
the transition state can be described as a ‘bridged nitrene’ if one uses the formal 
language of neighbouring group participation. The rate advantage conferred by this 
mechanism can be understood in terms of an alternative pathway, in which a ‘free’ or 
‘unbridgcd’ nitrene is produced in the rate-detcmlining step with cyclization occurring 
subsequently. 

Effective n-electron reorganization of the type shown in equation (1 8) requires 
coplanarity of the participating orbitals. One would expect substituents at the 3- or 
6-position in the phenyl azide to twist the system out of coplanarity and thereby slow 
the reaction rate. Very substantial steric cffects have in fact been observed (sce Table 
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TABLE 5.  Steric effects on relativc rates of aryl azide pyrolysis (decalin, 393 K)4"v46 

Substituent in phenyl azide k rcl Reference 

None 1' 40 
2-Nitro 738 40 
3-Methyl-2-nitro 65.9 40 
6-Methyl-2-nitro 11.8 40 

2-Acetyl 287 40 
3-Methyl-2-acetyl 5.1 46 
6-Methyl-2-acetyl 10.5 46 

'The rate constant is 5.43 x s - '  

5 )  and in extreme cases the cyclic products must form via a nitrene and its subscquent 
intramolecular capture. 

2. Two-stage pathway of 1,3-dipolar addition and nitrogen extrusion 

A different view of cyclization mechanisms has been advanced by Hall, Behr and 
Rced17, who drew upon the 1,3-dipolar properties of the azido group' to form an 
adduct 32 from which nitrogen is subsequently extruded (equation 19). 

Ar 
I 

(32) 
Hall and his coworkers suggested that there is a spectrum of possible mechanisms 

for cyclization of orrho-substituted phenyl azides, represented by the transition states 

The first of these, 33. is an unassistcd cyclization proceeding via a nitrene, as in the 
formation of carbazolc from 2-azidobiphenyl (see Scction lI.D). The second is the 
'bridged' nitrene of the Dyall-Kemp mechanism. and was acceptetl for -X=Y being 
nitro by Hall. (The data in Table 5 for acetyl was not published at that time.) The  
1,3-dipolar addition pathway is represented by the third componcnt, 35, of the 

33-36. 
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V 

(33) (34) (35) (36) 
spectrum, or  by 36, which differs from 35 only in the extent to which N...X bond 
formation precedes Y...N bond formation. Hall regarded the I ,3-dipolar addition 
pathway as the normal one for assisted pyrolyses of azides. 

c. Comparison of the Two Mechanisms for Rate-enhanced Cyclization 

1. Data consistent with Hall’s 1,3-dipolar addition mechanism 

Studies of the mechanism of assisted pyrolysis have centred on kinetic 
measurements. Hall. Bchr and Reed” have presumed that equation (18) implies a 
nucleophilic attack by the -X=Y group upon N-1 of the azido group, and looked for 
effects of a substituent R (in 37) upon the nucleophilicity of the carbonyl group. 

The system is complicated by the lack of coplanarity of the two aryl rings in 37, but it 
was assumed that the angle of twist is so great that thc principal conjugative effects of 
R are exerted on  the carbonyl group and do not extend to the other ring. It was thus 
argued that an electron-releasing R group should (on the basis of equation 18) 
increase the rate of an electrocyclic process. while an electron-attracting group should 
retard i t .  

The substituent effects on rate are quite small (see Table 6) but are quite definitely 
the reversc of those expected by Hall and coworkers on the basis of the Dyall-Kenip 
mechanism. The effects do, however, f i t  the 1,3-dipolar mechanism (equation 19), 
provided it  is assumed that N...C bond formation progresses ahead of O...N bond 

TABLE 6. Substituent effects o n  relative rates of yrolysis of 2-azidcjbenzophenones (decalin, 
393 K)”  and  2-azidoazobenzencs (anisole. 333 

Substituent (4’-R in 37) OMe Me H Br NO2 
kKl 0.64 0.92 I U  1.01 1.60 

Substitucnt (4’-R in 38) N M c ~  Me H COMc NO, 
k TCI 0.432 0.720 1 !’ 1.33 1.45 

“The actual rate constant at 393 K is 3.57 x s-’ .  
”The actual rate constant at 333 K is 7.63 x 10-4 s- ’ .  
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formation. In further work, Hall and Dolan5j studied the effects of substituents 4'-R 
on the rates of pyrolysis of 2-azidoazobenzenes, 38. Again, the substituent effects on 
the rates are very small (Table 6) but do appear to support the 1,3-dipolar addition 
mechanism. It should be noted that :he results in Table 6 rule out involvement of a 
nitrene intermediate, because all substituents would then enhance the rate (see 
Section 1I.E). 

Additional arguments brought forward by Hall, Behr and Reed point out that, for 
equation (1 8), the various orrho substituents -X=Y should exert rate effects related 
to their nucleophilicities, whereas they do not. The most effective neighbouring group 
in azide pyrolysis, namely phenylazo, is not known as a very effective nucleophile. 

Counter-arguments to support the Dyall-Kemp mechanism in the face of Hall's 
evidence are readily produced. First, i t  is too simplistic to focus attention o n  just one 
component (the nucleophilic bridging of the orrho substituent to N-1 of azido in 
equation 18) of an electrocyclic process. Substituent effects will operate on all 
components and it is difficult to say what the overall effect will be. Hall's argument 
that the substituent effects from 4'-R in the azidobenzophenone 37 do not reach the 
azidoaryl ring is improbable, it being known that these effects reach the remote ring by 
a n-bond polarization me~hanism'~.  Thus, as 4'-R is varied there will be a subtle 
interplay between azido-carbonyl conjugation and the angle of twist between the ring 
systems4". Angle-of-twist effects on pyrolysis rates can be quite large (see Table 5 )  and 
it is therefore not at all clear how t o  interpret the small rate variations reported (sce 
Table 6). Similar arguments can be applied to the data for azidoazobenzenes. In 
addition, the attempt to correlate nucleophilicities of ortho substituents with 
neighbouring group abilities in azide pyrolysis quite overlooks the stabilization 
produced in  the transition state of equation (18) by the delocalization energy of the 
new h e t e r ~ c y c l e ~ ~ .  

Although these counter-arguments weaken the case for the 1,3-dipolar addition 
mechanism, it  still remains an attractive possibility. A number of relevant 
intramolecular 1,3-dipolar additions have been reported5G5" and exampless7 are 
shown in equation (20). The adduct 32 in equation (19) involves very substantial angle 
strains but i t  nevertheless might provide a pathway of lower activation energy than the 
alternative route via a free nitrcne. 

N=N 

A - 
CHg 

N=N 
I 1  

A 

Benzene 
0' 

N=N 
I I 
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The direct detection of the 1,3-dipolar adduct 32 is unfavourable in view of its 
relative rates of formation and decomposition. Thus, the definitive experiment to 
distinguish the mechanisms of equations (1 8) and (1 9) is the steric effect of a flanking 
substituent, as already described for nitro and acetyl neighbouring groups (Table 5). 
There is no apparent reason why a 6-substituent (as in 39) should appreciably inhibit 
the formation of the dipolar adduct 32; indeed its presence should force the two groups 
into the conformation 40 which is favourable for addition. 

(39) (40) 
The most general way of introducing such flanking substituents into a series of 

orrho-substituted phenyl azides was tb dibrominate in  the 4- and 6-positions. The azide 
pyrolysis rate comparisons6o are presented in Table 7. 

To interpret these data, one must remember that introducing the two bromines into 
phenyl azide will increase the pyrolysis rate at  393 K (by 5.84-fold). In addition, those 
azides whose orrho substituent ( - X = Y )  is totally inhibited from exerting a 
neighbouring group effcct will derive a rate advantage along the 'free nitrene' route 
from other substituent effects of the -X=Y group. A rough measure of this influence 
is provided by an ortho cyano group which exerts the same sort of electronic effects as 
nitro, benzoyl, etc., but cannot participate in the building of a new heterocycle. Thus, 
in assessing the Table 5 data, the evidence for neighbouring group assistance will be a 
pyrolysis rate greater than that of 4,6-dibromo-2-cyanophenyl azidc. 

It is seen that the introduction of  a flanking bromine provides support for the 
electrocyclic Dyall-Kcmp mechanism, and the results cannot be reconcilcd with 
equation (1 9). The flanking bromine reduces the neighbouring group assistance by 
nitro and benzoyl to an undetcctablc level, and that by phenylazo to a very low level. 

TABLE 7. Steric effects of  flan kin bromine on rates o f  assisted 
pyrolysis (decalin solutions 393 I() go 

Substituent in phenyl azide k re1 

None 
2-Nitro 
2-Phenylazo 
2-Benzoyl 
2- Fo rrn y I 

I U  
738 

21,180 
70.0 
22.8 

2.4-Dibronio I b  
4,6-Dibromo-2-cyano 10.0 
4.6-Dibronio-2-nitro 9.43 
4,6-Di brorno-2-phenylazo 169.3 
4,6-Dibrorno-2-bcn~oyl 8.56 
4,6-Di bromo-2-formyl 10.7 

"Thc rate constant is 5.43 x 
hThe  rate constant is 3.17 x 

s - ' .  
s-I. 



304 L. K. Dyall 

The assistance given by formyl is anyway small so that the steric effect has little to 
work on, but the result does suggest that formyl belongs to the same mechanistic group 
as the other three orfho substituents. It  should be noted that there is no evidence for 
the bromines complicating the experiments by introducing triplet character into the 
transition states: the result obtained here for nitro is the same as with a flanking 
methyl (Table 5). 

Further support for the Dyall-Kemp mechanism is provided by the azides 41 and 42. 

(41 ) (42) 
In the azidoanthraquinone 41, the stereochemistry is ideal for the electrocyclic 
mechanism, but according to Cenco-Peterson models, the 1,3-dipolar addition 
involves especially severe strain, and very little rate enhancement could bc expected 
from this pathway. In practice, this azide pyrolyses (with formation of 
anthra[9,l-cd]isoxazol-6-one) extremely rapidly46. With 42, the 1,3-dipolar addition 
is blocked off by the f-butyl group but neverthclcss the pivaloyl group provides a 
substantial increase (61.7-fold) in rate over phenyl a ~ i d e ~ ~ .  

Work has been done44 on the pyrolysis of 2-substituted 1-naphthyl azides and 
1-substituted 2-naphthyl azides. Again, the results can be understood in terms of the 
electrocyclic mechanism, with steric effects being exerted by the 8-hydrogen. 

At this point in time, all the assisting orrho-substituents which have been studicd in 
detail can be fitted to the Dyall-Kemp mechanism. N o  convincing example of 
pyrolysis via the 1,3-dipolar addition mechanism has yet been established, though it  is 
not improbable that some will be discovered (see Section 1II.F). 

D. Magnitudes of Neighbouring Group Effects in h i d e  Pyrolysis 

1. Quantitative data 

The neighbouring group effect is defined (following the description given for 
nucleophilic substitution)6' as kob,/k,,, where kc,b\ is the measured rate constant for the 
assistcd pyrolysis and k ,  is the corresponding rate via the alternative nitrene pathway 
(equation 21). 

Of course, k ,  cannot be expcrimentally measured. We can assume (on the basis of 
data given in Section 1I.E) that the orrho substitucnt would affect k ,  via its normal 
stereoelectronic effects. For - X = Y  type orfho substituents, thcse can be 
approximated by the ortho cyano group. which obviously cannot get cffectively 
involved in an electrocyclic transition state. In  Table 8, k,,l data are presented on the 
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T A B L E  8. Magnitudes of neighbouring group effects, in 
pyrolysis of 2-substituted phenyl azides (decalin, 393 K) 

.- 
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2-Substituent k ,,p 

Phen ylazo 
Nitro 
Acctyl 
Benzoyl 
Pivaloyl 
Formyl 
Mcthoxycarbonyl 

4080 
142 
55.3 
13.5 
11.9 
4.4 
0.94 

"Defined as k o b s / k n ,  whcre k ,  is the raw constant for 
2-cyanophenyl azide (see text). The k ,  value, 2.67 x 
s-' at  393 K, is 4.92 times that for phenyl azide. 

basis that k ,  is the rate constant for 2-cyanophenyl azide. A temperature of 393 K is 
chosen because it falls close to the experimental ones used in measuring both kobs and 
k,. Choice of other temperatures has some effect on the magnitude of k , , ~  but does not  
alter the general picture. 

There is a considerable range of neighbouring group ability. One entry 
(mcthoxycarbonyl) obviously provides no assistance to azidc pyrolysis (and yields no 
cyclic product). I-Azidoanthraquinone does n o t  readily fit  into this table but (if 
compared to 1-azidonaphthalene) the k,,, value46 is 1710. These k,,, values represent 
a composite of delocalization energies in initial and final states, as well as involving 
conformational possibilities (not always favourable) in the initial azide. I t  would be of 
considerable interest to see molecular orbital calculations on the energy surfaces 
involved in the Dyall-Kemp electrocyclic mechanism. 

These neighbouring group abilities have turned out to be useful in the interpretation 
of oxidative cyclizations of ortho-substituted anilines62. 

While values of E,,, and AS,,, are available for a large number of assisted pyrolyses of 
azides, they have proved of little value in diagnosis of mechanism. Negative values of 
AS,,, have been obtained and h a w  been seen to bc appropriate in magnitude for each 
of the rival m c c h a n i ~ m s ' ~ ~ ~ ~ .  One of the most outstanding examples of assisted 
pyrolysis, 1 -azidoanthraquinone. has a quite small negative entropy of activationj6. 
Dyal14" notes that rather large negative values are measured for 2-cyanophenyl 
azide and 2-methylphenyl azide where no cyclic transition state is indicated by other 
evidencc. Hc suggested that AS,,, values may reflect not only the cyclic nature of the 
transition statc but also the degree of unloosening of the nitrogen molecule; these 
factors would partly cancel. For 2-azidobcnzophcnones, 2-azidoazobenzenes and 
benzylidenc-2-azidoanilines, Hall and c o ~ o r k e r s ~ ~ ~ ~ ~  report a lincar (isokinetic) 
relationship between E,,, and ASac,. 

2. Qualitative data 

There are a number of examples of cyclization via azide pyrolysis which do, or might, 
involve neighbouring group participation, but for which precise kinetic data are not 
available. The outstanding example is 2-thiobenzoylphenyl azide. whose crystals 
decomposed explosively at room tcniperature ( o r  snioothly in solution at 0°C) to yield 
the expected cyclized product63. Both 3-chloro-2-nitrosophcnyl a ~ i d e ~ ~  and the 
sodium salt of 2-azidobcnzaldehydc oximc65 decompose below 100°C and must 
involve very considerable neighbouring group assistance. Other possible participating 



306 L. K. Dyall 

substituents are thioacetyP3, azomethinc groups66~67~6* and vinyl groups69 though some 
of these azide dccompositions occur at temperatures high enough to generate a free 
nitrcne which could subsequently cyclize to the orrho substituent (equation 21). A 
quite unusual example is reported by Mosby and Silva7" (equation 22). 

0 0 
I1 

0 

N 

Curiously, however, 1,2-diazidobenzene reacts with triphenylphosphine without 
yielding such a cyclic product. 

2-Cyclopropylphenyl azide apparently does not pyrolyse with neighbouring group 
assistance7'. The product (quinoline) can bc explaincd in terms of nitrene insertion 
into the cyclopropyl ring and subsequent aromatization. 

E. Anomalous Neighbouring Group Effects in h i d e  Pyrolysis 

products on pyrolysis. Our  undcrstanding of these failures is only partial at this time. 
A number of orfho-substituted aryl azides fail to yield the cxpected cyclized 

1. Cases of unstable furoxan and isoxazole products 

The azides 43 and 45 d o  not yicld the expectcd cyclic products (44 and 46) o n  
pyr~lysisj".".~?.~~. The reaction of 43 shows no kinetic evidcnce of neighbouring group 
participation, which has been ascribed to  thc unstable 44 not bcing able to contribute 
any stabilization to the cyclic transition state in thc Dyall-Kemp m e ~ h a n i s m ~ " . ~ ~ .  43 
must form a nitrene which. being unablc to cyclizc to form a stable product with the 
ortho substitucnt. reacts in othcr ways73. 

(43) (W (65) ($6) 

The behaviour of 45 is most interesting. If fails to  yicld 46 o n  pyrolysis, but 
Sclvarajan and Boycr7' note that the reaction is thrcc-quartcrs complete in only 8 h at 
100°C in octane solution and claim that therc must bc anchimeric assistance. The 
approximate half-life of 4 h is to bc compared with 146 h for 2-naphthyl azide; an 
ortho substituent would reduce that by a factor of about fived6 t o  30 h. I t  would appear 
that we have with 45 thc on ly  known exaniplc in azide pyrolysis of neighbouring group 
assistance without formation of a cyclic product. More precise ratc data would throw 
light on thc qucstion of whether thc naphthofuroxan 46 might have ;I transitory 
existence. 6-Azido-7-nitroquinoline also fails to yicld thc cxpectcd q ~ i n o f u r o x a n ~ ~ ,  
but no estimate of its pyrolysis rate is availablc. 
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2. Azidonitropyridines and azidonitroquinolines 
2-Azido-3-nitropyridine (which exists in its tetrazolo form 47) pyrolyses smoothly to 

the pyridofuroxan 48 at 170°C in various  solvent^^^.^" but surprisingly the azide 49 
fails77 to yield the furoxan 50. Likewise, the f a i l ~ r e ~ ' . ~ '  of 51 to cyclize to 52 is difficult 
to explain in view of the successful thermal c y c l i z a t i ~ n ~ ~  of 53 to 54. 

- 
0 

c N O 2  eo a N 3  QJ 
\ I  

NO2 +\ 
N 'N 'N 

0- I I  
N=N 

(47) (48) (49) (50) 

(51 1 (52) (W (54) 

The azidopyridine- 1-oxides behave like the azidopyridines: neither 
3-azido-4-nitropyridine-1-oxide nor 4-azido-3-nitropyridine-I-oxide yields a 
furoxan7*. However, whereas the (masked) azidopyridine 47 did yield a furoxan, its 
N-oxide yields tars79, possibly because a lower-energy path of ring opening (see Section 
1V.A) is available. 

Little is known about the stabilities of most of the expected pyrido- and 
quinofuroxan products, but i t  has been e ~ t a b l i s h e d ~ ~  that 48 is 4.6 kJ mol-' more 
stable than 50. This rather small energy difference can hardly account for the total 
failure of the pyrolysis 49 -+ 50. 

to the pyridofuroxan 56 in 
benzene at 80°C when 51 requires a temperature of 179°C for decomposition (and 
yields no cyclic product). There are many unexplained features of these pyrolyses of 
azidonitroheterocycles which await further study. 

It is surprising that the azide 55 pyrolyses 

F. Other Examples of Possible Bridging to Incipient Aryl Nitrenes 

The assisted pyrolyses discussed above have all involved an ortho substituent and 
the azido group in a five-membered cyclic transition state. A number of workers have 
attempted to build fivc- or six-membered heterocyclic rings across the  2,2'-positions of 
biphenyl or the 1 ,&positions of naphthalene. These reactions have not received 
anything like the attention given to ortho-substituted aryl azides, but some succcss has 
been achieved. 
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7 .  The 8-substituted- 7 -naphthy/ azide system 

Three successful cyclizations have now been reported. In the first of these, 
Bradbury, Rees and Storr8" heated the amide 57 in boiling 1,2,3-trichlorobenzene 
(218°C) to obtain a mixture of the perimidine 58 and the oxazole 59 (R = Me or Ph) 
(equation 23). The products were thought to arise from competitive attack by the 

R 
I 

nucleophilic N-1 of the azido group on either the adjacent amido N-H, or 
amide carbonyl. Assisted expulsion of nitrogen was suggested by the fact that 57 could 
be decomposed smoothly at about 1 40"C, whereas other 8-substitued-1-naphthyl 
azidcs required 180°C. As would be expected, N-methylation of 57 slowed up the 
azide decomposition considerably, and different products were obtained. 

8-Nitro-1-naphthyl azide does not decompose to uscful products in hot solvents, but 
cyclic products are obtained8' in the gas phase at 280°C (equation 24). It was 
suggested that a free nitrene is involved, and the success of the intramolecular reaction 

(23) 

on the 
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in the gas phase is presumably due to the absence of opportunity for reactions with 
other molecules. 

Spagnolo. Tundo and Zaniratos2 attempted to make thc naphtha[ 1,8-de]triazenc 63 
from the azide 62 (equation 25). The  pyrolysis occurred readily (2-3 h in toluene 
solution at  1 10°C) which suggested neighbouring group assistance. (For comparison. 
I-naphthyl azided6 has till 24.8 h at 110°C in decalin.) Only the inner salt 61 was 
obtained, which suggested addition o f  the azide function to the azo group without 
involvement of the nitrene which might be expectcd to give risc to other products as 
well. 

Ar 
I 

2. The 2'-substituted-2-azidobiphenyl system 

Pyrolysis of 2-azido-2'-nitrosobiphenyl in solution yields bcnzo[c]cinnoline-N-oxide 
(cquation 26), and 2-nitreno-2'-nitrosobiphenyl was suggested as an intermediates3. 

While o n e  could view this cyclization as the intramolccular version of triplet nitrene 
trapping, one  must note the quite low tempcraturc of decomposition. Some kind of 
neighbouring group assistance is indicated, and onc can suggest a variant of thc Hall 
1,3-dipolar addition mechanism (equation 27). 

2'-Arylazo-2-azidobiphenyls also yield a cyclic product on pyrolysis in boiling 
o-dichlorobcnzcnc ( 179"C)x3. The  expectcd inner salts 64 were not isolated, but the 
benzocinnolines 65 (obtained in yields between 34 and 43?6) are presumed to bc 
decomposition products from thcm (equation 28). At a lower temperature (refluxing 
bromobcnzenc, 156°C) the product 64 was detected by thin-layer chromatography in 
the initial stages of reaction, but did not survive into the latcr stages. When 
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(W (65) 

Ar = 4-chlorophenyl or 2-biphenylyl. products of type 64 were isolated from partly 
completed reactions and identified. It was suggested that the  reaction proceeds with 
some degree of neighbouring group assistance rather than via a free nitrene. It would 
be useful to establish this assistance by kinetic measurements. A mechanism such as 
equation (27) could of course operate. 

Not all the pyrolyses of 2'-substituted-2-azidobiphenyls proceed with extrusion of 
nitrogen. Smith, Clegg and HallX5 heated 2-azido-2'-cyanobiphenyl at 180°C to obtain 
a tetrazene (equation 29), and the  result is significant in view of the equation (27) 
suggestion. 

There is no product of this type from the pyrolysis of 2-cyanophenyl azideJO, where 
of course the angle strains in the adduct would be prohibitive. 

IV. PYROLYSIS WITH RING OPENING 

A. Heteroaromatie N-Oxides 

An unusual reaction was reported in  1973 by Abramovitch and C U ~ ~ " ~ '  in which 
azidohcteroaromatic N-oxides yielded ring-contracted products. The temperatures of 
pyrolysis were quite low (c.g. benzene at 80°C). which indicates that the nitrogen loss 
does not involve generation of a nitrene. Both the ease of nitrogen loss, and the nature 
of the products obtained, were explained in terms of ring opening to form an 
unsaturated nitroso compound 66 (equation 30). The mechanism is closely related to 

(66) 

that suggested by Hobson and Malpass88 for 2-azidotropone. Electrocyclic ring closure 
of the nitroso compound 66 would yield N-hydroxy-2-cyanopyrrole (67) or (in the 
presence of methanol) 3-mcthoxy-2.3-dihydro-2-pyrrolone (68). 

The pyrrolone 68 is interpreted as the ultimate product from Michael addition to the 
nitroso compound (equation 31). 
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MeQ 

OH 

(67) 
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The  deoxygenation 69 + 70 is a likely thermal process. I n  further work, 
Abramovitch and used a blocking methyl group to prevent H-shift in the 
initial cyclization product, 71. In this N-oxide form, its nitrone character was 
demonstrated by formation of the 1 : 1 adduct, 72, with phenylisocyanate 
(equation 32) .  

PhNCS 
n acH3 Benf:n:-N; LacH3 - Toluene. 110 "C * 

+N N3 I 
I 0- 

(71) 
0- 

(72) 

The  reaction gives access to a whole family of these unsaturated nitroso 
intermediates. The 3-azidopyridazine-2-oxides pyrolyse to N-nitroso intermediates 
whose chemistry is quite complex (equation 33)O". 

A n  additional mode of re-cyclization is displayed by ring-halogenated 
2-azidopyridine-1-oxides (equation 34). Provided that the 6-position is substituted, a 
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C P C  c - 80 oc 

'InN3 Benzene.--Nz 
N=N+ 

\ 
0- O=N 

MeO, 
C-N CN 2 80 O C  rn 
I II 

MeO-C C - 
N 0-N 

I 

Benzene-Nz 
N=N+ 

\ 
O=N 0- 

rn 
II 

MeO-C CN 

0 

80 "C m - Nf-&CN+H-C F7 CN 

II 
I 0 

&N3 Benzene. - N2 * 
N=N+ 

\ 
0- I OH 

O=N 
(trace) (unstable) (33) 

ROH * __c CN - 
\ 

CI N /  
\ Toluene. -N2 CN 

CI + N  N 3  CI N 
I 
0- 

six-membered ring is obtained. In the absence of a substituent at position 6 ,  
nucleophiles are able to open the new ring". 

An interesting variation was shown when the azidoquinazolinc dioxide 73 was 
pyrolysed". 

0- 0- 0- a 'yR e k c H 3  a N Y C N  \ h / O  

0.- 
It CH3 

\ <N CN 
I 
0- 

I N+ N 3  I 
0- 

\ 

OH 
(73) (74) (75) (76) 
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From 73 (R = H) the ring-contracted product 74 was isolated. However, for 
R = Me the expccted product 75 was not obtained; thc six-membered ring product 76 
was isolated instead. Whcn this pyrolysis (in benzcne) was halted in the early stages, 
both 75 and 76 werc isolated, and i t  was shown that 75 isomerizes into 76. 

6. Azidoquinones 

The 2-azidoquinones undergo pyrolysis at 80-1 10°C to produce a five-membered 
ring, the yields being excellent if the orflzo position is blockedy3. The mechanism 
shown in equation (35) has been suggestedy4. Direct formation of the azirine 

0 U 0- 

(n) 
intermediate 77 was preferred, though nitrene involvement was not ruled out. There is 
a useful analogy for direct formation of the azirine from the thermal behaviour of vinyl 
azidesy5 (equation 36). 

\ / \ - C-C' +N2 ,c=c 0. / \ / /  k N - k *  N 

The thermal reactions of azidoquinones are discusscd in detail by H. W. Moore in 
another chapter in this volume. 

C. ortho-Diazido Compounds 

There have been two interesting cxarnples of the well known ring opening of ortho 
diazides to yicld 1.4-dicyano-1 ,3-butadienesy6. In the first of these (equation 37), the 
products arise by two different routesy7. One of these routes invokes the 
carbene-nitrene interconversion (see Scction V). The other example (cquation 38) 
demonstrates that flash vacuum pyrolysis has been a sadly neglected technique in 
synthesis via azide pyrolysis. The pyrolysis produced a polymer whcn conductcd in 
diglyme solution'x. 

D. Azidopyrazoles 

Smith and Dounchis" havc reported two types of ring opening for azidopyrazoles 
(equation 39). 

The authors noted thc presence of amines and azo compounds among the  products 
and therefore suggcstcd nitrene intcrmediates. In thc absence of any kinetic data for 
pyrolysis of azidopyrazolcs, one cannot guess whether a nitrene intermediate would be 
accessible at such modest temperatures. 

V. NITRENE-CARBENE REARRANGEMENTS 

The interconversion of pyridylcarbene (78) and phenylnitrene (82) at high 
temperatures is now a well known reaction'. When phcnyl azide is pyrolysed in the gas 
phase, the nitrene 82 yields the triplet-derived product (anilinc) under comparatively 
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OAc d::: I 

OAc 

QAc 

23% - WCN OAc 
EN 

t 

< 3% 

bAc 

OAc OAc OAc @; ~ fy+ * c\ 39% 

*N OAc OAc OAc 

.. 
Ph Ph 

ph Cyclohexane. 8ooc * I qphI - PhCGN + MeN=C-C=N I 
Ph "N - N2 

Me 
I 

Me 

,Ph -N, /Ph - MeCH=C, 
Toluene. C E N  CN 

II 
(39) NH 

gentle conditions, but at higher tcnipcraturcs therc is extensive rearrangement and 
evidence for the presence of 78 is obtained'.'"". The reactions have (until recently) 
been interpreted in terms of the equilibria shown in equation (40). 

The  high temperature reaction has been studied in detail by thc research groups of 
W. D. Crow and C. Wcntrup. In order to understand the formation of the 
ring-contracted product, 2-cyanocyclopcntadicne (83), phenyl azidc with a I3C label at 
C-1 was pyrolysed (60O0C/O.05 torr). Thc nitrile 83 which was isolated had only 27% 
I4C in the cyano group. This randomization of carbon indicates that either 
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:CH CH 

NHPh 
I 

(83) fa) (85) 

cycloperambulation of nitrogen, o r  cycles of ring expansion and contraction, have 
occurred, in combination with H-shiftI"l. Much elegant work has been donc with 
isotopic labcls and calculations of the energy changes associated with equation (40). 
This work has been reviewed by SharpLo2 and \Ventrup103.*04. However, very important 
recent developments necessitate a re-interpretation of much of the data. 

Photochemical studies reported in 1978 by Chapman and his colleagues"15.106 
demonstrated that the intermediates lying between 78 and 82 are not the bicyclic 
species 79 and 81, but the hcterocumulene 84. They did not find it necessary to invoke 
the carbene 80. In the usual trapping experiment with aniline (to yield the azepine 85). 
the species 84 was found to be involved, rather than the azirine 81 which has hitherto 
bcen i n ~ o k e d ~ - ~ ( " .  

Evidence for the intermediacy of carbodiirnide types of heterocumulene 
intermediates in pyrolyses of azido hctcrocycles has soon followed. At about 
100"C/10-4 torr, the flash vacuum pyrolysis (FVP) of the tetrazolo[ 1,5i.]quinazoline 
(86) gave 4-azido-2-phcnylquinazoline, which ring-contracted to 90 at temperatures 
above 300°C. The tetrazolo[ 1,5-~]quinoxaline (88) likewise flash pyrolysed first to 
2-azido-3-phenylquinoxaline and then to the same product 90. As well as this nitrile, 
86 gave the arnine derived from 87, while 88 gave only the amine derived from 89. That 
different amines are obtained provides an argument that nitrenes 87 and 89 do not 
interconvert, while the common product, 90, from 86 and 88 argues €or the 
intermediate carbodiirnide 91. Labelling of 86 with ISN as indicated gives the product 

1 . 
N=N 

&FP! &IllPh ccJ&:h a!?JN Ph 

(86) (87) (88) (89) 
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90 labelled only where shown. This result is also understandable in terms of 91, but is 
not explained by a direct ring contraction of the nitrene 87, which would give 100% 
I5N label in the cyano groupLo8. The species 91 has not yet been isolated from a 
pyrolysis, but heating 86 or 88 in benzene a t  160-180°C gives a dimer of it, as well as 
the nitrile 90. Photolysis of 4-azido-2-phenylquinazoline in argon matrix at 10 K has 
yielded 91, which was identified from its infrared spectrum. 

Several examples of isolation of carbodiimides from flash vacuum pyrolyses have 
been reported by Wentrup and Winter"" who used a low-temperature trap and 
infrared spectroscopy to isolate and identify transitory species. The first effect of 
pyrolysis of 92 was to produce the hitherto unknown azide 93, which at higher 
temperatures produced the carbodiimide 94 (equation 41). When 94 was allowed to 

(92) (93) (94) 
warm up from -196"C, i t  decomposed into 2-cyanopyrrolc and a trace of 
glutacononitrile NCCH=CHCHzCN. 2-Cyanopyrrole is the usual pyrolysis product 
obtained from 92 and its formation via 94 could be observed in FVP experiments at 
temperatures in the 480°C range. In further experiments, i t  was shown that the two 
tetrazolo compounds 95 and 97 both gave the same carbodiimide 96, and in each case 
the tetrazolo species first isomerized to its corresponding azide. 

It appears that all the data o n  interconvcrsions of nitrenes and carbenes, and of 
rearrangements of isotopically labelled nitrenopyridines'"' prior to forming the 
ring-contracted cyanopyrroles. can be accommodated in terms of carbodiimide 
intermediates. Wentrup points out that carbodiimides prepared by FVP can be 
trapped in quantity at -196°C. so that we can expect a great deal of synthetic 
development from them"". 

VI. PYROLYSIS OF SULPHONYL AZIDES 

A. Substitution into Aromatic Solvents 

The pyrolysis of sulphonyl azides RS02N3 at temperatures above 120°C has long 
been known to give sulphonamides, RS02NHAr, when conducted in aromatic 
solvents]. A definitive study of the reaction system (equation 42) has been reported by 
Abramovitch and coworkersIII.II?. 

When tetracyanoethylene was added, the yield of the sulphonamide RS0,NHPh 
was reduced and a 1 : 1 adduct of the sulphonylazepine 99 (hitherto not detected in these 
reactions) was isolated. This azepine was identified as the kinetic product, and the 
sulphonamide as the thermodynamic one111. In  further work. the sulphonyl azide was 
decomposed in a series of mono-substituted benzene solvents. The isomer ratios in the 
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. , O 2 C 3  

RS02NHPh 

(99) 

products were interpreted in  terms of thc singlct nitrenc adding to form a 
benzaziridine 98 which ring-opencd to (mostly) a mern-substituted sulphonamide. 
Some singlet crossed to triplet, which substituted into all positions of thc substrate 
ring, but mostly into thc ortho position in the usual fashion of a highly electrophilic 
diradical. When nitrobenzcnc was thc substrate, none of the electrophilic singlct 
nitrene was able to substitute before singlet-to-triplct crossing occurred. Thc observed 
products were those of radical substitution by the triplet”’. 

B. Cyclizations 

The possibility of obtaining cyclizations of sulphonyl nitrenes, to parallcl those 
observed for aryl nitrenes (sec Scction II.D), has bccn extensively explored. In 
general. thc attcmpts havc had little success, most of the sulphonyl azide pyrolysis 
products arising from the alternative pathways of hydrogcn abstraction, substitution 
into solvent, or Curtius rearrangerncnt (ArS02N + ArN=S02) ’ .  While 
2-biphcnylsulphonyl azide pyrolyses in dodecane solution to givc a fair yield of the 
cyclic sulphonamide, azides 100a-100c givc poor yields of 101 (15, 0 and 1?6 
respectively)II3.’ 14. Substitution into or-rho alkyl groups is also not very successful. 

(1004: X = O  
(100b): X = S 
(100c): x = co 

even the favourable case of 2,3,5,6-tetramethylphcnylsulphonyl azide giving only 15% 
of the cyclic product 102Il5. In an altcrnativc approach to atternptcd cyclization, 
2-phenylethylsulphonyl azides were subjected to flash vacuum pyrolysis, but only low 
yields of the expected cyclic sulphonamidcs wcre obtained ‘ Ih. 

Thc most useful reaction to emerge from thcsc pyrolyses is t h e  insertion of an 
arylsulphonyl nitrene into an orfho dialkylaniino group (cquation 43) I ” .  

These mesoionic thiadiazolc dioxides are formed in 60-80% yields. However. the 
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reaction is successful only if the orrho amino group is dimcthylamino or a 
six-membered ring. Other  dialkylamino groups cither undergo Cope elimination of a n  
alkyl group from the mesoionic compound, or react as if this cyclized product were in 
equilibrium with its parent nitrene. so that other nitrenc-derived products a re  
obtained. 
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1. INTRODUCTION 

This chapter discusscs the chemistry of thosc compounds in which an azide group is 
bonded to an sp’ carbon atom. The emphasis is placed upon vinyl azides, aryl azides, 
acyl azides and related hcterocyclic analogues. Thc chemistry of such unsaturated 
azides continues to gain interest viewed from both synthetic and mechanistic aspects. 
However, this discussion will focus primarily upon the variety of chemical 
transformations rather than thc mcchanistic details. Sincc rcccnt review articles have 
appeared o n  reactions involving nitrencs’, azidoquinones’ and the chemistry of 
azirines3, these topics will not be presented in dctail hcre. Rather, this chapter will 
discuss the reactions reported since the last revicw in this series4, and will not attempt 
to bc a comprehensive compendium of the transformations of unsaturated azides. 

11. PREPARATION OF VINYL AZIDES 

Since the last review in this serics4. only a few new mcthods for the synthcsis of vinyl 
azides have appeared. The standard routes still remain the addition of IN3 to alkynes, 
thc climination of HI from vicinal iodoazides, and the nuclcophilic displacemcnt 
(addition-elimination) of halidc by azide in /I-haloenoncs and related compounds. 
Two new methods of potcntial synthetic importance havc appeared and are outlined 
below. 

A. Conversion of Triflones to Vinyl Azides 

1,2-Diphenylethyl triflone, upon treatment with sodium hydride followcd by 
p-toluenesulphonyl azide. gave a high yield of 1 -azido-1 .2-diphcnylethenes. The 
procedure has been uscd to prcparc a numbcr of cyclic and acyclic vinyl azides. This, 
along with the report that thc starting triflones are easily prcpared, suggcsts a 
potcntially versatile routc to vinyl azides’. 

6. Conversion of Nitrosooxazolidones to Vinyl Azides 

A novel synthesis of terminal vinyl azides was observcd when the 
3-nitrosooxazolidone 1 was treated with basc in the presence of azide ion. This 
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0- 
N=N-N-Ts 

1.NaH 13 
C6H5CH 2CHC6H5 C6H 

I 
SO2CF3 

H 

resulted in a 50% yield of the vinyl azide 26. A detailcd mechanistic study of this 
reaction has shown it to involvc the intermediacy of a vinyl diazonium ion’. However, 
the synthetic scope has not been elaborated. 

111. REACTIONS OF VINYL AZIDES 

The most general reaction of vinyl azidcs is their thcrmal of photochemical conversion 
to azirines, i.e. 3 -+ 4. Even though this transformation is a well known reaction, its 

(3) (4) 

mechanism still remains unresolved. Recent theoretical studies suggcst an initial 
electrocyclic ring closure to a triazole which gives the azirine upon loss of molecular 
nitrogcnH. This cannot be differcntiated from a concertcd process, but a nitrenc 
intermediate to 4 is rejected on the basis of kinetic data. In any regard, thc majority of 
the reactions of vinyl azides in which nitrogen is lost involve azirine intermcdiates. 
Thcse in turn may proceed to zwitterionic species or vinyl nitrcnes, or undergo 
concerted rearrangements. Even though the mechanistic details behind the reactions 
outlined in this review will not be elaborated, one can cnvisage thc abovc reaction 
sequences as the most usual pathways available. 

A. Fragmentation of Vinyl Azides to Mitriles 

An area gaining extensive study in recent years is the pyrolytic conversion of 
appropriately substitutcd vinyl azides to nitriles. In  many examplcs the punultimatc 
precursor to the observed products has been established as a zwittcrion. In a general 
sense. cyclic vinyl azides of structure 5 cleave to zwitterions 6 when X is a substitutent 
capable of stabilizing a positive charge and Y and/or Z are anion stabilizing groups 
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N C  ‘x:> z p + X :  
?! c 

(7) (8) 
SCHEME 1 

(Scheme 1). The zwitterionic intermediate 6 can then ring close to 7 (ring contraction) 
or  cleave to 8 (fragmentation)‘. Nearly all of the examples given in this section can be 
explained by such a mechanism, and in somc cases the zwitterionic intermediate has 
been unambiguously established. Triazoles, azirines or  nitrenes may precedc 
zwitterion formation, but in most cases these have not been established. 

1. Synthesis of cyanoketenes 
The most efficient method known for the generation of cyanoketenes is the pyrolysis 

of appropriately substituted vinyl azides of the type shown in Scheme 1. For example, 
2,5-diazido-l,4-benzoquinones are ideal and givc two molecules of the corresponding 
cyanoketene, 11, upon thermolysis in refluxing benzenelO.’l. The reaction has bccn 
shown to proceed with initial ring contraction to 9, which subscquently cleaves to  the 
cumulenes via zwitterion 10. 

N3 R@N3 R 

0 

0 

R 
NC R+N3 0 

0 

0 

NC NC 

(9) 



8. Vinyl, aryl and acyl azides 325 

Attempts to extend the scope of this reaction to include halocyanoketenes failed 
due to the insolubility of the diazidoquinone precursors. However, 4-azido-3-halo- 
5-methoxy-2(5H)-furanones, 12, were found to cleave readily to methyl formate and 
the halocyanoketenes 13 in refluxing benzenel2*l3. 

R 

N3 ')$, - C H 3 0 C H 0  --N* NC 

OCH, 
(I 2) (1 3) 

R = CI Br, I 

These therrnolysis routes to cyanoketenes are superior to classical methods of 
ketene synthesis such as dehydrohalogenation of acid halides. For example, 
t-butylcvanokctcne (TBCK) can be prepared in nearly quantitative yield from 
2,5-diazido-3,6-di-f-butyl- 1,4-benzoquinonc. However, attempts to prepare TBCK 
from 2-cyano-3.3-dimcthylbutanoyl chloride by treatment with tricthylaminc gave 
only 3,5-dicyano-2,2,6,6-tetramethyl-3,4-heptadiene'~. This was shown to arise from a 
rapid amine-catalysed dimcrization of t h e  initially formed ketene. 

2. Synthesis of cyclobutane- 1,3-diones and 2-oxetanones 

As noted earlier, 4-azido-2-cyanocyclopentene-l,3-diones ring open to zwitterions 
upon thermolysis and these subszquently cleave to two molecules of cyanoketcnes. 
e.g. 9 +- 10 +- 11l0. The course of this reaction has been shown to depend upon the 
substituents at position 2 of the cyclopentenedionc. In 9 the 2-cyano group apparently 
destabilizes the zwitterion and facilitates fragmentation to cumulenes. On the other 
hand, if the cyano group is replaced by an alkyl group, thc thcrmolysis gives high yields 
of the corresponding cyclobutane-l,3-diones, 16. A zwitterionic intermediate, 15, was 
cstablished by trapping experiments's. 

R' R* Yield. % 

The ring closures of zwitterions such as 15 were also shown to dcper?d upon steric 
factors. For example. if position 2 of the starting azide was monosubstituted, thcn the 
exclusive product was a 2-oxetanone rather than a cyclobutanedionc, c.g. 17 * 18. I t  
is also noteworthy that 16 and 18 were the exclusive products formed when TBCK was 
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treated with the corresponding aldo- or  ketoketenes. Thus, these cycloadditions must 
also involve zwitterion intermediates. 

3. Synthesis of 3 -cyan 0- 2- aze tidinones 

Inspection of Scheme 1 reveals a new synthetic route to 3-cyano-2-azetidinones 
(p-lactams). That  is, thermolysis of 4-azido-2-pyrrolinones in refluxing benzene results 
in their conversion t o  zwitterions 19 which subsequently ring close to the azetidinones 
20'6. 

Attempts to  extend this methodology to  include bicyclic examples have met with 
only partial success. For example, 21 ( 1 1  = 3,4) could be prepared, but attempts to ring 
contract 22 gave only the acyclic amide 23. 
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The mechanism of these ring contractions to give /I-lactams was again established as 

involving zwitterionic intermediates such as 1917. Evidence for such comes from a 
series of trapping experiments as well as  their indepcndent generation upon treatment 
of formimidates and imines with chlorocyanoketenc. 

4. Synthesis of p-lactones 

In analogy to thc above ring contractions of azidopyrrolinones. 
4-azid0-3-~hloro-5-(4-mcthoxyphenyl)-2(5~)-furanonc, 24. rearranges to the 
p-lactone 26. This decarboxylatcs under the reaction conditions to give 
1 -chloro-l-cyano-2-(4-mcthoxyphenyl)ethene 27lX. T h e  intermcdiacy of the 
zwitterion, 25, was established by its indcpendcnt gencration from chlorocyanoketcne 
and 4-methoxybenzaldehyde. T h e  scopc of the ring contraction was not explored, but 
the cycloaddition mode was shown to be quite general as a synthetic route to 
l-chloro-l-cyano-2-arylethenes, 27. 

0- 

CI 

NC 

c$-q 
NC Ar 

5. Synthesis of N-cyano compounds 

An interesting transformation which is viewed as  involving an intermediate 
unsaturated azide capable of zwitterion formation is the pyrolytic conversion of the 
geminal diazide 28 to 3OiY. This is suggested as arising from an initial ring expansion to 
29 followed by ring cofitraction via a zwitterionic intermediate as outlined below. 

Still another transformation involving the formation of an N-cyano compound was 
obscrved whcn 9-dinitromcthylenefluorene and  9-bronlonitromethylenctluorene, 31, 
were trcated with sodium azide in DMSO'". Hcrc. a rapid evolution of nitrogen and a 
high yield of N-cyano-9-iminnfluorene were observcd. This transformation is 
particularly interesting when compared to the reaction of 9-dichloromethylenefluorene, 
32, with sodium azidc to give 9-cyano-9-azidofl1~orcnc~~. N o  azide intermediates were 
isolated in any of these reactions. However. it is reasonable to assume that azide ion 
initiatcd the reaction of 31 by attack at  position 9 followed by rearrangcment, while 
initial attack o n  32 takes place a t  the methylidenc carbon. 
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6. Other examples 
Other examples of ring contractions of cyclic vinyl azidcs that can be viewed as 

arising via the gencral zwitterionic mechanism outlined in Scheme 1 are provided 
below. p - / q  N C  (Ref. 22) 

N3' 
OH 0 
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(Ref. 24) 

0- I d- 
0 mN3 YT-- W C N  (Ref. 25) 

\ 
0- 

I 
0- 

-N2:C0 C6H5 - 
A 

NC 
(Ref. 27) 

(Ref. 28) 
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cH3* N3 

H 
0 

h 

A 
(Ref. 29) 

(Ref. 29) 

The conversion of vinyl azides to nitriles is not limited to cyclic compounds. For 
example, a series of acyclic enazidocarbonyl compounds, 33, were shown to rearrange 
thermally to nitriles 3430.3’. The mechanism o f  these transformations has not been 

-N2 
R’-CH=C-COR* 7 R’-CH-C=N 

(33) (34) 

I 
COR2 

I 
N3 

R’ R’ Yield, % 

73 
65 
74  
80 
75 
70 
45 

100 

established. However, the intermediacy of an azirine has been suggested. Nitrile 
formation was observed only for those cases in which R’ is an aryl group. The alkyl 
series gave the corresponding azirines as stable products. It is, of course, possible 
to envisage a mechanism analogous to the zwitterion process outlined in Scheme 1. 
That is, cleavage of the azirine to the ion pair is facilitated when R’ is an aryl group, 
which lends more stabilization to the anion via resonance delocalization. 

0 II I“?,; +!-R] 

ArCH-C-f3 - 
I 
CN 

N 
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7. Synthesis of cinnamoyl cyanides 

O n e  last example of a fragmentation that could conceivably procced via a zwittcrion 
mechanism (Scheme 1) is that reportcd for thc thermolysis of azido isoxazoles3’. 
Specifically. the azido isoxazoles 35 (rz = 1.2) were observed to give acetonitrile and 
greater than 90% yield of the correponding cinnamoyl cyanides 37 ( I Z  = 1,2) when 
subjected to  thermolysis in refluxing decalin. The  mechanism of this transformation 
was not established. However, it can b e  rationalized via the zwitterionic intermediate 
36. 

CeHS- (CH=CH), ) i O j ~ j ~  - A C,H,-(CH=CH), 00,  

CH, 
Y :Yk - N2 

6 N3 CH3 
(35) 

N 

-CH3C=N / 0 

II 
C,H 5- (CH = C H 1, - C - CN 

(37) 

If the zwitterion 36 does function as the intermediate in this reaction, its formation 
should depend upon anion stabilization. Thus, azido isoxazoles in Lvhich the styryl 
group is replaced by an alkyl substituent should be less likely to undergo this reaction. 

8. Fragmentation of 2-azidooxiranes 

The  previously unknown 2-azidooxiranes havc been prepared by epoxidation of 
vinyl azides using N-benzoylperoxycarbamic acid33. These epoxides are relatively 
stable, having half-lives of 2 days in rcfluxing benzene. The  products of thermolysis are 
the corresponding ketones and hydrogen cyanide, which are formed in high yields. 

- “*O + R3-CEN 

R’ N3 R’ N-N; R’ b 

R’ R’ R3 

H H 
H 
H 

C(CH313 
C(CH3)3 CH3 
C6HS C6H5 

A n  analogous fragmentation was observed when 1-azidocyclohexene was treated 
with rn-chloroperbenzoic acid. This resulted in its spontaneous conversion to 
5-cyanopentanal; the azidooxirane was proposed as  the i n t e r m ~ d i a t e ~ ~ .  
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6. Intramolecular Cyclizations 

A considerable variety of heterocyclic compounds has been prepared by 
intramolecular cyclization reactions involving the  vinyl azide moiety and appropriately 
situated sites of unsaturation or alkyl groups capable of nitrene insertions. In most 
cases, these transformations are viewed as proceeding via nitrene o r  azirine 
intermediates. The mechanistic details will not be elaborated here since detailed 
discussions have appeared’.35.36. Rather, selected examples will be used to illustrate 
the general types of products that can be obtained. 

H. W. Moore and D. M. Goldish 

1. Synthesis of indolequinones 

Thcrmolysis of 2-azido-3-alkenyl-l,4-quinones in refluxing benzene results in 
conversion to indolequinoncs in high yield3’. The scope of this reaction has been 
examined and i t  has recently been utilized for the  synthesis of 
7-chloro-6-methyl- 1,2,5,8-tetrahydro-3H-pyrrolo[ I ,2-a]indole-5,8-diones, 38, a 
compound having the basic ring system of the mitomycin antineoplastic antibiotics. 
Since the starting azidoquinones are easily prepared?. this ring closure constitutes one 
of the simplest and most general route to indolequinones. 

0 0 

Yield, YO 

2. Synthesis of indoles and pyridines 

The formation of indolcs upon thermolysis of 8-azidostyrenes is a well known 
reaction of synthetic importance. For example, thermolysis of a-azidocinnamate esters 
39 in xylcne gives greater than 90% yields of the indoles 403’. At lower temperatures 
the azirines can be isolated; these have been shown to function as precursors to the 
indolcs. Analogous results wcrc obtained for the benzofuran 41. 

If the aryl group bears alkyl substituents in both ortho positions, nitrene insertions 
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take place to give c-fused pyridines4'. Thesc reactions arc accomplishcd in refluxing 
toluene or  bromobenzene in the presence o f  air which oxidatively converts thc initially 
formed dihydro derivative to thc pyridine. Most othcr routes to such hetcrocyclic 
compounds requires acidic conditions. Thus this ring closure has potential for the 
synthesis of acid-sensitive pyridine derivatives. 

In a related study 42 was thermolysed to givc the 3H-azepine, 43, which rearranged 
to the 1 H isomer at higher temperatures". 
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C6HS 
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3. Synthesis of oxazoles and isoxazoles 

Ring closures involving intramolecular cyclizations to carbonyl groups have also 
been reported. These result in oxazole and isoxazole formation. For example, when 
the azide 44 was thermolysed in refluxing toluene, the products were 45, 46 and 4742. 

The azirine 48 was shown to be the precursor to the heterocyclic products 45 and 46. 
The former, 45, arises via a thermal rearrangement involving a vinyl nitrene 49, and 
the latter by a base-catalysed transformation to the isocyanide anion, 50. 

dH3 

Isoxazoles are also observed when 2-azido-3-carboalkoxy-l.4-benzoquinoncs are 
t h ~ r r n o l y s e d ~ ~ . ~ ~ ,  a reaction similar to that observed in the aromatic series. These ring 
closures take placc in preference to the previously dcscribed ring contraction or 
fragmentation reaction of azidoquinones to cyclopentendiones or cyanoketenes. 
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" O W  OCH, ~ cH30*;3 

0 0 

__c I I  

4. Synthesis of 5-dialkylamino- 1,2,3-triazoles 

I-Azido-1-dialkylaminoalkenes (a-azidoenamines) have not been isolated. How- 
ever, their intermediacy has been suggested when a-chloroenamines are treated with 
sodium azide in acetonitrile a t  room temperature45. The proposed azide intermediate 
spontaneously undergoes electrocyclic ring closure followed by proton transfer to give 
5-dialkylamino- 1,2,3-triazoles. 

H 
I 

R' R' R3 Yield, % 

5. Synthesis of benzoxazines 

An interesting case of an intramolecular cyclization is that reported for the 
1-azidohydrazones 51d6. Thermolysis of these compounds in refluxing benzene for 
2-3 h gives 63-790/0 yields of 3. 4, 4a. S-tetrahydro-[ 1,2,4]triazino[6.1-c][ 1.41- 
benzoxazines 53. The authors propose formation of the  intermediate 52 which then 
undergoes an intramolecular Diels-Alder cyclization to generate 53. 
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C. 1,3-Dipolar Cycloadditions 

1. Intermolecular cycloadditions 

It is well established that organic azides readily undergo 1,3-dipolar cycloadditions. 
Thus it is somewhat surprising that only a few reports have appeared for such reactions 
of vinyl azides. Acetylenedicarboxylate and simple vinyl azides readily undergo 
cycloaddition to give l-alkenyl-l,2,3-triazoles 5447. If a monosubstituted alkyne is 
used, both regioisomers are obtaincdjx. Still another route to vinyltriazoles, and one 
which is regiospecific, involves the cycloaddition of vinyl azides to 2-oxoalkylidene- 
phosphoranes to give the betaine. Subsequent loss of triphenylphosphine oxide results 
in only regioisorner 5S4’. Condensation of active methylene compounds with simple 
vinyl azides also gives l-alkenyl-l,2,3-triazoIe~~~. However, this method failed with 
a-azido vinyl ketones, for which only complex mixtures were obtained. 

a-Azidostyrene adds to 2,5-dimethyl-3,4-diphenylcyclopentadienone in benzene at 
ambient temperature to give an 88% yield of 56”’. This cycloaddition is very sensitive 

CH \ 0 II 0 I1 2 H 5 0 2 c ~ c 0 2 c  zH 5 
3,C=CHCH3 i- C2H50-C-C-C-C-OC2H5 - 

NbN,N-C=CHCH3 
I 

CH3 

N3 

(54) 
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to steric and electronic cffects. Substituents in the P-position of the styrene prevent the 
reaction, and electron-withdrawing groups on the aromatic ring decrease the rate. 
These data are interpreted in terms of the following mechanism in which negative 
charge stabilization is realized in the transition state. I t  is noteworthy that this is 
counter to the reaction of a-azidostyrene with triazolinedione to give 5751, in which 
carbon rather than nitrogen appears to be the nucleophilic site. 

p-Azidostyrene reacts with cyclones by a different pathway. For example, when the 
azide was -decomposed in refluxing toluene in the presence of 2,5-dimethyl-3,4- 
diphenylcyclopentadienone, the 3H-azepine 59 was obtained in high yields2. This 
product is viewed as arising by an initial conversion of the azide to the 1-azirine 58 
which then cycloadds to the cyclone followed by loss of CO to give 59. 

c 6 H S C e  CH, 

H3C - 
\ 
C6H5 

(59) 

0 
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Cycloadditions of vinyl azides to diphenylketene have also been reported. For 
example a-azidostyrene and the ketene react slowly to give the enamino ketone 61 
with loss of nitrogen53. The reaction is viewed as involving nucleophilic attack of the 
/3-carbon of the vinyl azide upon the ketene to givc the zwitterion 60. Subsequent ring 
closure results in 61. When 2-azido-1-hexene was employed, the reaction took a 
different course and gave a 30% yield of cyclobutanone 62, a 2 + 2 cycloaddition 
product. 

Vinyl azides or their respective azirine thcrmolysis products have been shown to 
react with nitriles in the presence of BF3 to give imidazoles in 16-82% yields4. 

a- and /?-Azidostyrenes as well as 2-azido-tram-2-butene react with the 
electron-deficient alkenes acrylonitrile and methyl acrylate at reflux temperatures to 
give 1-vinylaziridines in yields ranging from 35 to 83%55. This provides a useful 
synthesis of these unusual enamines, which are not available by conventional 
methodology. 

R' 

R' HN3 R3 + CH2=CH2-R4 - R3+R2 

R /N\ R4 

R' RZ R3 R4 Yield, % 

c6H 5 H H CN 35 

H H C6HS CN 45 

H CH3 CH3 CN 73 

C6HS H H COzCH3 56 

H H C6H5 C02CH3 68 

H CH3 CH3 COzCHi 83 

The electron-rich double bond of vinyl azides allows their utilization as 
dipolarophiles in cycloadditions with nitrile irniness6 and nitrile oxidess7. Like 
enamines, the azide group controls the regiochemistry and adducts 63 and 64 are the 
observed products. However, these readily lose HN3 to give the corresponding 
aromatic pyrazoles 65 and isoxazoles 66. 
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2. Intramolecular cycloadditions 

The synthetic potential of intramolecular 1,3-dipolar cycloaddition of vinyl azides to 
appropriately situated alkenes and alkynes has not yet been realized in that only one 
study has been reported5*. When the azide 67 was allowed to stand at 0°C for 3 days, it 
cyclized quantitatively to give the A2-l,2,3-triazoline 68. Further heating caused 
nitrogen loss to form the azepine 69. In an analogous manner the alkynyl analogue was 
converted to 70 and 1-(1-azidoethenyl)-2-(2-propenyl)benzene to 71. g3 
0‘ 

A - 
-N2 
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D. Ring Expansion of Cyclic VinyC Azides 

A series of papers has reported ring expansion of cyclic /I-azidoenones under 
thermal or  photolytic conditions. These reactions show many similarities to reactions 
of aryl azides, discussed in a later section. 

When 3-azido-2-cyclohexenones were thermally decomposed in refluxing methanol, 
25-36% yields of the 4, 5, 6, 7-tetrahydro-2-methoxy-1 H-azepin-4-ones 73 were 
isolateds9. This rearrangement is viewed as proceeding via the cyclic keteneimines 72 

which proceed to the azepines upon addition of methanol. When the rearrangement 
was carried out in ethanol or  aniline, 2-ethoxy- or 2-anilino- derivatives of 73 were 
obtained. In a related study, the thermolysis and photolysis of 2-alkyl-3-azido-2- 
cyclohexen-1 -ones 74 were found to give 2-amino-2-alkyl-3,3-dimethoxycyclo- 
hexanones 76, which were proposed to arise via the azirine 756'1. 

(74) (75) (76) 

R = -CH* -CH2CH=CH,,-CH,C,H, 

It is most interesting that an opposite trend was observed for the photolytic 
decomposition of Ci-azido-l,3-dimethylpyrimidines in the presence of amines. That is, 
ring expansion was observed for 5-substituted derivatives and not for the 
unsubstituted compounds. Specifically, photolysis of 6-azido-1.3-dimethylthymine 77 
(R = CH3) in the presence of methylamine gave a 40% yield of 78, while, under 
analogous conditions, 6-azido-l,3-dimethyluracil 77 (R = H) gave a 42% yield of 79. 
Photolysis of 77 (R = CH3) in methanol gave 80 (43%), a product analogous to 76. An 
initially formed azirine intermediate is suggested as common to all of these products. 

The formation of 6-alkylamino-5-amino-1,3-dimethyluracils, 79, from 77 has been 
employed in a novel synthesis of lumazines and f e r v c n u l i n ~ s ~ ~ .  For example, 
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photolysis of 77 (R = H) in the presence of N-methylglycine ethyl ester gave a 73% 
yield of 81, and, under analogous conditions using formylhydrazine, 82 was isolated in 
55% yield. 

0 

E. Reactions of Vinyl hides with Electrophiles 

The electron-releasing property of the azide group imparts some nucleophilic 
character to the alkene n-bond. Therefore, vinyl azides, like enamines, are susceptible 
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to  electrophilic attack at the /3-position. A number of studies have appeared describing 
the reactions of vinyl azides with electrophilic reagents such as  protic acids, halogens; 
nitrosyl tetrafluoroborate, nitryl tetrafluoroborate, acyl chlorides, ketenes and 
dichlorocarbene. These reactions will not be discussed since they have been the 
subject of a review Selected examples which illustrate the reactions are given 
below, using 1 -azido-1-phenyl-1-propene for illustrative purposes. 

C6H5\ 
.I ,C=CH-CH3 

F. Conversion of Vinyl h ides to Aldehydes and Ketones 

Among the more interesting examples of simple functional group transformations of 
vinyl azides is their utility as precursors to aldehydes and ketoncs by reduction to the 
enamines. A mild and convenient method involves treatment of vinyl azides with 
sodium sulphide in methanol in the presence of a catalytic amount of tricthylamine, 
followed by work-up with aqueous acid6’. Analogous transformations have been 
reported when the reducing agent was zinc-acetic acidoh or triethyl phosphite6’. O n  
the other hand, reduction with lithium aluminum hydride gives the corresponding 
saturated amine@. 

H H 

N- N=N- SNa 
I 
I 
N-S- Na’ 

I 
I 

R” R’ R’ 

-N2 - ,C=CHR~ ,C=CHR~ 
P 
C=CHR~ -2%. 

-Na2Sp -SNa I 
0 NH2 II  H30’ I 

R’-C-CH2-R2 - ,C=CHR2 
R’ 
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R’ R’ Yield, % 

91 
92 
90 
82 
85 
74 

0 

Vinyl azides have also been utilized as acyl anion equivalents. They react readily 
with alkyllithium reagents to yield, after acidic work-up, mainly ketones or  aldehydes 
in which alkylation has taken place regiospecifically at the /I-carbon6’. Triazines have 
been shown to be intermediates since they can be isolated by omitting the acid 
work-up. Subsequent treatment of these with aqueous acid then gives the alkylated 
products. 

R’ R’ R3 Yield, % 
~~~ ~ 

-C6H5 -H -CH3 82 
-C6H5 -CH3 -CH3 32 
-n-C4H9 -H -CH3 82 
-H --r-C4H9 -CH3 71 

IV. PREPARATION OF ARYL AZIDES 

N o  new general methods of preparing aryl azides have been developed since the last 
review in this series4 Aryl azides arc generally prepared from diazonium salts upon 
treatment with sodium azide. Some perhalogenated aryl azides have been prepared by 
azide displacement of a halo’O. nitro71 or  hydrazino group7’, but these reactions are 
limited to compounds containing electron-withdrawing groups at appropriate sites to 
enhance addition-elimination reactions. 

V. REACTIONS OF ARYL AZIDES 

A. Photolysis of Aryl Azides 

Photolysis of aryl azides often gives rise to nitrenes. There are few reports of 
insertion reactions of such intermediates with solvent, although intramolecular 
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insertion reactions occur when an aromatic ring is ortho to the azide group. In 
addition, ring expansions to azepines and nucleophilic trapping of azirine intermediates 
have been reported. 

7. formation of carbazoles 
Photolysis (or thermolysis) of the azide 83 gives mainly the carbazole, 84, rather 

than the phenanthridine, 8573. Formation of the carbazole is attributed to a singlet 
nitrene intermediate while the phenanthridine is a triplet nitrene product. Evidence for 
this comes from an investigation of the photolysis of 83 in the presencc of aceto- 
phenone, a triplet sensitizer. Under these conditions, the yield of carbazole decreases 
markedly and the triplet-derived products, 85, 86 and 87, are formed in sub- 
stantial yields. If there is not an obvious site for singlet nitrene attack, as in  the 

N=N 

thiophene derivative, 88, only the amine and azo compounds are formed when the 
photolysis is carried out in cold acetophenone. However, at higher temperatures 
(107°C) the product of insertion into the methyl groups, 89, is formed in as high as 

30% Temperature also affects the conversion of 83 to 84 in that the yield of 
84 can be increased to 90% by accomplishing the photolysis in chlorobenzene at 
107"C, a temperature below that at which the thermolytic conversion of 83 to 84 
occurs. 

2. formation of 3H-azepines 

Photolysis of aromatic azides in the presence of nucleophiles, especially amines, 
produces the righ-expanded 3H-azepines, 9075. However, when an aryl ring is ortho to 
the azide group, the previously mentioned carbazole formation is competitive with 
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ring e ~ p a n s i o n ~ ~ . ~ ~ .  Kinetic evidence indicates that there are at  least two intermediates 
involved in these competitive pathways77. The relative amounts of azepine and 
carbazole are affected by the concentration of the amine and by the wavelength of 
light. When X in 91 was CF3, the yield of carbazole 92 was 80% in the absence of 
diethylaminc, but dropped to 20% if as  little as 1%) of amine was present. When X was 
H or  CH3, up to 50% amine was needed to maximize the yield of the azepine, 93. In 
addition, more azepine was produced using light of 2537 A than if the wavelength 
exceeded 2900 A78. 

NR2 

aN3- 

There are conflicting reports on whcther azepine formation occurs when phenyl 
azide is photolysed in r n e t h a n ~ l ~ ~ - ~ ~ ) .  However, in the presence of 3 M methoxide ion in 
methanol/dioxane, the azepine 94 was obtained in 35% yield79. This could be 
increased to 48% if 18-crown-6 was added. 

OCH, 

hu a”” 3 M CH30-. * 
CH30H/C,H ,O, 

iw 
When an o-acetyl group was present, ring expansion did occur in methanol, 

although yields still were lowcr than when the nucleophile was an amine81*82.83. For 
example, o-azidoacetophenone, 95, gave a 58% yield of the azepine 96 in methanol but 
a quantitative yield of 97 in the presencc of piperidinen*, Azepine yiclds of 58-72% 
were obtained from the photolysis of o-azidobenzoate esters in the presence of other 
alcohols, but the rcaction failcd when the starting azidc was substituted with an 
o-carboxylic acid o r  thioester rather than an acetoxy 

- 
NC5H10 3 a N3 CH30H hw q OCH, 

COCH, 

COCH, H COCH, 

(97) (95) (96) 

In ordcr to gain mechanistic information on the intermediates formed in the 
photolysis of aryl azides, azidobcnzenc was photolytically decomposed in a matrix at 
8”Kg4. Under these conditions the product detected was the cyclic ketenimine 98: This 
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can be viewed as a possible intermediate to azepine products. which could result from 
addition of the amine followed by proton transfcr. 

3. Nitrogen migration 

Aryl azides containing fused aromatic rings undergo a different reaction when 
photolysed in the presence of nucleophiles. For example, 2-azidonaphthalene 99 gives 
101, a product in which the nitrogen has migrated and thc nucleophile is bonded to the 
position originally occupied by the azide groupss,s6. The reaction always occurs 
between positions 1 and 2 rather than 2 and 3, i t .  99 + 101. It appears to involve the 
azirine intermediate loo8'; such can be detected if the photolysis is carried out in a 
matrix at 12"K8*. The fact that the product is 101 rather than 103 can be explained by a 
preference for the aromatic azirine 100 over the non-aromatic analogue, 102. 

(1 W )  (1 00) 

lBH IBH 
WB NH2 dB-& 

(1 03) (101 ) 

With few exceptions, the azide group must be /3 to the ring junction in order to 
observe efficient rearrangement. Usually, if the azide group is in the a-position, as in 
104, a complex mixture is obtained which includes the amine, 105, and the azo 
compound, 106, and no detectablc rearranged productsss. 

(1 04 (1 05) (1 06) 

The difference between a- and j?-azides has been attributed to at least two factors: 
(1) there would bc less favourablc resonance stabilization of the nitrene formed from 
the cr-azide, thus enhancing triplet nitrene formation and products therefrom; (2) 
nucleophilic attack at the a-position on an azirine intermediate would be substantially 
hindered over P-attack due to peri interaction. 

Anomalous behaviour of some a-aryl azidcs has been reported. 5-Azidoquinoline, 
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RNH 
\ 

I 
hH 

I N3 

R 
(1 09) (1 10) 

107, forms the azepine 108 when photolysed in the presence of amines'", while the 
8-azido isomer, 109, gives the diamine l l O R y .  In contrast, the a-azidoindoles 111 and 
112 gave complex mixtures while the /3-isorner 113 gave the expected diamines 114". 
In pipendine, I-azidonaphthalene, 115, gave both diamine regioisomers, 116 and 117; 
this appears to be the only reported case in which both isomers are formed. When the 
photolysis was carried out in the presence of tetrameihy!enediamine (TMEDA), a 
singlet sensitizer, only 117, the unusual isomer, was formed, in 75% yield. 

C02CH3 
H 

NH2 

Anomolous behaviour of some p-azidcs also occurs. Some 6-azidobenzo[b]- 
thiophcncs form azepines under certain conditions. For example, when 118 is irradiated 
for no more than 9 h or when pyrene is used as a cosolvent for the irradiation, the 
product is 119. in 12% or 22?h yield. respectively. Irradiation for 18 h in the absence 
of pyrcne gives, instead, a 12% yield of the expected diamine 120g3. 
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Very few reactions involving an azide group on a heterocyclic ring have been 
reported. In contrast to the behaviour of azide on carbocyclic rings. 
4-azido-7-chloroquinoline, 121, an a-azide, gives ring expansion and, in the presence 
of some amines, the rearranged diamine 12SY4. The /I-azide 126 appears to be very 

Reagent Azepine, % Diamine, ?h 

CH3O- 
C6H11NHZ 
!I -C4H gN H 2 
PhCHlNHz 

40-70% (122 + 123) 
40 
35 
5 5  

- 
25 

25 
- 

sensitive to the reagents used. As with 121. the use of methoxide seems to favour ring 
expansion94. Surprisingly, no such ring expansion occurs in the photolysis of 
3-azidopyridine, 127, in the prcsence of methoxide''. 

Secondary amines are the most commonly used nucleophiles to intercept reactive 
intermediates formed in thc photolysis of fused aryl azides. In addition, methoxide ion 
has been employed, but the course of the reaction is greatly influenccd by the base 
concentration and reaction conditions. For example, photolysis of 2-azidoanthracene, 
128, in the presence of 3 M potassium methoxide in methanol-dioxane, followed by 
brief refluxing or by overnight standing; gave nearly a quantitative yield of the 
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55% 

YH2 

126 - hu ~ N " ' " .  
C6H 1 lNH2 

24% 

(Ref. 95) 

(Ref. 94) 

78% 

NH2 (no azepine 
observed) 

hu 

CH30- C H 3 0 H  

(1 27) 

azepine, 12996. If the solution was neutralized immediately after photolysis, the product 
was 130 (60%). On the other hand, if the photolysis was accomplished in the presence 
of 0.5 M methoxide at room temperature or below, to minimize base-catalysed and 
thermal reactions, the prodlict was a mixture of 130 and 131. These differences can be 
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explained by considering the aziridine intermediate 132. Immediate neutralization 
allows acid-catalysed ring opening to give 130. Electrocyclic ring opening of 132 to a 
1H-azepine is a slower process, since it would involve an initial loss of aromatic 
stabilization energy. In the low temperature experiment, ring opening by rnethoxide 
attack would give 131, which could form 130 by loss of methanol. 

128 - 
.NH 

Photolysis of aryl azides in the presence of ethanethiol, which provides both a 
nucleophile and a wcak proton source, appears to give only rearranged amines. This is 
true even for those azides which one might expect to give azepine, such as 
4-azidotoluene 13397. 

B. Thermolysis of Aryl Azides 

Thermal decomposition of aromatic azides produces products of both intra- and 
intermolecular reactions. However, the former have been most extensively studied, 
and these transformations will be emphasized here. 

I. Formation of carbazoles and related compounds 

Thermolysis of appropriately substituted aryl azides gives carbazoles, often in better 
yields than those obtained by phot~lysis '~.  The reaction can be used to make not only 
carbazole derivatives but also related heterocyclic analogues such as 134y8. As with 
photolysis, the nature and yields of the products are affected by changes which 
influence the singlet nitrene, the intermediate leading to carbazolesyy.l"O. 

(1 w 
In the thermolysis of 135 the yield of the  singlet-derived product, 136, is increased 

when X is an electron-withdrawing group, thus increasing the electrophilic character of 
the nitrene intermediateln0. Electron-releasing substituents enhanced the 
triplet-derived product, 137, when therrnolysis was carried out  in the presence of 
acetophenone. 

When 138 was decomposed in either tetralin or  acetonitrile, a quantitative yield of 
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(1 37) 

139 was reportedlO1. However, if this azide was heated in dibutylamine, 139 was 
obtained in only 50% yield along with the aniline derivative 140 (40%). A carboline, 
142, was produccd by the thcrrnolysis of the trifluorornethyl derivative 141". 

2. Ortho-substitution with rearrangement 
Aryl azides of thc gcncral structure 143 rearrange thermally to givc a variety of 

heterocyclic compounds. A number of different aryl groups (Ar) have been employed; 
the X group is commonly S, CH2, SOz, 0 or CO. These reactions have recently been 
reviewedIo2.Io3, therefore only selected examples will be outlined hcre. 

The 'typical' reaction on an unsubstituted example appears deceivingly to involve 
simply a nitrene insertion. However, in those cases in which the aryl ring (Ar) bears 
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substituents, a more complex rearrangement is revealed. For example, thermolysis of 
144 gives 1451°4, and 146 gives the azepine, 147Io5. 

QqQ OCH3 =aT& 
\ / OCH, 

(1 46) (1 47) 

The mechanism of these reactions is generally accepted to involve the spiro 
intermediate 148. When the aryl ring of 143 is an aromatic heterocycle, still other 
reaction pathways from the spiro intermediate are observed, e.g. 149 + 150106+107. 

axlQR- N3 a;>o-. - 

(1 $8) 

R I + 
c N = R  147 145 

" CH, 

(1 49) 

s- \ 

CH3 I 
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Thermolysis of 151 gave the carbazole 152, while photolysis of 151 in the presence of 
acetophenone gave the phenothiazine 1531°3. 

/ 

3. Intramolecular cyclizations with polar substituents 

Aryl azides having a polar unsaturated substituent in the position ortho to the azide 
group readily lose nitrogen and form cyclic products. A variety of heterocyclic 
compounds can be prepared by this methodology. The reaction occurs at temperatures 
below that required for the generation of nitrcnes and is generally free of products 
associated with such intermediates. The mechanisms proposed arc either a concerted 
process or one involving an initial 1,3-dipolar cycloaddition followed, in most cases, by 
nitrogen loss, i.e. 154 + 155108~109~l10 or 156 + 157 - 158111*112. It is reasonable that 
both mechanistic pathways are available, and the choice depends upon the specific case 
in question. In any regard, the following examples illustrate the variety of products 

dT;l,v Qp+ \ C fi-N=N 

L C -  
(1 54) (1 55) 
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145 "C 
5796- 

(Ref. 110) 

(Ref. 108) 

(Ref. 108) 

@ \ / - 100% ,ooc @$ \ \ (Ref. 110) 

0 0 

dCH 144oc_ ($9 
II 
0 

(Ref. 113) 

X Yicld, ?h 

0 
S 
Se 

3 
22 
40 &12r 0 

120-- 130 "C 
t (Ref. 115) 

0 54-90% 
X = O . S . S e  
R = H. NO2 
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A 
Hot sand.100% * 

(Ref. 115) 

(Ref. 115) 

H (Ref. 116) 

+ ,N -Ar 
N=N-Ar 

P 70- 110-c 05% & 
(Ref. 117) 

(Ref. 103) 

available by these routes. The  last example, 159 -+ 160, is worthy of further comment. 
The formation of isoxazoles such as 160 appears to be a general reaction. However, 
upon further thermolysis, these appear to undergo equilibration with the nitrene, 161, 
and  this proceeds to 163 via the spiro intermediate 162In3. 

Aryl azides can also undergo cycloaddition to  unsaturated groups more remote from 
the aromatic ring, forming tricyclic systems. For  example, a series of compounds 



containing a triple bond, 164, gave the fused triazoles, 165. When a similar addition 
occurred with a side-chain double bond, the triazole (presumably formed initially) lost 
nitrogen to give aziridines, e.g. 166 + 167 and 168 + 169119. 

(1 68) (1 w 

The stereochemistry of the side-chain affect the course of the reaction. In the cis 
nitrile 170 the azide group adds to the C F N  triple bond. In contrast, the trans nitrile 
171 reacts at the carbon-carbon bond’2o. 



358 H. W. Moore and D. M. Goldish 

R’  R2 R3 Yield, 96 

-H 
- CI 
-H 

-H 
-c6HS 
-H 

-H 
-H 
-CHq 

28 
78 
85 

C N  
/ 

VI. PREPARATION OF A W L  AZIDES 

Acyl azides have most commonly been prepared by treating acid chlorides with 
sodium azide. This method is not entirely satisfactory since sodium azide has low 
solubility in organic solvents and thus must often be used in aqueous solution. 
Reactive acid chlorides may be hydrolysed under these conditions, while unreactive 
examples may be inert. If the mixture is heated, then the  possibility of the Curtius 
rearrangement exists, i.e. 

0 0 
II NaN3 II A 

R-C-CI R-CN, RN=C=O 

Several alternative preparations have been developed recently to circumvent these 
difficulties. 

Tetramethylguanidinium azide, 172, reacts with acid chlorides at sufficicntly low 
temperatures to permit isolation of the azide with no rearrangement to the isocyanate. 
This reagent has been uscd to prepare r-butyl azidoformate, 17312’. 

(1 72) (1 73) 

A mixture of pyridine and hydrazoic acid in toluene serves as a soluble source of 
azide ion. At 0°C treatment of a solution of this reagent with an acyl chloride gives an 
immediate precipitate of pyridinium chloride, leaving the acyl azide in solution. 
Quantitative yields of the acyl azides are reported1”. This method has been used 
successfully for conversion of the highly hindered acid chloride 174 to the 
corresponding acyl azideIz3. 
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H N 3 - -  pyridine rnJ 0 "C 

(1 74) 

A method that avoids handling hazardous hydrazoic acid is the use of 
tetrabutyiammonium azide. This salt can be extracted from aqueous solution by 
dichloromethane, and can be isolated in pure crystalline form and used in a number of 
different organic solvents. Yields of the acyl azides were 84-97%, based on evolution 
of nitrogen upon hcating, or  52-89%, based on isolation of the product of the reaction 
of the isocyanate with aniline"". 

0 0 
II 

NaN RCCl 1 1  
(C,HCJ)~N+OH (C4H9)4Nt N g  - RCN, 

0 0 
II 

t RNHCNHCGH~ 
II A 'SHgNH2 

RCN3 RN=C=O 

Diphenyl phosphorazidate, 175, can be used to convert a carboxylic acid directly to 
the azide, without requiring the intermediate acid chloride'25. The mechanism appears 
to involve a cyclic transition state, 176lZ6. The same reagent can be used to produce 
peptide coupling directly, with no need for isolation of the acyl azide, using amino 
acids containing a wide variety of functional groups127. 

0C6H5 
OH 
I *o... / 
I , I \  

R -9.. P-OC(jH5 

N<,;+N ' 0- 

(1 76) 

A reagent that appears to have wide applicabi!ity, when the acyl azide is to be 
converted to the isocyanate, is trimethylsilyl azide (TMSA). This reagent reacts not 
only with acid chlorides and anhydrides'28.129, but also with especially reactive esters 
and l a c t ~ n e s l ~ ~ .  The reaction is carried out without a solvent or in refluxing carbon 
tetrachloride or toluenc, and the acyl azide is immediately Converted to the isocyanate. 

0 0 
II II 

RCCl + (CH,),SiN, - RCN3 + (CH3),SiCI 
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If an acid chloride is unreactive under these conditions, addition of trace amounts of 
powdered potassium azide and 18-crown-6, along with the trimethylsilyl azide, effects 
the reaction in good yieldI3l. 

TMSA 0 KN3.18-crown-6 

- 
H20 HCI &NH2-Hc' 

T M S A  
/ 

KN3 .18-crown-6 

88% 

0 

- ,N=C=O 

'OC2H5 

C ~ H S O H  

1 
0 

@rOCZH5 0C2H5 

61% 

The reaction of TMSA with anhydrides produces, in addition to the isocyanate, the 
trimethylsilyl ester. This may be hydrolysed readily to recover the acid. When a cyclic 
anhydride is used, the product, 177, contains two functional groups that can react with 

0 0  0 
II I1 TMSA II 

C3H7COCC3H7 - C3H7COSi(CH3), + C3H,N=C=0 

each other. Although 177 is found entirely in the open chain form, 178 appears to give 
an equilibrium mixture containing 20% of the cyclized product. 179. Hydrolysis of the 
mixture gives isatoic anhydride, 180. 
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The reaction of maleic anhydride with TMSA to give 181 is notable in a number of 
respects. The reaction occurs so vigorously that it must be modified by dilution with 
ben~ene '~ ' .  Reaction occurs at the carbonyl, rather than at the double bond, and the 
product, 181, exists entirely in the cyclic form. Substituted malcic anhydrides could 

(181) 

give two possible products, 182 and 183. When R is methyl or a halogen, the product is 
182. When R is a phenyl group, 182 still predominates, but 10-45% of 183 is also 
formed. The product ratios do  not appear to be very predictable. The two products, 
182 and 183 are separable, giving access to both systems, which are of potential 
biological interest'33. 

R Yield, u/o 182, % 183,% 
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Acyl azides can also be prepared by treating the acyl hydrazide with nitrous acid. 

0 0 

RCNHNH2 RCN3 
II NaNo2 1 1  

An attempt to use this method with a y-keto acyl hydrazide, 184, led, not to the azide, 
but to a pyridazine derivative, 185, formed by internal condensation. The preparation 
of the desired azide from the corresponding acid chloride was successful 134. 

VII. REACTIONS OF ACYL AZIDES 

A. Thermolysis of Acyl h ides  

The most common reaction of acyl azides is the Curtius rearrangement to isocyan- 
ates. This rearrangement may take place during the preparation of the azide if the 
reaction is carried out at elevated temperatures. The isocyanate can then add protic 
reagents. 

0 
I1 A H20 

RCN3 R-N=C=O - RNH, 

I R’OH, 
RNH-C- OR’ 

Intramolecular cycloaddition reactions of the isocyanate often occur when an aryl 
group is adjacent to the azide. In the conversion of 186 to 188, such cyclization occurs 
rapidly enough that the isocyanate, 187, cannot be isolated when R’ is phenyl, 

although it is isolable when R1 = H and R2 = When 189 is heated in dry 
dimethylacetamide at 6O-7O0C, both azide groups rearrange, but cyclization occurs 
with only one, giving 190. Heating in ethanol produces 191 rather than 192, indicating 
that cyclization is rapid relative to alcoholysis of the i ~ o c y a n a t e ’ ~ ~ .  For 193, both acyl 
azide groups rearrange before further reaction occurs137. 
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0 

B. Photolysis of Acyl Azides 

Photolysis of acyl azides gives both nitrene formation and rearrangement to the 
isocyanate. Photolysis of 194 gives, among other  products, 195 that is 98% optically 
pure 138, a rcsult consistent with formation of the singlet nitrene. 

0 
II 

I 
CN3 
I 

I 
(CH2)3 

I I 

N=C=O 

(CH2)3 

CH3-C-H CH3-C-H 
+ c ' 3 Q 0 +  Po I hv 

CH2C6H5 CH2C6H5 CH2 ' CH3-C-H 
I I 

C6H5 CH 2C6H5 
(I'M) 

(1 95) 
The  relativc amounts of isocyanate and nitrene depend markedly o n  the nature of 

the ~ o i v e n t ~ ~ ' .  In halogen-free solvents (except acetone) the yield of isocyanate is 
40-50%. In halogenated methanes. the yield of isocyanate is higher. In acetone, only 
5% isocyanate was formed along with 55% of 198. An analogous product. 199, was 
formed in acetonitrile, along with 47%1 of the isocyanate. T h e  usual nitrene products in 
hydrocarbon solvents were the amide rcsulting from insertion in a C-H bond, 196, 
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0 0 
II II 

0 

RN=C=O + RCNR' + RCNH2 
I1 

RCN, :L 
H 

0 N--O 
II hw 

C6H5CN3 C H ~ - C - C H ~  * 
II 

and 0-7% of 197. In methanol, 27% of 197 was formed at 10-17"C, but only 1.5% at 
-60°C; the other product in addition to the isocyanate was 200, resulting from inser- 
tion in the 0 - H  bond rather than a C-H bond. 

Photolysis of acyl azides in the presence of diketene gives approximately 17% of 
201, in addition to the photo-Curtius rearrangement 140. The mechanism is thought to 
involve addition of a nitrene to the carbon-carbon double bond to form 202, followed 
by rearrangement to 201. 

HO. 

Ihv 

hw - 
R = -H, -OCH3, -CH3. -CI 

Ar-C=O 
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C. Addition of Acyl h i d e s  to Double Bonds 

A number of examples have been reported of addition of acyl azides to double 
to form triazoles or, with loss of nitrogen, aziridines. 

When an acyl azide is added to an a-keto or a-carbethoxy phosphorus ylide, 203, the 
initially formed N-1 substituted triazoles 204 isomerized to the N-2 substituted triazole 
205 under the basic reaction  condition^'^^. Working up the reaction mixture prior to 

0 R 2  0 R1,-I,R2 ~ R',, II I II 
R'-c-C=fl(C&5).-~ -k R3-CN3 - 

N,N/N 

N * N - N K R 3  0 ~ 3 - L = 0  

(204) (205) 
R' = CH3-, C&IS-- 

R2 = H--. CH3- 

R3 = CH3-,m- aiid p-CH&X6H4- 

C~HSO-, m- and p-N02C6H4- 

completion allowed isolation of 204. N o  isomcrization occurred when a solution of 204 
was heated, with or without the addition of triphenyl phosphine oxide. Aryl migration 
did occur in the presence of the ylide 203 or other bases such as triethylamine. When a 
mixture of two different compounds (204 with different R3 groups) was used, the 
cross-product was formed, indicating that the reaction is not an intramolecular pro- 
cess. This isomerization was found to bc general for 1-acyl triazoles. As a result of this 
facile rearrangement compounds identified prcviously as 1-acyl tnazoles were in fact 
the 2-acyl isomers. 

1 .  

2. 
3. 

4. 
5. 
6. 
7. 
8. 
9. 

10. 
1 1 .  
12. 
13. 

14. 
15. 
16. 
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I. INTRODUCTION 

Extensive studies of the radiation chemistry of halocarbons have been carried out 
since the previous review of this topic appeared in this series'. In that review, by 
Biihler, emphasis was placed on the fundamental radiolytic processes such as electron 
attachment and electron scavenging, reactions of excited molecules and reactions of 

369 
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o ther  short-lived intermediates. Many of the recent studies contribute to the  
understanding of basic radiolytic behaviour by providing more  detailed information 
that supports existing models a n d  concepts. Thc basic picture of the radiation 
chemistry of halocarbons, as i t  appeared in the earlier review, was  not altered by these 
studies. This situation is not limited t o  halocarbons, bu t  reflects developments and the  
current status of radiation chemistry in general. 

T h e  present rcview of the radiation chemistry of halocarbons covers the literature to  
the end  of 1980 and dcals with thc main topics covered by Buhler ' .  A relatively large 
amount of space has bccn devoted to radiation-induced radical reactions, a subject 
that has not bccn extensively discussed previously. In the  current survey an  effort was 
made  to preserve the continuity of  the review without presenting material already 
covered by Buhler. O n  the whole this goal was achieved by organizing the  material 
along the lines established in thc previous work. In some cases, however, a certain 
dcgree of overlap betwccn the two texts could not  be  avoidcd. 

II. OUTLINE OF BASIC FEATURES 

As a basis for a survey of recent work i t  is necessary to  first rccall thc known and well 
established general features of thc radiation chemistry of halocarbons, which are a s  
follows: 

(1) In the initial steps of interaction of ionizing radiation with halocarbons (Rx), 
molecular cations and excited halocarbon molecules a r c  formed. 

(2) These species carry excess energy cither by virtue of bcing in the highly excited 
clectronic states of both RX and RX' or  a s  kinetic energy in the  case of the  electron. 
Under  most conditions (with the exception of a few cases such as at very low RX 
pressures) most of this energy is dissipated in the medium. Consequently, almost 
all t he  chcmical change induced by radiation can be described in terms of reactions in 
which RX and RX' arc in o n e  or a fcw low-lying excited states and the clcctrons a re  
thermalizcd. 

( 3 )  Initially forrncd excited molccules a s  well a s  additional excited molecules 
generated in  the neutralization reaction between RX' and  i h e  thermal clectrons 

R X + +  e- - RX* (3) 

either decay by radiative and nun-radiative proccsses or dccompose into stablc 
products (PI. P2) or radicals (R" a n d  R): 

R X *  - P' +P2 
RX* - R" + P2X' 
R X *  - R' + X' 

I n  halocarbons, with thc  exception of fluoro compounds, the C-X bond is wcaker 
than thc C-C or C-H bond. Therefore pathways involving the  rupture of the  C-X 
bond represent thc most favourable route of decomposition of the excited R X  
molecules. On thc other hand. in fluorocarbons. where the C-F bond is stronger than 
thc C-C bond, C-C scission is favoured. 

(4) Because of the high clcctron affinity of the halogen atom, R X  compounds 



9. Radiation chemistry of halocarbons 37 1 

readily undergo dissociative and non-dissociativc electron capture reactions in which 
anions and radicals are formed: 

Fast 
R X + e -  - (FIX-) - R ' + X -  
RX + e -  - RX- 

Again the behaviour of fluorocarbons is differcnt from that of the other halocarbons. 
While in the latter compounds dissociative clectron capturc is usually observed, the 
former compounds in their reactions with thermal electrons often gcnerate long-lived 
molecular anions. 

( 5 )  Depending on expcrimental conditions such as phase and temperature, most of 
the product formation in irradiated halocarbons can be accounted for by unimolecular 
ionic and radical reactions and by bimolecular reactions bctween the ions and radicals 
and with RX. These reactions, and therefore the naturc o f  the final products fornicd, 
strongly depend not only o n  the properties of the halogen substituent but also on  thc 
structure and composition of R. 

Studies aimed at the elucidation of the radiation chemistry of different systems can 
be dividcd into two cornplcmentary categories: studies concerned mainly with the 
detection and reactions of intermediates and studies in which the primary object is to 
determine the ovcrall chemical change. Both of thcsc aspects will be dealt with in the 
present review. 

111. FORMATION AND REACTIONS OF CHARGED INTERMEDIATES 

A. The Reactions of Electrons with Haloalkanes 

1. ESR studies 

Most ESR studies of intcrrnediatcs formed as a result of electron attachment to 
halocarbons have been carried out in rigid glassy or  solid matrices at ternpcratures 
around 77 K. These conditions allow detection and identification of radical anion 
species and radicals which have very short lifetimes in thc liquid and gas phases at  
considerably higher temperatures. In  some cases phasc and ternpcrature also 
dctermine the nature of spccies formed. Therefore, ESR findings undcr a given set of 
conditions cannot always be extrapolated straightforwardly to othcr systcms and 
different conditions. 

Mishra and S y r n o n ~ ~ . ~  have carried out extensive ESR studies of electron capture 
processes. They havc shown4 that decomposition pathways following electron capture 
in compounds having the general formula RCCl3 depend on the properties of R as well 
as on the environmcnt in which the proccss takes place. For R = H, CH3, C1 and 
CCl3C0 the main species formed a t  77 K in pure cornpounds and in methanol glassy 
solutions were the radicals 'CHCI,, 'CC12CH3, 'CCI3 and 'CCI2COCC13, respectively. 
These compounds thus follow the generally accepted and well established' pattern of 
dissociative electron capture in simple chloro-, bromo- and iodoalkanes. 

O n  the o ther  hand, in pure trichloronitromethane (R = NOZ)(' the dissociative 
electron capturc takes the route 

CCI,NO, + e- - CCI,- + 'NO, (9) 

CCI,NO, + e- - 'CCI, + NO2- (1 0) 

while in C D 3 0 D  the main process appears to be 
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with a minor contribution of thc pathway 

CC13N02 + e- - C12-' + CICN02 (14) 

This difference bctwecn thc dissociation in polar niedia and inert media was ascribed 
to preferential solvation of small anionic species in CD30D which promotcs the 
dissociation into NO?. Solvent effect was observed also for the dissociative electron 
capture by CCl3P(O>(OH),. In this case the two modes of dissociation are as follows: 

CCl3P(0)(OH), + e- - 'CCI, + H2PO3- (1 2) 

(1 3) CC13P(O)(OH)2 + e- - Cl&P(O)(OH)2 + CI- 

Thc-first process (equation 12) was obscrvcd in the neat conipound while in CD30D,  
C12CP(0)(OH)2 was the predominant radical species. 

Preferential cjcction of small anionic species in polar medium is revealed in the 
electron capture reactions of chl~robromomcthanes~. In methanol BrCH2CI, BrCHC12 
and BrCC13 eject CI- and not Br-. as in the pure compounds. Solvation in this case is 
assumed to take place by hydrogen bonding at the morc elcctronegative C1 atom: 

BrCH2CI + e- - BrH2C-Cl-"HOMe - BrH& + CI- + HOMe 

A different aspect of the effcct of the medium on the fate of the species formed by 
clcctron capture is revealed in solid solutions of acetonitrilc. In this solvent alkyl 
radical-halide ion weak interaction results in the formation of an adduct having the 
structure R--.X-. This typc of behaviour was rcported by Spraguc and Williams8 for 
McBr and by Mishra and Symons' for MeBr, Me1 and EtI. For the decay of the 
CH;-.-Br- pair a rate constant of 0.012 min-' at 77 K and an activation energy of 
1.56 kcal mo1-l was recently estimated by Spragucl'. 

Ejection of dihalide radical anion Xz' in gamma-irradiated 1,2-dihalides such as 
CICH2CH2CI, BrCH2CHlBr and ICH,CH*I was rationalized by Mishra and Symons" 
in terms of the interesting single-step clcctron capture process: 

(1 4) 
MeOH 

XCH2CH2X + e- - CH2=CH2 + X2-* (1 5) 

Howcvcr, these authors did not excludc thc possibility that the  dihalide radical 

XCH2CH2X + e- - XCH,CHi + X- (16) 

XCH,CH,+X- - CH,=CH2 + X2-' (1 7) 

anion is formcd in an alternative two-stage process: 

One would expect that in a similar fashion CICHzCHzCN would give the CICN-. 
anion. Howcver, this compound. as wcll as ClCH2CN and Br2CHCN, undergoes a 
simple onc-stage reaction in which a halide ion is eliminated and a cyano radical is 
fornicd I ? .  

Non-dissociativc electron capture, as cvidcnce by thc formation of parent radical 
anions, has been reported for CBr4I3. In general, stable radical anions are generated 
only from fluorocarbons or from substituted halo compounds in which the strongly 
electronegative substituent can accommodatc thc additional electron. Williams and- 
 colleague^'^." have clearly identified the radical anions c-C3Fi', c-C4F8' and c-C~Flo 
in ESR studies o f  gamma-irradiated solid solutions of parcnt perfluorocycloalkanes in 
neopentane and tctramcthylsilane at 77 K .  Under thesc conditions compounds such as 
CFSCI, CF3Br, CFJ and CFlC12 also yicld parcnt radical anions. Thcse radical anions 
arc not as stable as those derived from pcrfluorocycioalkanes a11d dissociate readily at 
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temperatures around 100 K.  As evidcnccd by thc ESR spectra, fluoride anion is not 
released in this dissociation reaction. Only 'CF3 radical is formed in irradiatcd CF3CI, 
CF3Br and  CF31. 

ESR spectra assigned to radical anionic species? have bccn obscrved in irradiated 
a-iodoacctamide'"". broniomalonamidc'X and  monochloroacctic acid19. FOI thc iodo 
compound it has bccn suggested'.I'' that, following electron capturc, the initially 
formed anion radical 1 undergoes rearrangement and t h c  ESR spectrum is of thc 
rearranged spccics 2: 

ICH2CONH2 + e- - ICH,C(NH,)O-' (18) 

/I 

\NH* 
ICH,C(NH,)O-' H&-C-0- H2CCONH2 + I- (1 9) 

(1 1 (2) 

In monochloroacctic acid the anionic spccics is presumably the  p-chloroacetic acid 
anion radical CICH2C(OH)O-' '.I1'. which undergoes dissociation followed by 
hydrogen abstraction: 

CICH2C(OH)O-' - CI- + 'CH2C02H (20) 

'CH2C02H + CICH2C02H - CH3C02H + CICHC02H (21) 

2. Electron scavenging in aqueous solutions 

Absolute ratc constants for thc reaction o f  hydrated electrons (e,) determined 
mainly by the combination of pulse radiolysis with fast measurement of conductivity 
build-up. are summarized in Table 1 .  In  addition to providing kinetic information, 
studies of this type in which G(X-) is dctcrmined also pcrmit cxamination of the  fate 
of the species formed in thc clcctron capture process. (G here and elsewhere stands for 
yield in molecules per 100 e V  of absorbcd energy.) 

Based on  the observation that G(X-) in pulsc radiolytic studies, particularly in 
acidic solution, was considerably lower than in continuous irradiation studies and 
lower than G(e,), Kocstcr and A s ~ u s ~ ~  suggcstcd a non-dissociative route for 
electron capture by fluorobenzene. In subscqucnt studies by Lichtschcidl and 
G ~ t o f f ' ~ . ~ ~  it was shown, howcver. that the low G(X-) values were due  to  incomplete 
scavenging of c ~ ,  because of the competition with the  fast ( k  = 10"' M - ~ s - ' )  
neutralization reaction? 

ezq + H+ - H' (22) 

It  was also shown that the  part of eFq scavenged by R X  was quantitatively converted 
into X- .  These authors thus concluded that for all thc aromatic compounds listed in 
Table 1 the expected G(X-) values, at  low dose rate and in basic solution, should be 
equal t o  G(e&), i.e. to 2.7, provided of course that the Rx was present at the necessary 
high concentration. 

A rather interesting phenomenon was obscrvcd in photolytic and radiolytic steady 
state studies in which the  rate constants for the  reaction of solvatcd electrons with 
organic halides were determincd compctitively versus electron scavcnging by N 2 0 :  

ezq + N20  - N2 + 0- , (23) 
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For CHC13. CCIJ, PrBr and other alkyl halides known to undergo dissociative electron 
capture the rate constant ratio k(e, + RX)/k(eiq + N20) determined by product 
analysis, was found to be considerably lower than the value estimated from the directly 
determined individual rate constants. This anomaly was rationalized by Logan and 
Wilmot26 by the assumption that, in those cases in which i t  was observed, electron 
capture was reversible. As thesc authors noticed, the main argument against this 
assumption is that i t  requires a rather long-lived RX-’. I t  is then not clear why during 
its long lifetime this species escapes reaction with other solutes. It should be stressed 
that, apart from the complications reported by Logan and Wilmot, their results clearly 
indicate that direct pulse radiolytic determination of k(e, + RX) is a more reliable 
method than the competitive determination of this rate constant based on product 
analysis in steady state studies. 

Nitro-’7.’8, cyano-2’ and a c ~ t o - ~ ~  substituted aromatic halogen-containing 
compounds yield relatively stable and optically detectable anion radicals in their 
reactions with elq: 

XAC,jH,Y + ezq - XACcH49- (25) 

whcre Y is the substituent at which the anion radical centre is initially formed and X 
denotes a halogen atom bound to the benzene ring directly o r  via a bridging group A. 
Using mainly kinetic spectrophotometric pulse radiolytic techniques Bchar and 
Net~i”-~” studied the formation and subsequent reactions of these anion radica!s. In 
some cases the reduction of the parent compounds was carried out by (CH3)2COH 
radicals and (CH3)zCO- anion radicals formed upon radiolysis of neutral and alkaline 
solutions of isopropyl alcohol. respectively. The decay of the halosubstituted anion 
radicals was monitored and found to obey either second order or first order kinetics. In 
the  latter case, intramolecular electron transfer followed by unimolecular cleavage of 
the C-X bond took place. 

XC6H4Y- Or XAC,H,Y- - x- ‘C6H4Y Or ‘AC6H4Y (26) 

and was verified by direct determination of the halide anions formed upon 
gamma-radiolysis of the same solutions. 

The dehalogenation rate constants determined by Behar and Neta are summarized 
in Table 2. Inspection of these rate constants reveals some characteristic reactivity 
pattcrns. Thus in the series of the nitro-centred anion radicals”.z8 the strongly bound 
halogen atoms attached directly to the benzene ring do not undergo cleavage. On the 
other hand, when the C-X bond is relatively weak, as i t  is in the nitrobenzyl halides, 
dehalogenation occurs readily. Dchalogcnation is also inhibited by insertion of various 
groups between the halogen atom and the benzene ring. Presumably, as has been 
suggested by Neta and Behar. this behaviour reflects the interference of the inserted 
group with the  intramolecular electron transfer from the initially formed radical anion 
to the halogen atom. The limited data did not permit the authors to arrive at a 
quantitative structure-reactivity correlation. They were, however, able to show a 
qualitative correlation between reactivity in dehalogenation and spin density 
distribution in the anion radical as estimated from ESR parameters3”. 

It is worth mentioning that in contrast to the previously described behaviour 
halogenated aliphatic peroxyl anion radicals ‘O2CCIz0-, ‘02CHCI05, ‘OzCF2COj 
and ‘02CH2CO;! do not undergo intramolecular deha logenat i~n~’ .  Instead, as has 
been shown in pulse radiolytic studies, these anion radicals can transfer the  electron to 
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TABLE 2. Rate constants (in s-’) of dehalogenation of anion radicals . 
XAC6HdY .- + X- + ‘AC6H4Y 

Y 

0-CI - 9 x 106 1.5 x 1-03 

0-1 < 1’8 - - 
p-CI < 1’8 5 x 10” -10’ 
p-Br - > 3  x 107 5 x 1 0 3  

n2-CI < 1’8 4 x 104 - 
MI-Br - 8 x 10” -10’ 
o-CICH~ 1 10427 - - 
o-BrCH- 4 x 1 0 5  27 - - 
p-CICHz 4 x 103 Z7 > 3  107 - 
p-BrCH2 1.7 10527 >6 x 107 - 
p-ICH? 5.7 105’7 - - 
~ I - C I C H ~  < 5’7 
m-BrCI-I 2 6 x 10’7 1.3 x lo7 - 
p-ICH2 3 10337 - - 
p-BrCH’CH2 0.2’8 - - 
p-BrCH2CO 4.1 x 10J2’ - - 
rn-BrCHICO 1.5 x 1 0 ’ ~ ~  - - 
p-CICH ~ C 0 2  < I ’ X  - - 

0-CICH ?CON H < 3  
p-CI(CI-I2CH’0)2 < I  

- 5 x 10’ o-Br - 

P-I < 1’8 - 1.4 x lo-’ 

- 1.5 x lo4 

- - p-ICH’C02 30 
- - 
- - 

compounds such as ascorbic acid. Thc ascorbic acid anion radical is formed with a G 
value of 2.7, indicating that thc electron transfer reaction of thc pcroxyl anion radical 
is thc only pathway by which these species rcact. 

3. Electron scavenging in non-polar liquids 

In non-polar liquids only a small fraction of thc electrons formed succeed in 
escaping the coulombic ficld of thc parent cation. These electrons arc known as free 
electrons and their yield is denoted as Gf,. Unless an electron scavenger is added to the 
system thc niajor part of the initially formed electrons rccombine with the parent 
cations. These ‘paired’ electrons are non-homogeneously distributed throughout the 
solution and their yield is denoted as Ggl. 

Practically all ratc constants of electron scavenging in non-polar liquids, mainly 
alkanes, were determincd from product analysis in continuous irradiation studies. 
Quite obviously the rate constants as well as their exact mcaning depend strongly on 
the model used for thc electron scavenging process. The most successful and widely 
applicable modcl of electron scavenging in non-polar liquids was proposed by 
Warnian. Asmus and Schuler”. Most of thc recent studies3M4 of the clcctron capture 
reactions of halocarbons are based on this model and thcrefore its main aspects will be 
briefly presented herc. A more detailed discussion can bc found in thc original work32 
as wcll as in thc carlier review in this serics. 

The model assumcs that in a purc non-polar liquid such as an alkanc (RH) the main 
proccsscs arc as follows: 
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RH - Molecular products (27) 
RH - [RH+ + e-] - Products ( PRH) 
RH - RHt + e- - Products (PRH) 

Elcctron capturc by an clectron scavcnger (S). 

e - + S  - s- - Products (30) 

changes the original product distribution. The yields of products formed as a result of 
the neutralization reactions of 'paired' and free electrons (reactions 28  and 29, 
respectively) is rcduced. This reduction in t h c  yicld of products derived from thc 
solvent (PRH) is accompanied by concurrcnt formation of products from the scavcnger 
(Ps). The semi-empirical correlation of Warman and coworkers. based on the 
approach of Hummel", prcdicts that the  rclationship betwcen Ps and the  clectron 
scavenging reactivity of thc solute should bc givcn by the following expression: 

whcre as is (by definition) the reactivity of thc scavcnger (S) towards electrons; as is 
proportional to the rate constant k(e- + S). 

Thc applicability of this equation was tested in a numbcr of solvents containing 
halocarbons as well as other clectron scavcngers. It was found to have very good 
predictive power, particularly at low scavenger concentrations when equation (30a) 
reduces to thc niorc simple form 

G(P,) = Gfi + Gg,[as[s]]"z. (30b) 

The effect of external electric field on electron scavenging in the rz-hexane-MeBr 
system was also found46 to obcy equations (30a) and (30b). Furthcrmorc, it has been 
s h o ~ n ~ ~ , ~ ~  that the decrease in PRH, particularly when it is HZ, is proportional to the in- 
crease in Ps, i.e. A[PR"] = -fA[Ps]. When this condition is observed and f is known, 
as can be estimated from the variation of [PRH] with [S]. As has been stated before, 
the best agreement between the experimentally determined G(Ps) values and those 
predicted on thc basis of the correlation given by equations (30a) and (30b) is 
observed in systcms containing a singlc clectron scavcnger at  low concentration. At  
high solute concentrations and in  systems in which two scavengcrs compete for thc 
electrons, departure from the prcdicted behaviour is observed. Typical examples 
include systems in which HCI formation from solutions of PhCl and PhCH2CI in 
~ y c l o h e x a n e ~ ~  and solutions of CHCl3 and CClj in ~ i - h c x a n e ~ " ~ ~  werc determined. In 
these systems G(HCI) was found to cxceed thc values expected from cquation (30a). 
A similar observation was rcportcd for G(MeH) in solutions of MeCl and McBr in 
cyclohexanc. In competitivc studics of elcctron scavenging by  EtBr and MeCl in 
cyclohcxane, G(Me) was lower than calculated from thc separatcly detcrmincd aMcCl 
and aEtBr values33, and the same pattern was revealed in conccntratcd solutions of 
MeCl with other elcctron scavengers3". 

The causes of the complications occurring at high scavcnger concentrations and in 
compctitive systems can bc traced back to the assumptions and approximations made 
in the dcrivation of equation (30a). Thus, as has been noted by Davids and 
coworkers3', reactions of specics other than electrons with the solute may lead to the 
same products as thosc formed as a rcsult of electron capture. The probability that 
such reactions will occur increascs at high solute concentrations. Furthermore, at these 
high conccntrations the added solute may alter the initial separation distribution 
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between the  electrons and  the molecular cations. According to Yakovlev and 
coworkers4', who used a non-homogcneous model for the kinetics of electron-ion 
recombination, serious deviation from equation (30a) can be expected when the solute 
concentration is in excess of I M .  

Complications in competitive studies can be ascribed to  electron transfer reactions 
between the solutes. These  reactions can be very fast, as has been shown by Bockrath 
and D ~ r f r n a n ~ ~ ,  who found rate constants close to the diffusion-controlled limit for the 
electron transfer between BuI  and biphenylidc (9.4 x 1 Oy M - '  s-') and  naphthalenide 
(7.4 x lo9 M-'  s-l) radical anions. A lifetime of 30 ns has been e ~ t i r n a t e d ~ ~ . ~ ~  of 
MeCI-' in cyclohexane. This  lifetime appears to be sufficiently long to  allow electron 
transfer to another solute present at  high Concentration to compete with the 
unimolecular dissociation: 

MeCI-' - Me' + CI- (31 1 

T h e  estimation of absolute as values from Gg,a1I2 values obtained from slopes of 
plots of G(Ps) against [S]II2 requires knowledge of C,, which is estimated from 
experiments a t  high [S]. Ggi cannot be determined as accurately as the product Gglai/2 
and therefore, as has been rightly pointed o u t  by Davids and  coworkers3', relative as 
values in the  same solvent a r e  more reliable than their absolute values. Inspection of 

TABLE 3. Elcctron scavenging as values (in M-') and relative rate constants 

Solvent S US k ( e -  + S ) / k ( e -  + MeBr) 

ti-Hcxane 

Isooctanc 

Ncopentane"' 

Cyclohexane MeCl 
McBr 
Me1 
EtCl 
EtBr 
CC14 
Ph' 
c - C ~ F ~  
c - C ~ F ~ '  
N '0 
SF6 
PhBr 
MeBr 
CCI' 
CHC13 
N 2 0  

SFO 
PhBr 
MeBr 
EtBr 
SF6 
N'O 
PhBr 
MeBr 
EtBr 
MeCl 
CClj 
S Fc, 
N 7 0  

536, 3.423' 
1636. g3' 

0.2436 
2236 

I 036 
1236. 8.1" 
Is3", 2.739, 6.339 
1436 
2 130 

836 

1636 

10.24" 
13.341 
7.34' 
3.24" 

1 1.24" 
1 2 . 1 ~ ~  

53' 

4.04" 
13.343 

1 0 . ~ 4 3  

24.7". 23.6'" 

65". G54" 

- 

0.31 36, 0.3S3' 
I .OP, I .0039 
1 .3836 
0 . 0 2 ~ ~  
0.6336 
0.7536, 0.9O3' 
0.9436, 0.33', 0.7"' 
- 
- 
- 
0.9 

1 .oo 
1.30 
0.72 
0.3 1 
1 .10  

- 

- 
I ,0034.. 10040 
0.20 
2.6334, 2.7540 
0.17 

1 .oo 
0.12 

6.2 
6.2 
0.2 

- 

- 0 
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TABLE 4. Typical rate constants (in s1-I s-' x 10") for the reaction o f  t h e  quasi-free 
electrons determined from electron mobilities" 

Reactant 

Solvent SF, N z O  MeCl CCIJ EtBr EtCl CICH=CCIz 

- - Cyclohexanc 4.0 2.4 1.40 2.7 2.0 
Isooctanc 58  96 - - 5.1 <O.OOY 3s  
tI-Hexanc 1 .!I 1 .OY - 1.32 - 2.6 2.6 

recently determined absolute and relative as values sunimarized in Table 3 shows that  
this is indeed the casc. 

The as valucs of Table 3 fall within a narrow range as compared to the large spread 
obscrvcd between thc gas-phase clectron capturc ratc constants for the samc 
compounds. Despite thc narrow spread in  as values, they still show a solvent 
dcpendencc. Ito and HatanoJy.50 suggested that the comparatively large spread in 
relative k(e- + S) values in ncopentanc can be considered to be an indication of the 
gas-like charactcr of electron scavcnging in this liquid to which diffusion kinetics, 
assumed in othcr solvents, does not apply. I'he relativc k ( c -  + S) values in neopentane 
were derived from conipctitive studies which were based on the  assumption that 
conventional competitive kinctics could be applied to this system because only free 
electrons were captured. This assuniption does not seem to be complctely justified 
under all the expcrimental conditions used by Ito and hat an^"^.^^. Thus the relative 
reactivities obtained may not be too accuratc. Despite these inaccuracies the 
qualitative conclusions of Ito and Hatano arc supported by thc findings that the rate 
constants of the reactions of quasi-free elcctrons with various scavengers show a 
larger spread in ncopentanc than in n-hcxane and cyclohcxane".". In this context i t  is 
worth mentioning that it has been suggested by Boriyev and Y a k ~ v l e v ~ ~  that in 
neopentane. which has the highest clectron mobility of the hydrocarbons listed in 
Table 3 ,  the use of diffusion concepts lcads to overestimated a-values. 

In theory, as = f x k(e- + S), where the coefficient f is essentially a function of 
mobility or, which is the same, the diffusion coefficients of the ionic species in the 
liquid. Various models have bcen s~gges t ec~~~ .~~ . " - ' "  to cstimatc thc cffect of mobility 
and spatial distribution of ion  pairs o n  the rates of clcctron scavenging. In gcncral. all 
these models yield, for the compounds listcd in Tablc 3, k ( c -  + S) valucs of thc order 
of magnitude of 10'1-1013 hi-l  s-]. I t  should be emphasized though that the rate 
constants thus obtained reprcscnt mean valucs dcrivcd by avcraging procedures that  
depend on the model used. Typical k(e- + S) values estimated by Allen and 
coworkers5' from clectron mobility determinations are presented in Table 4. 

B. Cationic Species 

1. Identity of cationic species 

'I'he identity of the cationic species formed upon exposurc of halocarbons to ionizing 
radiation was the subject of scvcral recent investigations which were conductcd mainly 
in  condensed systems. Evidence obtaincd in these studics indicates that, becausc of 
various secondary reactions, primary molecular cations generatcd by clectron cjection 
from thc irradiated halocarbon moleculc are not the only positively charged species 
prcsent in the irradiatcd system. 

In the pulse radiolysis of Jz-BuCl at 133 K,  as well as in matrix isolation studies of 
gamma-irradiated solid 11-BuCI at 77 K. Arai and  coworker^'^ found evidcnce for the 
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formation of two different cationic species having a common precursor. These species 
are long-lived butene cations and short-lived butyl chloride cations with absorption 
maxima at 450 and 550 nm, respectively. 

' C,Hi' + HCI 

The common precursor (n-BuCI")* is a vibrationally or electronically excited ti-BuCI 
cation which undergoes a very fast charge transfer rcaction with added biphenyl: 

(33) 

Similar behaviour was also observed in s-BuCl. 
In  the pulse radiolysis of 1,2-dichloroethane (DCE) at 24°C at least two different 

cationic species are formed. Kinetic evidence for the existence of these two 
distinguishable positively charged species was obtained by Wang and coworkers58, 
who monitored the formation of phenylcarbenium ions from various solutes in their 
studies of charge transfer reactions. These authors have suggested that the two cationic 
species are: (a) the chloroethyl cation CICH2CH+2 whose yield has been estimated as 
0.2 and (b) the  parent radical cation CICH2CH2Cl'+ and/or (CICH=CH2)", which is 
formed by HCI elimination from the parent radical cation with a total yield of 0.68. 
The former cation presumably may be present in equilibrium with the chloronium ion 3: 

(n-BuCI+')* + Ph, - n-BuCI + Ph;' 

(34) 

(3) 
In liquid carbon tetrachloride, the absorption band centred around 500 nm has been 

attributed to the CCli" radical cation or  to the CCl'dCl- ion pair5'. Recently Biihler 
and Hurni6u carried out a rather dctailed study of the effect of cation scavengers on the 
500 nm absorption i n  pulse-irradiated, pure liquid CCI+ Their results seem to indicate 
that the CCl; cation within the ion pair CCl+&l- is responsible for the 500 nm 
absorption. This ion pair is presumably formed by the following mechanism: 

(35) 

(36) 

(37) 

CCl,+. - eel; + CI' 

e-+ CCI, - 'CCI, + CI- 

eel; + CI- - (CCI,+ c1-) 

or cci,+.+ c1- - CI' + CCI,+ CI- (38) 

A lifetime of 33 2 3 ns at -22°C and an activation energy of 10.9 2 2.1 kJ has been 
determined for the recombination of the CCl; CI- ion pair. The CCl; characteristic 
absorption with A,,,, at 500 n m  was also detected in Freon- 1 13 (CFC12CFCI,)61. In  this 
case CCl; is paired with the Frcon- parent radical anion and decays with a lifetime of 
144 ns at -22°C and an activation energy of 8.8 t 3.0 kJ. I n  pure CFCI2CFCIZ, a 
band with A,,,, at 380 nm was observed and assigned to the CFCI,CFCl" radical 
cation. This radical cation decays mainly in a second order neutralization rcaction with 
the molecular radical anion CFCl2CFC1;' (Amax = 440 nm). 
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Studies by Sukhov and c o w ~ r k e r s ~ ' . ~ ~ ~  indicate that ion pairs arc also formed in solid 
and giassy i-PrCI. They assigned the IR absorption at 2545 cm-' in irradiated 
crystalline isopropy! chloride to the complex [C3H7]+[ ClHCI]--C3H6. 

On the whole, with the exception of radical cation dimers (RX-XR)" formed in 
the reaction of parent radical cations RX" with RX'I.  cationic species were not 
detected in low temperature ESR studies. However. ESR studies provide indirect 
evidence for reactions of parent cations such as the formation of radicals RICX 
(X = CI, Br and I) by H' loss from initially formed R2CHX" 6M('. 

2. Charge transfer reactions 

Studies of the  nicchanism and kinetics of chargc transfer reactions in chloroalkanes 
have been conducted by a number of  investigator^'^-^^.^^-^^ . In most of thcse works, 
the formation and dccay of solute cations with known absorption spectra were 
monitored and conclusions about the reaction mcchanism were inferred from the 
kinetic observations. This method yields reliable information on rates and mechanisms 
of thc reactions of cations produced from the solute. However, it provides only 
indirect, and therefore speculative. evidence on the cationic species formed from the 
solvent which are involved in charge transfer reactions. 

and long-range electron transfer 
reactions are the mechanisms of positive charge transfer in butyl chloride glasses. Only 
the latter mechanism is consistent with the results of recent pulse radiolysis studies by 
Nosaka and coworkers70 in solutions of both pyrene and diphenyl in s-BuC1. Kira and 
coworkers7' reached the same conclusion on the basis of their studies of positive 
charge scavenging by amincs in pulse-irradiated s-BuCI". In their study the rates of 
charge transfer to arnines were found to incrcasc with decreasing ionization potential 
of the amine. On the othcr hand. a model based o n  thc assumption that the 
cross-section for the hole scavenging is a function of the hole velocity was proposed by 
Arai and Imamura6y. By means of this model, the authors were able to come fonvard 
with a quantitative explanation of the dependence of the cation yield on solute 
concentration in BuCI. Most probably. the hole o r  holes used in these models 
represent the previously mentioned vibrationally excited butyl chloride cations (see 
prccedi ng sect ion). 

Pulse radiolysis studies of arylcarbenium ions in the chloroalkancs MeC175, 
1,2-di~hloroethane~?-~'  and 1 . I  ,2-tri~hloroethane~" a t  24°C were carried out by 
Dorfman and coworkers. Absolute rate constants for the reaction of these cations with 
halide i ~ n s ~ ? - ~ j .  tertiary alkyl a m i n e ~ ~ ? - ~ ~ .  aliphatic a l c ~ h o l s ~ " ~ ~  and various 
nuclcophilic specics7j were determined in these studies. The arylcarbenium ions were 
formed from solutc cations RCI" by dissociative charge transfer reactions such as7? 

(39) 

(40) 

It was suggested that mobile hole 

RCI" + (PhCH,),Hg - RCI + PhCH; + PhCHi + Hg 

RCI" + Ph2CHBr - RCI + Ph*CH+ + Br' 

RCI+' + Ph3COH - RCI + Ph,C+ + OH' 

In  1,2-dichloroethane rate constants of 1.3 x 10'" and 1.6 x 10'" M-I s-* which 
approach the diffusion-controlled limit were observed74 for the formation of benzyl 
and benzhydryl cations from (PhCH?)?Hg and PhzCHBr. respectively. Lower rate 
constants wcrc dctermined for the formation of trityl cations, namely 8.4 x loy,  
5.7 x 10x and 4 x lox M - I  s-I, when the solutes werc Ph3CBr, PhlCOH and Ph3CCI, 
r~spec t ive ly~~ .  As previously mentioned, i t  was shown by Wang and coworkerssx that 
the two cationic species derived from 1,2-dichlorocthane may participate in this type 
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TABLE 5 .  Rate constants (in h1-l s-I) for the charge transfer reactions 
of cationic species derived from 1,2-dichloroethane at 24"CS8 

Cation" Substrate k 

1.3 x 10"' 

1.3 x lo1(' 
6.8 x 10' 

1.2 x 10"' 
4 x 10' 

as+' - - CICH2CH@ and/or CICHCH;'; .S; = ClCHzCH;. 

of charge transfer reaction. lypical rate data for the reactions of the cationic species 
in 1,2-dichloroethane are summarized in Table 5. 

Rate constants a t  20°C for the charge transfer reaction of carbon tetrachloride 
radical cation to alkyl chlorides, normal and cyclic alkanes, alkenes and aromatic 
compounds were determined by Mehnert and coworkerss9. In their pulse radiolysis 
study the effect of these compounds on the 360 nm absorption in CCI4, assigned to the 
CCly radical cation, was monitored. They showed that the rate constants thus obtained 
could be reasonably well correlated with the difference between the gas-phase 
ionization potential of the solvent and the solutes. 

C. Excited States and Energy Transfer 

The formation of excited halocarbon molecules has been postulated in radiolysed 
pure halocarbons as well as  in their solutions in various hydrocarbons. Undisputed 
direct spectroscopic evidence i n  support of these assumptions is not available as yet. In 
this respect it is quite obvious that little progress has been achieved since the earlier 
report in the radiation chemistry of halocarbons appeared in this series]. However, 
with the recent development of the extremely fast sub-nanosecond pulse radiolytic 
techniques, additional information supporting the occurrence of energy transfer 
reactions of halocarbons has been obtained. In studies of dilute solutions of aromatic 
solutes in hydrocarbons in which this technique was employed, the effect of added 
halocarbon, mainly CC14, o n  the emission from aromatic solutes was determined. 

observed a reduction in the fluorescence 
yields from 9,1(i-diphenylanthraccne ( DPA-SI) and an increase in the rate of 
formation of this species when CCI4 was added. They rationalized this observation by 
assuming that the following competing reactions take place: 

In cyclohcxane, Beck and 

This assumption does not take into account the possibility of direct DPA* fluorescence 
quenching by CCI+ It was verified by the Stern-Volmer treatment of the fluorescence 
yields in the presence of CCI4 which gave a k43 value of 2.5 x 10" M - I  s-l. This 
compares well with k 4 3  = 3 x 10" M - '  s - I  derived from the rates of formation of 
DPA* in thc c-C6H I,-DPA-CC14 system. A similar study o f  cyclohexanc solutions of 
paraterphenyl (PT) was carried out by Jonah and  coworker^'^. The reduction of 
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PT(S1) fluorcscencc by CCI4 was attributcd in this casc both to intcrferencc with the 
formation of the emitting state and to its quenching: 

(44) 

A rate constant of 2.9 x lo9 tv-' s- l  was estimated for this reaction. 
Tabata and coworkers used 23-diphenyloxazole (PPO) as  a scintillator in 

c y c I ~ h e x a n e ~ ~ ~ * " .  They cxplaincd the formation of PPO* in terms of a slow and a fast 
process. The slow process was attributed to energy transfer from excitcd cyclohcxane 
to PPO. Various alternatives were considered for the fast process including dircct 
excitation by sub-excitation electrons, the rapid recombination of solute ions and 
direct cxcitation by Ccrenkov light. A rate constant of (3 2 I )  x 10" M- '  s - I  was 
estimated for the interference of CC14 with the formation of PPO* by the first of these 
fast processes, while for its direct quenching reaction with PPO*. 

(45) 

PT(S1) + CCI, - PT + CCI, 

PPO* + CCI, - PPO + CCI, 

a rate constant of ( 2  2 I )  x 10' M - ]  s - I  was determined. Fast and slow PPO* 
formation was also rcported for PPO solutions in toluencxl. As in the case of 
cyclohexane solutions. CClj appcars to be much morc efficient in inhibiting the slow 
process than the fast process. 

In steady statc irradiation studies perfluorocarbons were employed by Walter and 
coworkersx2 to qucnch fluorescence induced by both P-ray radiolysis and 184.9 nm 
photolysis of bicyclohcxyl. Perfluorodecalin and perfluoromethylcyclohcxane were 
found to have almost thc same suppressing effect on  radiation-induced and 
photo-initiatcd fluorescence. 

It should be noted that in none of thc radiolytic studies cited here has conclusive 
irrefutable evidcnce been presentcd for the reaction between excited solvent 
molecules and CCI4 as being the cause of the observcd quenching effects. A large body 
of spectroscopic evidence exists for the formation of these excitcd solvent molecules in 
alkancs and in aromatic However, as  has been pointed out by some 
 author^^^.*^. these excitcd hydrocarbon solvent molccules could be formed by 
geminate ion recombination. If this indeed is the casc then thc interference of CCI4 
with these recombination proccsses and the charge transfer reactions to the aromatic 
solutes could be conccivcd as an alternative explanation for its cffect on the emission 
from scintillators. 

O n  the other hand, the occurrcnce of energy transfer from excited solvent molecules 
to halocarbon solutes is strongly supported by thc findings of photochemical studies 
such as those of Waltcr and coworkcrss2 and Hatano and In the latter 
work photolysis of liquid cyclohexane was carried out at 163 nm and the cffect of 
CC14, MeI, MeBr and EtBr on hydrogen formation was determincd. Kinetic analysis 
of the reduction in hydrogen formation in terms of energy transfer reactions between 
the cxcited cyclohexanc and these compounds gavc an energy transfer rate constant of 
8.6 x lo1" M - ]  s - I  for CCI4. This value compares rcasonably well with the 
(3  5 1) x 10" M - I  s - ]  obtained in the aforementioned work of Beck and Thomas77. 
Also worth noting is the fact that thcse two ratc constant values markedly cxceed the 
diffusion controlled limit - a situation that is quitc common in other energy transfer 
reactions in solutions. 

Finally, attention should be drawn to the fact that electronically cxcited halocarbon 
molecules may not necessarily bc formed in radiolytic energy transfer reactions such as 
(43)-(45). However, if formcd, their detection would certainly bc considered as  
important evidence in favour of the energy transfer mechanism of these reactions. 
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D. Charge Transfer Complexes 

T h e  formation o f  transient absorption spcctra assigncd to charge transfcr (CT) 
complcxes of bromocarbons (RBr  - Br)  has bccn obscrved in both the pulse radiolysis 
of liquid broniobenzcnc (AmdX = 560 nm)[l4 and  in the gamma-radiolysis of 
CH3Br (Am',x = 400  nm). CHzBrz  ( A m a l  = 385 nm), CHBr3  (Amax = 435 nm) and CBr4 
( I m a x  = 490 nm) in 3-mcthylpentane glass at  77 K'15. Thc formation of thc same 
absorption bands was  also observcd in analogous photochcmical experiments. Bascd 
on this obscrvation a n d  the dccrcase in the absorption intcnsity csuscd by thc addition 
of chargc scavengers. i t  has bccn suggested by both Bossy and Biihler'j4 and  Bajaj and 
1yerv5 that charge neutralization and  radical-moleculc reactions are responsible for 
the formation of the charge transfcr complexcs: 

RBrt+ Br- - (RBr-Br) (46a) 

RBr + Br' - (RBr-Br) (46b) 

For the unimolecular dccay of PhBr  - Br. presumably to bromocyclohexadicnyl 
radical. a ratc constant of 5.4 x loJ s-I was estimated. 

Cr complcx formation was also postulated for irradiation of alkyl iodides in both 
3-mcthylpcntanc a t  77 Kq6 and in aqueous solutions'17. In 3-methylpentane thc 
reaction sequence involved in the formation and  destruction of the complex is 
presumably 

CH,It' + I- - (CH31.I) - CH$ + I.+ I '  (47) 

In water, absorption spectra assigned to inner and outer  CT complexes were 
observed in the reaction of hydroxyl radical with alkyl iodides (R = Me,  Et, n-Pr, 
i-Pr and n-Bu)": 

'OH + RI - (HO-RI) - (HO-R+) (48) 

Outer CT Inner CT 

For E t I  a t  pH 4.23, the inner CT complex decays with a rate constant of 
5.8 X lo9 M - l S - ' .  

IV. RADICAL REACTIONS 

Both frce radicals a n d  charged spccies arc formcd in  thc initial steps of radiolysis. 
However, under most conditions, and  in thc absence of chargc stabilization by 
solvation, neutralization reactions a re  faster than radical Combination reactions. 
Consequcntly, the lifetime of radicals is in general longer than the lifetime of charged 
intermediates. In addition, thc energy rclcascd in thc  ncutralization process may be 
sufficicnt t o  create excited moleculcs that are able to undcrgo homolytic dissociation 
into radicals. T h c  ne t  effect of such a reaction sequence is the partial conversion of 
charged species into radicals. 

In theory, since the  energy of ionizing radiation by far exceeds the energy needed to 
break any bond in the  irradiated compound. one  would cxpect a large number o f  
different radicals to be  formed upon radiolysis. T h c  actual situation is much less 
complicated. In most compounds selective bond rupture results in the predominant 
formation of on ly  a fcw diffcrcnt radicals. Furthermore, in all irradiated systems a 
large degree of control of the nature of the radicals formed can be achieved by the 
appropriate choice o f  cxpcriniental conditions such as pH. temperaturc and  
composition. 
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Continuous, low dose rate radiolytic methods a r c  particularly suitcd for kinetic 
studies of radical chain reactions. The advantages of these methods. when employed in 
dilutc liquid solutions, include radical generation which, for all practical purposes, can 
be considered as uniform in timc and space and  which remains constant over a wide 
range of temperatures and reactant concentrations. The  chemistry of radiation- 
induced free radical chain reactions and  thcir synthetic applications has been the  
subject of a number of reviewsy8-l0' in which a more detailed discussion of the 
general aspects of this method can be found. 

A. Reactions of Hydrogen Atoms in Aqueous Solutions 

Hydrogen atom reactions in aqueous solutions of haloaromatic cornpounds were 
studied by Lichtscheidl and GetoffIo2. Rate  constant data derived in that study arc  
sumrnarizcd in l'ablc 6 .  Thrce different routes for t he  reaction with hydrogen a toms 
werc observed in the haloaromatic compounds studied. Addition of hydrogen atoms t o  
the benzene ring resulting in the formation of cyclohexadienyl radicals was the only 
reaction path detected for PhFI')', PhCI1O', PhBrIo2 and p-FCt,H4CNlo3. Chlorine 
abstraction, accompanied by the formation of benzyl radical, wiis the only observcd 
route of hydrogcn rzlwval in its rcacii,)n with PhCHzCI. In thc casc of phenethyl 
chloride. hydrogen aionis add to thc  benzene ring a n d  abstract hydrogen from the  side 
chain. T h e  respective rate constants1"' are 2 x loY a n d  1.5 x 1 O x  M-I s-l. 

TABLE 6. Rate constants for thc reaction of hydrogen atoms with haloaromatic compounds in 
water 

Substrate k ,  hl - I  S-I X Mode Ref. 

PhF 1 .sa Addition 102 
PhCl 1.2h  Addition 102 
PhBr 1 .3a Addition 102 
BzCl 0 .9s  CI-abstraction 102 
p-EtCbH4CI 2.0h Addition 102 
p-EtCbH4CI 0 .19  H-abstraction 102 
P - F C ~ H ~ C N  0.67" Addition 103 

"Determined from the kinetics of radical build-up. 
'Average value determined from radical build-up and competitively, versus H' + CH30H. 
Determined competitively versus H' + CH30H. 

Rate  constants for the reaction bctween hydrogen atoms and  S-halouracils were 
determined by Neta and SchulerI(': and found to  be 1.8, 1.6 and 2.2 x lox M - I  s-l 

whcn the  halo subsiiiiient was F, Cl and Br, rcspcctively. 

B. Reactions of Hydroxyl Radicals 

result in oxidative replacement of the  halogen by OH: 
T h c  reactions bctwccn halosubstituted benzene derivatives and  hydroxyl radicals 

Y 

x 0 
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This type of reaction. studied mainly by pulse radiolysis combined with conductivity 
detection, was obscrved in substituted fluorob~nzencs'~,  4 - f l~o robenzon i t r i l e~~~  and 
4-haloanisoles (Y = MeO; X = F, C1 and Br)lo5. Incidentally, the occurrence of OH 
oxidative rcplaccment reactions is not limited to halosubstitutcd bcnzenes. Similar 
rcactions werc observcd for X = OCH31'16.107, C02H10h.107, and NHZIo9. Two 
routes of hydrogcn chloride formation from haloanisoles were observed by Latif and 
coworkers"". When the substituents F, CI and Br were located in the orrho and para 
positions to the halogcn, fast first order formation of HX was observed. On thc other 
hand, when these substituents were in the nzera position, HX was formed by a 
second order process for which the rate constants 1.7 x lo'", 1.5 x lo9 and 
1.3 x loy b7-I s - I  werc cstimated when X = F, CI and Br. respcctively. The 
occurrencc of thc fast HX formation in ortho and parfi-substituted anisolcs was 
explained as an indication that i n  these compounds preferential addition to the 
X-substitutcd position took place. The difference in the rcactivity between the orrho- 
and para-substitutcd anisolcs and the rnrra-substituted anisoles was ascribed to the 
ortho- andparrc-dirccting activity of the methoxy group. I t  is worth mentioning that the 
decay of the hydroxy-adduct by a second order process ( k  = 4 x lo8 M-I s-') was also 
observcd in the case of p-fluorobenzonitril~'"~. 

The reaction of 5-halosubstitutcd uracils (X = F, CI and Br) with hydroxyl radicals 
results in release of hydrogen halide""."'. The reaction prcsumably proceeds by 
addition to the site of the halogen atom, followed by rapid dchydrohalogenation'"': 

I 
H 

I 
H 

Hydroxyl addition followed by HCI elimination was observed in thc reaction of 
hydroxyl radicals with the chloroethylenes 1 ,2-C2HzCI2, CzHCI3 and C~CIJ .  In all 

TABLE 7. Rate constants for the reaction o f  hydroxyl radicals with various 
compounds in aqueous solution 

~ ~~ 

Substrate 

C6H5F 8 20 
o - C ~ H ~ F ~  4.5 20 
PC6H4F. 6 20 
1.2.3,4-C~,HzF~ 5 20 
GHFs  4 20 
CJ-6 2 20 

5-F-Uracyl 5.4 103 

5-Br-Uracyl 5.4 103 

CH 2= CCI: 23 103 
CHCI=CCI: 19 103 
cc12=cc12 13 103 

p-FChH4CN 3.5 103 

5-Cl-Uracyl 5.4 I03 

CH?=CHCI 7.1 103 
CHCI=CHCI 7.5 103 
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threc compounds the hydroxyl adduct is formed at a chlorine-substituted carbon. 
Thcse adducts are unstable and losc HCI: 

Adducts formcd by hydroxyl attack on vinyl chloride and vinylidcnc chloride do not 
eliminate hydrogen chloride. In these compounds addition takcs placc at the carbon 
that does not carry a chlorine atom and the radical thus formed is stable. 

The rate constants for hydroxyl addition to halobenzcnes, uracils and chloro- 
ethylenes arc prcsentcd in Table 7. 

C. Dehalogenation of Halomethanes 

Radiation-induced dehalogenation of halomethanes (RX) has been studied in 

the dehalogenation proceeds by a free radical chain mechanism. In alkanes (RIH) the 
propagation step is composcd of two reactions, X-transfer followed by hydrogen atom 
abstraction: 

, and alcohols12' solutions, mostly under conditions where alkane41.42,1 12-1 25 si]ane126-128 

(52) 
k X  

R " +  RX - R'X + R' 

(53) 
kH 

R' + R'H - RH + R" 

and thereforc G(R'X) = G(RH) = G(-RX) = G(-R'H). 
In cyclohexane, the dehalogcnation of CH2C12"', CHC1311', CC14112.113.11", 

CC13CN1I5, CHCl2CN1l", CH2(CI)CN1'", CH2(Br)CN117. CHI3IlX and CFCl3l'" was 
studied. Typical G(R'X) values in these systems ranged from 10' to lo3 dcpcnding on 
experimental conditions such as dose rate, temperature and RX concentration. 
Arrhcnius paramcters of thc X-transfer and H-transfer rcactions were determincd in 
the c-C6H12-RX systems and are presented in Table 8. The H-transfer rate constants 
k H  were determined utilizing equations (53a) and (53b). 

(534 
k H  

k ,  
G(RH) = , ~ C Y ' / ~ G ( R ~ ) ~ / ' [ R ' H ]  

CX~/'G(R;,)~/~[R'H] G(RH) = ~ 

k H  

( 2 k J  
(53b) 

TABLE 8. Arrhenius parameters in the dehalogenation reactions of halomethanes (RX) in 
liquid cyclohexane 

R x  

CClj 
CHC13 
CH'Cl2 
CHz(C1)CN 
CHCI'CN 
CC13CN 

CFClt 
CH2(Br)CN 

9.40 
9.45 
9.24 
8.58 
8.80 
8.20 
8.70 
8.95 

5.88 
10.16 
13.67 
9.99 
6.55 
2.09 
8.57 
7.79 

112 
112 
112 
116 
116 
115 
117 
120 

3.28 
- 

- 
3.95 
4.22 

8.81 
- 

- 
13.70 
11.96 

113 
- 

- 
115 
117 
- 
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where k ,  is thc termination ratc constant, a is a known coefficient that convcrts G 
values into rates of formation and G(R;,) stands for the yield of radicals in 
cyclohexanc. Thc  CI-transfer Arrhenius parameters were determined in competitive 
studies, mainly versus addition to chloroethylenes (see bclow). 

The chain length of dchalogcnation. at a given dose rate and RX concentration, is 
determined by the rclativc magnitudes of k H  and kc l .  With thc exception of CH2C12, 
kcl > k, ,  both in thc chioromcthanes and in the chloroacetonitriles. Hence, hydrogen 
abstraction from the solvcnt is thc ratc-determining s tep  in thc chain dehalogenation 
of chloromethanes in  cyclohcxane. 

Dehalogenation of CCI4 was also studied in n-hexane42.11J. Tuan  and GaumannJ2 
dctcrmincd thc following Arrhenius cxprcssions for kcl and k H  for  3-hexyl radical: 

log kcl ( M - 1  S - 1 )  = 8.26 - 5.0218, 

log k l l  (M-’  s - I )  = 7.15 - 9.1810. 

where 8 = 2.303RT in kcal mol-I. Katz and coworkers1I4 found thc overall k H  in 
n-hcxanc to be given by 

The  addition of a small amount of alkane to CCI4 is sufficient to cause 
dechlorination, which otherwise does not occur readily. Under these conditions, which 
necessarily result in short chains, Alfassi and Feldmanl” dctcrmincd the Arrhcnius 
parameters for the abstraction from 2.3-dimethylbutane and found k H  to be given by 

log kHfk:l ’ (M-II’ S - l l ’ )  = 2.40 - 6.9610. 

Alfassi and coworkcrs also investigated the dehalogenation of CCI4 in the presence 
of cholostcric and  cholostanic e~tersl’’-~’~ . For thcsc compounds thc Arrhcnius 
parameters fall within a narrow range: 7.5? 0.3 for log A , , ( M - ~  s-I) and 
6.8 ? 0.4 kcal mo1-I for Ell122 

The  radiation-induced dechlorination of CC14, CHCI3, CH2C12 and  CH3Cl in liquid 
C13SiHlZ6 and of CH2C12, CHC13, CC14 and CC13CN in liquid Et3SiH”’ was studied by 
Aloni a n d  coworkers. In addition, the radiolytic method was uscd for the compctitive 
determination of the Arrhenius H-abstraction parameters from silanes in solutions of 
CCI4 in mixtures of cyclohcxanc with triethylsilane and trimethylsilane”*. T h e  
Arrhenius parameters detcrmincd in those studies a re  prcscntcd in Tablcs 9 and 10. 

TABLE 9. Arrhcnius parameters for chlorinc transfer in t he  dechlorination reactions of 
chlororncthanes (RCI) in silanes” 

KCI Radical Rcf. 

CH3CI 
CH2CI2 
CHC13 
CClj 

CHzCI2 
CHC13 
CCl4 
CCliCN 

C13Si 

EtlSi 

0.85 
0.05 
0.20 

-0.63 

0.40 
0.28 
1.25 
1.86 

2.53 
3.40 
4.60 
5.18 

1.1 1 
0.19 

-0.17 
0.24 

126 
126 
126 
126 

127 
127 
127 
127 

“Compctitivcly dctcrrnincd vcrsus Br abstraction from c - C ~ H I  IBr in CIiSiH and from n-Cgl-ll IBr  
i n  Et3SiH. 
’In kcaI m0I-l. 
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TABLE 10. Arrhenius parameters for hydrogen abstraction in the dechlorination reactions of 
carbon tetrachloride in silanes 

CI$iH(g) 8.21 9.02 130 91.2 I32a 
MeXSiH 8.49 8.70 128 90.0 132b 

c-CbH 1 2  8.79 1 1.08 113 95.5 133 
Et3SiH 8.62 8.06 128 - - 

Thc dehalogenation mechanism in silanes is similar to the mechanism in alkanes: 

(54) 
\ \ 
F S i '  + R X  - -Six + R' 

/ 

(55) 

The hydrogen abstraction is thc rate-determining stcp both in Et3SiH and Me3SiH. 
The data of Table 9 show that, for the CC13 radical in the silanes studicd, EH is lower 
by about 2 kcal mol-l than for the analogous reaction of 'CCI3 radicals in cyclohexane. 
The same conclusion can be reached on the basis of gas-phasc photolytic studies in 
Cl3SiHIX" and can be expected to be generally true for othcr chloromcthyl radicals. 
Dechlorination of chloromcthanes is considerably faster in silanes than in cyclohexanc 
because of the lower E H .  This is also shown by thc cxperimcntally determined C 
valucs of dechlorination, which in some cases were as high as lo4. 

The highcr reactivity of silancs in dechlorination reactions simply reflects the fact 
that the overall A H  of dechlorination is higher in these compounds than in alkanes 
because the Si-CI bond is stronger than thc C-CI bond while the reverse order 
of bond dissociation energies is found for thc Si-H and C-H131.13' bonds. In so far 
as X-transfer reactions are concerned, gas-phaselX4 studies indicate that the activation 
energies of these reactions arc lower for silyl radicals than for alkyl radicals, in 
agreement with the Si-CI and C-CI bond strength difference. 

Dehalogenation in alcohols differs in only one respect from dehalogenation in 
alkanes and silanes. The abstraction of hydrogen atom occurs only  at  the a position to 
the hydroxyl and therefore. in thc CI-transfer products. thc OH and C1 arc located on 
the same carbon atom. These products are unstable and eliminate hydrogen chloride. 
Such behaviour was observed by Radlowski and Sherman''9 in the i-PrOH-CCI4 
system at room temperature. In this system thc three main products, acetone, 
chloroform and hydrogen chloride. were formed in equal yields according t o  the 
following reaction scheme: 

\ .  \ .  
RH + ~ S I '  R' + FSIH 

(CH3),e0H + CCl, - [(CH3)2C(OH)CI] + 'CCI, (56) 

(57) 
Fast 

[(CH3)2C(OH)CI] (CH,),CO + HCI 

'ccI3 + (CH,),CHOH - CHC13 + (CH,)&OH (58) 

The rate-determining step in this system, as in silanes and alkanes, is the hydrogen 
abstraction reaction, for which a rate constant of 3 M - '  s-l was determined a t  room 
temperature. 
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D. Dehalogenation of Haloethanes 

The radiation-induced chain dchalogcnation of C2Cl,,13s.13h, C2HC1s'36.137 
s ~ ~ z - C ~ H ~ C I ~ I ~ ~ ,  U S ~ ~ - C ~ H ~ C I ~ ~ ~ ~ . ' ~ ~ ,  CH3CCI3I3', 1 , l  ,2-C2H3C13139-140, 1 ,I: 
C2H4C12I3', CF3CC13136, CC12BrCHzC1138 and ~ y r n - C ~ B r ~ F ~ ' ~ '  has been studied in 
cyclohexane. The dehalogcnation mechanism for compounds such as CF3CCI3 is 
identical to the dchalogcnation mechanism for haloniethanes: 

(59) 

(60) 

However, in the majority of the halocthanes (EX, = CrH3-,,X3+,, (n = 1-3)) listed, 
each of thc two carbons carries a halogen atom and thereforc the dehalogenation 
mechanism is diffcrcnt. 

R" + CF3CCI, - R'CI + CF3k12 

CF3tCI2 + R'H - CF,CCI,H + R" 

(61 1 

(62) 

(63) 

X ' +  R H  - H X  + R' (64) 

In these compounds the haloethyl radicals (EX) can eliminate a halogen atom and 
therefore, on the averagc. a rcacting haloethane molecule loses more than one halogen 
atom. 

kX 
R'  + EX, - R X  + EX' 

kH 
EX' + RH - EXH + R' 

k,l 
EX' - E + X '  

In the c-C6HI,-EX2 system the  following rclationship holds: 

(64a) 

Since Eel > ,Ell, the elimination reaction in which equal amounts of HX and 
haloethylene-E arc formed bccomes increasingly important at high tcmpcratures. 
Howcvcr, because ACI is higher by scvcral orders of magnitude than A", the 
elimination reaction is the ratc-determining stcp of dehalogenation only at low 
temperatures at which k H  > kel. Quite obviously. at temperatures at which this 
inequality is rcvcrscd thc hydrogen-abstraction reaction bccomcs thc rate-determining 
step. This behaviour is illustrated by the C2CI6 data givcn in Table 1 1. 

G(E) - G(HCI) - G(RX) - C(EHX) - k,, 1 - - 

G(EHX) G(EHX) G(EHX) kH P H I .  

TABLE 11. Kinetic data for the radiation induced dechlorination of hexachloroethane in 
various liquids 

c-ChH I I 35 1.7 6.25 5.52 6.49 0.76 

MeOHI3' 4.6 
Et3SiH 0.35 1.68 5.50 9.08 0.00 7 3 

EtOH".' 0.11 (25°C) - - 
i-PrOH IJ3 4.5 

50 - - - 
- 1.69 

- 0.32 - - 
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Equation (64a) can be utilized for the determination of the rclativc Arrhcnius 
pararncters of k c l / k ~  from which thc Arrhenius parameters of thc elimination reaction 
can bc estimated. provided that A t i  and Eli arc known. 'The procedure adopted in  the 
derivation of  the data given in Table 1 1 was to assume that all abstraction rcactions of 
chloroethyl radicals have equal Arrhcnius parameters and that thesc parametcrs arc 
the same as those determined for the 'CCI3 radical"'. The EcI values thus obtained are 
gcnerally in good agreement with gas-phase chlorine elimination data for the  samc 
chloroethyl radicals144. 

Thc mechanism in these systcms is idcntical to the dechlorination mechanism in 
alkanes. Howevcr, becausc thc Et3Si-H bond is wcaker than the c-C6HIl-H bond, 
the activation energy of hydrogen abstraction is lowcr in Et3SiH than in cyclohexane. 
Consequently the E/EX product ratio is smallcr in the silanc than in cyclohexane. This 
effect can be seen from the CzC16 data presented in Table 11. 

Table 11 also includes data for the dechlorination of C2Cl6 in the alcohols MeOH. 
EtOH and i-PrOH, which were determined by Sawai and c o ~ o r k c r s l ~ ~ .  As in thc case 
of the rcaction with CC14, following chlorine transfcr all three alcohols undergo rapid 
oxidation, forming formaldehyde. acetaldehyde and acetonc, rcspcctively. 

Finally it  is worth mentioning that in Et3SiHI4j and in cyclohexanel"' the chlorine 
transfcr rate constants for chloromethanes and chloroethanes having the structure 
CC13X correlate well with the Taft u* parameters. For Ecl in cyclohexane a more 
precise corrclation has been proposed by Katz and Rajbenbach14? 

ECl = a D  + p*u* + bE,  + constant. (64b) 

wherc D is thc C-CI bond dissociation energy, U* and E,are the Taft polar and steric 
substitucnt constants of X and a, p* and b are the respective scnsitivity parametcrs. 

In Et3SiH the dcchlorination of C2CI,, C2HCI.< and syrn-C2H2C14 was 

E. Chlorination 

The exposure to chlorine is one of the most widely used mcthods for the chlorination 
of alkanes. Since this reaction proceeds by a free radical chain mechanism, it can also 
be initiated by ionizing radiation. This type of study of the gas-phase gamma- 
radiation-induced chlorination of methane was recently carried out by Nel and 
Van der Linde'", who determined the effect of dose, dose rate, chlorine concentration 
and mixture density on the yields of products at room temperature. The 
radiation-induced reaction was found to be vcry fast. as indicatcd by G(MeCI), which 
in some cases exceeded lo5. Since exhaustive chlorination was carried out, thc MeCl 
was accompanied by higher chlorination products, namely CH2Cl2, CHC13 and CCI4. 
A kinetic simulation model based on  rate data for 21 different radical reactions was 
dcveloped and found to account for the product distribution in thc systcni and its time 
(dose) dependence. 

Radiolytic chlorination of liquid propionitrile by chlorine at 55°C was studied by 
Konnecke and co\vorkers'4x. At the experimental conditions used. the principal 
product, a,@-dichloropropionitrile, was formed with G values ranging from lo3  to lo4 
and convcrsion as high as 65%. This product was accompanied by small amounts of thc 
a.P-dichloro isomer and by /J-chloropropionitrile. Presumably thc chlorination in this 
system is a two-stage proccss of consecutive chlorination. 

CIS + CH,CH,CN - CH$HCN + HCI 

CH,tHCN + CI, - CH3CH(CI)CN + CI' 

(65) 

(66) 
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CI‘ + CH,CH(CI)CN - CH3t(CI)CN + tH2CH(CI)CN + HCI (67) 

(68) 

(69) 

The predominance of the a,a isonier indicatcs that CI atoms attack C H ~ C H Z C N  
primarily at thc a-position. 

It is also worth noting that thc prcviously discussed dechlorination reactions of 
chloromethanes and chloroethanes can also be considered as chlorination routes for 
alkanes and silanes. In this sense chlorine transfer from alkylsulphonyl chlorides 
(R’SOZCI) could a priori be utilized for the chlorination of alkanes by the following 
mcchanism established in radiolytic studics of the decomposition of MeSOZCI, 
tI-PrS02CI and ri-BuSOZCI in cyclohexanc 14y-1s1: 

CH3&CI)CN + CI, - CH3CCI2CN + CI’ 

eH,CH(CI)CN + CI, - CICH,CH(CI)CN 

R’ + R’S02CI - RCI + R’SOi  

R’SO; R’’+ so;! 
R“ + RH - R’H + R’ (72) 

R ’ + S 0 2  - R S O i  (73) 

However, alkylsulphonyl chlorides are not good chlorinating agents because the 
liberated SOZ acts as a chain inhibitor, cvcn if present in only very small amounts. 

F. Reactions of Olefins 

Radiation-induced radical reactions of olefins with various substrates result in the 
formation of 1 : l  adducts which, in somc cascs, particularly at high olcfin 
concentrations, are accompanied by telomers. In subsequent discussion these 1 : 1 
adducts will bc rcfcrred to as condensation products: while not strictly accurate. this 
nomenclature is common usage among radiation chemists. The exact mechanism of 
condensation depends o n  the properties of the substrate and the olcfin. Simple olefins 
form 1 : 1 saturated adducts in a two-stagc process in which the addition is followcd by 
hydrogen abstraction if the solvent is an alkane and by halogen transfer if i t  is a 
halogenated solvent with a weak C-X bond. 

(75) 
I 1  I I  

I I  I I  
R-C-C’ + RH(X) - R-C-C-H(X) + R’ 

The radiolytic synthcsis of 1-cyclohcxyl-2H-hcxafluoropropanc by condensation of 
hexafluoropropcnc with cyclohexane was studied by Podkhalyuzin and NazarovaI5’ 
and i t  rcprescnts a typical example of this type of condensation reaction. 
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G values of product formation as high as 8 x lo3 at 200°C were observed in this 
system and the ovcrall activation energy of the condensation process was cstimated to 
be 3.4 2 0.7 kcal rno1-I Is?. 

The condensation of propene and 2-methylpropene with CC14153 is an example of a 
systcrn in which thc chain transfer occurs via chlorine abstraction. Accordingly. the 
propagation stcp in  this system is describcd by the following rcactions: 

Kim and coworkers153 studied this reaction and determined the Arrhcnius parameters 
for 'CCI3 addition (Table 12), assuming that the overall activation energy of product 
formation was determined by the addition rcaction. 

The condcnsation bctween alkenes and alkyl bromides, which was extensively 
studied by Myshkin and coworkers15J-162, provides an additional example of a system 
in which halogen abstraction is the chain transfer step: 

(81 ) 
I I  I I  

I I  I I  
R-C-C' + RBr - R-C-C-Br + R' 

In addition to the 1 : 1 adducts, the formation of telomers was obscrvcd in some of the 
systems studied, such as EtBr-ethylene and EtBr-propylene. In the growing telomer 
radical, evidcnce was found for the  occurrence of isomerization by a 1,5 shift of a 
hydrogen atomls4. Typical activation energies for the addition of 5.5155. 2.8Ijh and 
3.8 kcal rnol-l lj6 were determined for the reaction of ethyl radicals with ethylene, 
propylcnc and I-hexene, respectively. E B r  was found to be 3.7 kcal mo1-I for the chain 

TABLE 12. Radiolytically determincd Arrhenius parameters for the addition (ad) of C-C~HI I 

and CC13 radicals to olefins 

ccl; C - C d i  I 

1% Aad. Ead,  log A;,& Ead. 
Ole fin' M-' s- '  kcal rnol-' Ref. k1-l s-l kcal mol-' Ref. 

c~.s-CHCI=CHCI 7.76 8.53 166 8.72 7.30 163 
rrum-CHCI=CHCI 8.16 8.49 166 9.13 7.25 163 
CHCl=CCl? 8.04 8.05 166 9.10 6.75 163 

7.58 9.49 165 8.68 7.30 163 
- - - 8.64 6.38 164 

- 
c2cLl 
CHF=CCI2 

CCIF=CCI? - - - 8.72 8.49 164 

CH3CH=CH2 5.1 2.70 153 
- 

- - - 
- - - (CH3),C=CH? 4.6 2.10 153 

'The site of addition is underlined. 
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transfcr to EtBr (equation 81)156. An isokinetic tcmperature of 220 2 15 K was 
derived from the observcd linear depcndence between the activation cnergies of cthyl 
radical addition to ethylene, propylene, trans- and cis-Zbutene, I-hexene, I-octene, 
trimcthylcthylcnc and isobutylenc, and the corresponding pre-exponential Arrhenius 
cocfficicnts' f;x. 

Radiation-induccd reactions of cthylene with other alkyl bromidcs (R = tz-PrI5', 
n-Bu16", i-Pr162 and n-C10H21161) were also studied and found to follow the pattern 
observed in  the  addition reactions of EtBr with olcfins. 

A diffcrent condcnsation mechanism was observed in the radiolytic reactions of 
chloroethylenes in cy~lohcxane '~~. '" .  In this case the condensation proceeds by an 
addition-climination mechanism which. for cyclohcxanc, takes the form: 

CI' + C-C6H12 - HCI + C'C6H11' (84) 

This mechanism applies to chloroethylenes with at least two vicinal chlorine atoms 
such as cis-CIHIC1?, rraiu-C~HzClz, CzHC13, C2C14 and ClCI3F. 

Becausc thc reaction bctwccn CI' and CCI4 is slow, condensation between CCI4 and 
chloroethylenes has to be carried out in the presence of cyclohexanc165.166 as a chain 
transfer agent. The overall chain propagation mechanism in the c-C6HI2-CCl4- 
chloroethylene system is given by the followhg reaction scheme: 

CI CI 
C'\ / CI I I  

'CCI, + ,c=c, - ccl,-c-c- 
I I  

CI CI 
CI 

\ / 
,C=C, + C I S  

I I  
CC1,- c- C' - 

I I  cc1, 
(87) 

'CCI, + C-CGH,~ - CHCI, + C-C6H;1 (89) 

The concentration of CC14 should be considerably higher than that of the chloro- 
ethylene, so that the addition of cyclohexyl radicals to the chloroethylene is negligible. 

In the condensation reaction of 'CC13 with chloroethy!enes only 1: 1 chlorovinylated 
adducts are formed. The chlorovinylation reactionsof cyclohexane and CCI4 werestudied 
over a wide temperature range. The Arrheniusparametersfor the addition determined in 
those studies arc presented in Tablc 12. Comparison of the " X I 3  data for 
chlorocthylcnes with the data for the addition of these radicals to propene and 
2-methylpropcnc rcvcals a large diffcrence in both the activation energies and the 
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pre-exponential coefficients, that cannot be ascribed to the effect of chlorine 
substitution. It appears that the unusually low A-factors and activation encrgies 
determined by Kim and coworkers1j3 are the consequence of the method used in their 
derivation, in which a zero activation energy was assigned to the combination reaction 
of CCI3 radicals. This cannot be valid since even if this reaction is diffusion controlled 
it  should have an activation encrgy equal to the diffusion activation energy of the 
medium in which i t  was studied. 

Radiolytic chlorovinylation of Et3SiH proceeds by a similar m e ~ h a n i s m ' ~ ~ . ~ ~ ~ .  
However, the Et3Si-C1 bond is considcrably stronger than the CC13-CI or 
c-C6HI I- CI bonds. Consequcntly, the reaction between Et3SiH and C,Cl, results in  
thc simultaneous formation of both chlorinatcd and chlorovinylated silane by the 
following reaction sequence: 

(90) 

(91 1 

ka d Et3Si' + C2C14 - Et3SiC2C14' 

kCI Et,Si'+ C2C14 - Et,SiCI + C,Clj 

Et,SiC2C14' - Et,SiC,CI, + CI' (92) 

CI' + Et,SiH - HCI + Et,Si' (93) 

(94) C,CI,' + Et,SiH - C,HCI, + Et,Si' 

At 65°C kadkCI = 109'"7 and 28.716* for CzC13H and C7Cl4. respectively. 

V. PRODUCTS AND OVERALL MECHANISM IN PURE COMPOUNDS 

In this section we will conccntrate on  studies aimed at the elucidation of the overall 
mechanism of radiolysis in pure compounds. In such investigations an attempt is madc 
to determinc all the radiolytic products from a given compound and to establish the 
mcchanisni of formation of each of them by examining the effect of various paramcters 
and scavcngers on their distribution and yields. A system with an added scavenger 
cannot be described as a pure system and, therefore, in this sense the title of this 
section is slightly misleading. To avoid niisunderstanding i t  should be noted that this 
title refers primarily to the stated goal of the investigation rather than to the method 
used. 

A total of 29 products were detected by Frank and HanrahanI6' in gamma- 
irradiated gaseous ethyl bromide. The major products are listed in Table 13. 
From the variation of the yields of these products with total dose it is evident that 
sccondary reactions take place. The effect of oxygen on thc product formation was 

TABLE 13. Maior products o f  the radiolysis o f  gaseous ethyl  bromide'"^ 
~ ~~ ~ 

I .1- 1.2- 
Product HBr H z  C2H6 CzHJ CzHz CI4, CH3Br CzHABr2 CIHJBrz C2H3Br 

G" 6.02 I .39 2.70 0.78 0.16 0.080 0.080 0.88 0.12 0.32 
G" 0 1.39 2.70 0.86 0.13 0.26 0.24 1.66 0.31 0.75 

"I'otaI dose (0-5) x 10'" ev g-I. 
"-rotai dose (4.5-5) x 10") cv g- I. 
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also determined and the results in both purc EtBr and its mixture with 0- were 
compared to photolytic decomposition undcr thc same conditions. In thc mechanism 
they proposed for EtBr radiolysis the authors also relied hcavily on mass spectromctric 
information and made the simplifying assumption that primary ionic processes in the 
radiolysis of EtBr were identical to the fragmentation processcs in the mass 
spectrometer at considerably lower pressures. Still their mechanism includes a total of 
37 rcactions comprised of 10 primary processes. 

Neutral C2H5Br - C2H,’ + Br’ (95) - C2H4+ HBr (96) - C H j +  ‘CH2Br 

tonic C2H5Br C2H5Br+ + e- (31.9%) 

C2H; + Br’ + e- (25.3%) - C 2 H i  + Hp + Br’ + e- (2.2%) 

C 2 H i  + HBr +e- (5%) 

CzH,” + H2 + HBr + e- (7.3%) 

(99) 

(1 00) 

(1 01 1 
(1 02) - Br’ + C 2 H j  + e- (2.2%) (103) 

e- +C2H5Br - C 2 H j  +Br- (1 04) 

- 

- 

The radiolysis of I-chloropropane v a p o ~ r ~ ~ ~ ’ ~ ‘  and liquid173, both at 300 K,  and of 
thc solid at 70 K’73.174. was investigated by Cculemans and coworkers. The main 
results are summarizcd in Table 14. 

By detailed invcstigation of thc formation of C4 and Cs products in the gas phasc 
and the  effect of addcd cyclohexane on their distribution, Geurts and Cculmans were 
able to come forward with a mechanism of thc ionic C-C bond cleavage reactions in 
1 - c h l o r ~ p r o p a n e ~ ~ ~ . ’ ~ ~ .  

C3H7”* - C2H5’ + ‘CH2CI (1 05) 

C2H; - C2H; + H2 or 2H’ (1 06) 

(1 oe) 
C2H; + C,H,CI - C2H6 + CsH7Zi’ 

C3HTCI+* - C2H; + ‘CH2CI 

(107) 

Presumably the C4 and C5 products arc formed in subsequent neutralization and 
radical combination rcactions. 

TABLE 14. Zero dose extrapolated G values of the main products of solid and liquid l-chloro- 
propane radiolysis at 77 and 300 KI7’ 

Product G (77 K) G (300 K) 

HCI 3.46 5.20 
H2 1.09 1.90 
C3Hh 1.85 0.86 
C3H8 1.18 2.33 
Cl’CHCH&H3 0.54 0.3 1 
CICHzCHCICH3 0.63 0.55 
CICH,CH?CH2CI 0.29 0.04 



9. Radiation chemistry of halocarbons 397 

To a large extent this mechanism was based on thc observations that C4 and Cs 
products wcre not formed upon photolysis of I-chloropropane and that addition of 
cyclohexanc rcduced the yield of these products, mainly C5. However, i t  is worth 
noting that although ion-molecule reaction of alkyl chlorides arc known to take place 
in the  gas phase thcy do  not rcpresent thc only routc leading to C4 and C.< products. 
This fact was rccognized by the authors. who suggested an altcrnative mechanism of 
C-C bond scission bascd on thc fast dissociation of an cxcited C3H7CI** molecule 
formed by the neutralization of 1 -chloropropane ions by electrons: 

C3H7+ + e- - C3H7CI** - 'C,H, + 'CH,CI (1 09) 

Examination of thc data given in Table 14 shows that thc main radiolytic products of 
I-chloropropanc in both the liquid and solid phases arc H2, HCI, C3Hg. C3H6 and 
isomcrs of C3H6CI,. Small amounts of hexane and chlorohexancs are also formed. The 
yields of some of these products are higher in thc liquid phase. Thc observation seems 
to indicate that, at least i n  part. these products are formed via frec radical rcactions 
that require considerable activation energies. The following reaction sequence was 
suggested for the  formation of the main product. hydrogen chloride: 

(110) C3H7CI - C3H7CI+' + e- 

C3H7CI* - C3H7CI (111) 

C3H,CI+' + e- - C 3 H j +  CI' 

C3H7CI* - C3H7' + CI' (112a) 

C3H,CI+' i- e- C3H6+ HCI (1 13) 

C3H7CI+' + CI- C3H7CI + CI' (114) 

CI' + C3H7CI HCI f C3H6CI' (115) 

This sequence includes rcactions of both excited 1 -chloropropane molecules and ions. 
Incidcntally, the occurrence of radical reactions is also supported by the  observation 
that in the gas phase cyclohcxanc did not appreciably reduce the HCI yield. Evidcntly, 
chlorine abstracts the allylic hydrogen atom from cyclohexane. 

'The influcncc of aggregation state on the dccomposition of 1 -chloropropane was 
demonstrated by Junge and C c ~ l c r n a n s ' ~ ~ . ' ~ '  by comparing dose effects on product 
formation in polycrystalline 1 -chloropropanc at 70 K with those observcd in glassv 
1-chloropropane at the sanic temperature. 'I'hc obscrvcd differences between the two 
systems were rationalized by assuming that chloride ion migration has a greater range 
in the glassy state. 

Thc influence of dose17" and addi t iv~s l '~  on the formation of the main products in 
the gamma-radiolysis of solid 1 -chloropcntane was investigated by Cculemans and 
Clacs. The main products in pure 1-chloropropanc wcrc formed with the following, 
zcro dose extrapolated yields: C(H,) = 1.65. G(pentane) = 1.2, CG(pcntcnes) = 3, 
G(Clo) - 0.3. CC(C5HIoC12) = 1.6. The yiclds of HI, HCI, CsHi,) and CloH22 
decreased with dose while the revcrsc trend was observed in the variation of G(C5H12) 
and G(C5H 10Clz) with dose. indicating that at high irradiation doses, secondary 
rcactions took place. The overall mechanism of radiolytic decomposition suggested by 
thc authors included both ionic and radical rcactions and was quite similar to the 
mcchanism o f  chloropropanc radiolysis discussed carlicr. 

It should be noticed that Cculemans and coworkers, in their studies of the radiation 
chemistry of both 1 -chloropropanc and 1 -chloropcntane. were concerned mainly with 
zero dose extrapolated yields and primary products. Their mcchanisni does not 
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TABLE 15. Zero dose extrapolated G-values of the main products formed in the 
radiolysis of CF31 ~ a p o u r l ~ ~  

Product G. purc G with 6.5% HI 

12 0.50 3.05 

CzF4 0.006 0.002 
-4 0.55 0.26 

C?FO 0.1 1 0.004 
CFzlz 0.0 16 0.008 
C F x  0.0 12 0.003 
C2F.51 0.00 1 0.0002 
CHF3 

Hz 

0.76 
1.12 
1.67 

- 
- CHzFl 
- 

account for the formation of all primary products. Had this becn done thc mcchanism 
would be no less complicated than the mechanism suggested for ethyl bromide. 

Thc C-F bond IS considcrably stronger than the C-Cl, C-Br or C-I bonds. 
Hencc thc radiation cheniistry of fluorocarbons can bc expected to be less complicated 
than the radiation chemistry of  other halocarbons. This should bc particularly true in 
so far as radical reactions arc concerned. To some extent this expectation is borne ou t  
by the cxpcriniental findings in  l.1,2.2-tctrafluorocyclobutane176, and trifluoromethyl 
iodide'77, both in the gas phase, as well as in the radiolysis of liquid perfluorocyclo- 
hexane 

In 1 .I ,2,2-tetrafluorocyclobutane 17h 25 different products arc formed. However, 
only six of them are formed with G valucs highcr than 0.1. The main products, with G 
values in parentheses, arc H F  (2.3), Hz  (0.52). 1,1-CzH2F2 (0.47), C2F4 (0.17), C2H2 
(0.20) and c-C4H3F3 (0.20). The last two are mainly secondary products. 

A smallcr numbcr of products is formed in CF31177 (Tablc 15). Still, based on 
experiments with added HI and on thc mass spcctral fragmentation pattern of CF31, 21 
possiblc reactions were considered by Hsich and Har~raham"~ as being rcsponsible for 
the products formed. 

Radiolysis of liquid perfluorocyclohexanc leads to thc formation of the products 
listcd in Tablc 16. Fluorine is probably also formed, but its yield was not determined. 
The small number of CI-C5 products. as well as the effect of addcd iodine, indicate 
that in the liquid phase inn fragmentation rcactions are considcrably less important 

TABLE 16. G-values of the main roducts formed 
in the radiolvsis o f  liquid c-C(,F,? 1 %  

~ 

Product G 
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than in the gas phase. Conscqucntly, fcwer radicals and ions are formed and therefore 
the overall mechanism of c-C(,F,? decomposition can be described by a relatively srnall 
number of reactions: 

In  this scheme ncutralization reactions leading to the formation of cxcitcd C - C ~ F , ~  
molecules were not takcn into consideration. 

On the whole, information obtaincd by product analysis studics does not provide a 
sufficient basis for a comprehensive mechanism of radiolysis even when supplemented 
by information from more direct methods such as ESR, pulse radiolysis and mass 
spectrometry. A major drawback of product analysis is thc need to expose the 
compound studied to relatively large radiation doses in order to form detectable 
amounts of products. Under these conditions, thc analysis is complicated by the 
occurrence of secondary reactions. On the other hand, from the practical point of 
view, the information obtained is highly relevant since i t  addresscs itself dircctly to the 
problem of the chemical changes induccd by ionizing radiation. 
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1. INTRODUCTION 

The peculiar feature of the fifth element of the halogen group is that so far not one of 
its stable isotopes has bcen found in Nature; hence the origin of its namc: acrarwu = 
unstable. The  longest-livcd of the four astatine descendents of the natural radioactive 
decay chains,2'yAt, has a half-life of lcss than 1 min' and the total amount of all four 
natural astatine isotopes in the Earth's crust does not exceed 50 mg, which means that 
astatine is by far the rarest elementL. 
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Isotopes that can be generally used for chemical studies, i.e. those with a half-life of 
several hours, can be produced only via nuclear reactions in cyclotrons o r  heavy ion 
accelerators. This may well be the reason why research work on  astatine chemistry has 
been limited to a select few nuclear centres. 

On the other hand. all investigations in this field have to be performed on tracer 
scale utilizing techniques which allow astatine to be measured by its radioactivity. T h e  
highest concentration of astatine that has been obtained3 is M; that needed for 
typical chemical experiments is in the region of 1 O-I3-lO-" M. The  accompanying 
radiation sets a limit t o  the concentration applicable to chemical studies. (For example, 
because of its specific activity of 1.5 x 1 0Ih a-particles min-' ~ m - ~ ,  a 1 M solution of 
2"At would inevitably be a source of intense radiation and heat effects, thereby 
making chemical investigations impossible.) Working with tracer amounts often 
results in poor reproducibility due to the masking effects of impurities which are  
sometimes present in much higher concentrations, even in high quality commercial 
reagents, than the astatine compound being investigated. 

Although immediately after the discovery4 of element 85 its biological behaviour 
captured the interest of scientists5. systematic studies on the chemistry of organic 
astatine compounds did not follow for quite a long time. One  particular obstacle may 
have been that astatir.e has a more pronounced positive character than the lighter 
members of the halogen group. It was originally described a s  a metal" and this view 
remained prevalent for some time. Inorganic systems were predominantly studied and  
this is well reflected in numerous reviews (see for example Refs 6-1 0) dealing almost 
exclusively with the chemical behaviour of astatine in aqueous solutions. 

The  main aim of this chapter is t o  survey the results of mostly very recent 
investigations on the organic chemistry of astatine. These studies clearly demonstrate 
that the reactions of astatine in organic systems. and also the properties of its organic 
compounds, characterize this element as  the fifth halogen. 

II. PREPARATION AND MEASUREMENT OF ASTATINE 

Only three out of the 2 4  known astatine isotopes, viz. ?(I9At, 2'"At and  2i 'At ,  a r e  
regularly used for chemical studies o n  account of their relatively long half-lives a n d  
also of the favourable conditions for their production by means of nuclear facilities. 
Experiments carried out  with HAt  beams using 217At ( T l l z  = 0.032 s) represent a 
valuable exception to  this rulc. Here,  in contrast, the advantages of short-lived 
nuclides for radioactive monitoring are utilized to gain information o n  some chemical 
properties of astatine compounds". 

Except for the direct measurement of its atomic absorption spectrum", all 
experimental information concerning the physical and  chemical properties of astatine 
has been obtained by detecting the radioactivity of its isotopes. It is, therefore, of basic 
importance for any study in this field to prepare well defined astatine isotopes and t o  
measure their radioactivity without interference by radiation from other isotopes 
present. Only a brief survey of the methods applied for these purposes can be given 
here. 

A. Preparation of Suitable Isotopes 

Nuclear processes used to produce astatine isotopes most suitable for chemical 
studies are summarized in Table 1 .  ( I t  is worth mentioning that irradiation of metallic 
bismuth by 32 MeV a-particles in the 60 inch (1 50 cm) cyclotron of the Crocker 
Radiation Laboratory in Bcrkeley, California, led to the discovery of astatine in 
1940.) According to the threshold energies of the (a, x n )  reactionsI3, only 211At can be 
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TABLE 1. Nuclear processcs uscd to produce the longcst-livcd astatine isotopes and their decay 

Nuclear process Isotopc 
Particle 
e n ~ r g y ' ~ .  MeV 7-11? h Decay 

?09Bi (a, 4n) 209At 

"'Bi (a, 3n) 2 I nAt 

> 34 

>2P 

5.5 EC (95.9%) 
a (4.1%) 

a (0.2%) 

a (41.9%) 

8.1 EC (Y9.8%) 

7.2 EC (58.1%) 

sp = spallation; EC = electron capture. 

obtained in a reasonable purity from the other two isotopes by irradiation of bismuth 
using a-particles with energy up to 28 MeV. 211At is also the most widely favoured 
astatine isotope for chemical studies since the somewhat longer-lived 210At is a health 
hazard, decaying into the radiotoxic *loPo with a half-life of 138 days. 

In routine procedures bismuth is irradiated either in metallic f ~ r r n ~ . ~ . ' ~ . ' ~ ,  fuscd or 
vapourized on aluminium or copper backing plates, or  as bismuth oxide pelletsI6 
pressed in to  holes in an aluminium plate. Thc target is water-cooled during the 
irradiation to  avoid the melting of the bismuth (m.p. 271 "C) and evaporation of the 
astatine. The radioactive halogcn itself can be rcmoved from the irradiated target by 
distillation a t  high t e m p ~ r a u r e s l ~ . ~ ~ . ' ~ ~ ~ ~  (dry methods) or by extraction into organic 
solvents after dissolving the target in strong inorganic acid16, occasionally combined 
with distillation14.1j (wet methods). 

A mixture of 2oyAt, ?]"At and 'I'At isotopes can be obtained (among numerous 
other spallation products) by bombarding thorium or uranium with 660 MeV protons 
in a s y n c h r ~ c y c l o t r o n ~ ~ . ~ ~ '  (Table 1). The separation of astatine isotopes in this case is 
more complicated due to the wide product spectrum forming in spallation reactions 
(sp). Nevertheless, a number of wet separation tcchniques have been developed 19*21*22 

based essentially on selective adsorption of astatide on metallic tellurium from 
hydrochloric acid solution. More rccently, the introduction of gas 
t h e r m o c h r o r n a t ~ g r a p h y ~ ~ ~ ~ ~  has provided a simple and elegant technique for fast and 
selective separation of astatine from other spallation products - including isotopes of 
other halogens. 

The same proccdurcs can be utilized to separate neutron-deficient noble gas 
isotopes (decaying into halogens by electron capture (EC)) from the spallation 
products. Isolation of the radon isotopes from this mixture is easily performed by gas 
chromatography in a column packed with molecular sieves24. The longest-lived " lRn 

= 14.5 h) can then be used as a source of ?llAt (Table 1). Introducing 211Rn into 
an organic substance enables us to study the reactions of recoil "'At atoms it7 sifu26 
(see Section IV.B.6). 

Radon and astatine isotopes can also be obtained by heavy ion-induced nuclear 
reactions 14.26.27 or  by photospallation2H. Especially promising is a recently reported 
p r o ~ e d u r e ? ~  for producing 'IlRn and hence " IAt by irradiating bismuth: 

209Bi(7Li.5n )211Rn. (1) 

This is carried out using 60 MeV 7Li ions (equation 1) in larger cyclotrons and Van de 
Graaff accelerators. However, this has not yet become a routine technique. 
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B. Nuclear Properties and Measurement 

"'At decays2' partly by emitting a-particles to the long-lived 207Bi and partly by 
electron capture to 211Po which, in turn. is an a-emitting isotope, see Figure 1. Due to 
the very short half-life of 211Po (0.5 s) an equilibrium between the two isotopes is 
reached very rapidly, with a controlling half-life of the longer-lived astatine. This 
means that for each decaying 211At nucleus one a-particle is emitted either by itself or 
by "'Po with energies of 5.9 and 7.45 MeV, respectively. The characteristic 
a-spectrum, therefore, serves as a distinctive signature of 211At.  The other two 
long-lived astatine isotopes do not interfere since they decay by a-emission only to an 
insignificant extent (see Table 1).  

The requirement of virtually weightless samples to avoid self-absorption, however, 
severely restricts rr-counting as a means of assaying 211At. Measurement of the 80 keV 
X-rays originating from the electron capture branch of its decay is preferable. This can 
be carried out with simple NaI(T1) scintillation counters. The X-radiation of 207Bi, 
always present as a daughter element of 211At and also decaying by electron capture, 
can be neglected: due to its long half-life it contributes less than 0.002% of the astatine 
activity. 

0.3% EC 
0.687 7 

FIGURE 1. 
values in MeV. 

Simplified decay scheme of *''At (Ref. 29). Energy 
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Similar techniques apply generally to the measurement of the other astatine iso- 
topes, with specific modifications arising from their decay schemes. 

In a number of studies, such as, for example, in the identification of newly synthe- 
sized organic astatine c o m p ~ u n d s ~ ~ ' - ~ * ,  it does not matter very much if the activity 
observed originates from the mixture of the three long-lived isotopes. In  these cases an  
average half-life is measured and a comparison of the activities in different samples 
can be made with satisfactory precision. 

If the reactions of 211At originating from 21'Rn by electron capture are studied, the 
measurement is complicated by the presence of 207P0, arising from *llRn by a-decay; a 
further complication is due  to  *"Rn itself being in equilibrium with its IIlAt daughter. 
Adsorption of polonium on metallic tellurium at higher pH values is generally used2z.z5 
for its removal from aqueous solutions where it usually concentrates. Radon dissolves 
mainly in organic solutions and its evaporation cannot always be achieved completely. 
It can, however, easily be  separated from organic astatine compounds by means of gas 
chromatographic techniques, and its radioactivity can thus be taken into accountz5. 

Since sufficicnt activity is usually available, normal radiometric equipment can be  
used t o  measure astatine without special requirements of high sensitivity o r  low 
background. 

111. PHYSICAL AND CHEMICAL PROPERTIES OF ASTATINE 

The  physical properties of astatine are generally estimated by extrapolation from the 
data available for neighbouring elements and for the  other members of the halogen 
group. Some data of this kind are shown in Table 2. Probably the only exception so far 
is the  direct measurement of the atomic absorption spectrum", performed with a 
gaseous sample containing 10-9-10-10 g of astatine. 

TABLE 2. Physical properties of astatine 
~ 

Property Value Reference 

At 
Covalent radius 
Ionic radius, rAt- 

Gas 
Crystal 

Ionization potentials 
IPI 
IP2 

Electron affinity 
Electronegativity 
Atomic refraction 
AH,"[At-/g] at 298 K - 

158 pm 

197 pm 
230 pm 

9.5 c v  
18.2 eV 

2.8 eV 
2.2 

19.3 crn3 
195 kJ rnol- - I  

31 

33 
33 

34 
34 
35 
36 
36 

9 

At*' 
Internuclear distance 316 pm 31 
Dissociation energy 

DA12 116 kJ mol-l 37 
DA1; 232 kJ mol-l 37 

Ionization potential, I P A ~ ~  8.3 eV 37 
Melting point 244°C 10 
Boiling point 309°C 10 

"Existence of molecular astatine, more precisely of At;, has been established recently in the 
plasma ion source of a mass 
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TABLE 3. Halogen redox potentials (in volts) in 0.1 M acid 

X x --X2(aq.) Xz(aq.)-HOX HOX-HX02 HXOrHX04 

CI - 1.40 - 1.53 - 1.35 -1.13 
Br - 1 .OY -1.51 - 1.42 
I - 0.62 - 1.31 - 1.07 (-1.6) 
At (-0.3) (- 1 .O) [- 1.5) <-1.6 

- 

Reproduced from E. H. Appelman, J. Atner. Chetn. Soc.,  83, 805 (1961) by permission of the 
American Chemical Society. 

It is difficult to describe the chemical nature of astatine without ambiguity. The first 
investigators4 considered it to show closer resemblance to polonium than to iodine by 
virtue of its ability to precipitate with hydrogen sulphide and its very reduced tendency 
to do so with silver nitrate. Somewhat later even the existence of astatine cations in 
acidic aqueous solutions could be p r ~ v e d ~ ~ . ~ " .  On the other hand, immediately after its 
discovery astatine was shown to behave in biological systems in a very similar way to 
iodine.5 The volatility of astatine, presumably present in the elementary state, as well 
as its extractability with a variety of solvents4*, also seems to be consistent with its 
halogen character. 

At this point it  is interesting to mention that, according to computer predictions, the 
next (hypothetical) member of the halogen family, i.e. the heavier homologue of 
astatine (element 117), would be a typical metal with prevalent + 1 and +3 oxidation 
states4'. The observed amphoteric character of astatine6-10 is, therefore, not surpris- 
ing. It is assumed to exist in five different oxidation states in aqueous systems. Appel- 
man43 has made an estimation of the corresponding redox potentials in acidic media 
compared with those for other halogens (see Table 3). 

In organic media astatine is most probably present in a relatively volatile, elemen- 
tary state, generally designated as At(0). Its exact appearance has not yct been 
clarified. The existence of the At, form is excluded by the very low concentrations of 
astatine. So far as the At' radical is concerned, it is very unlikely to survive due to its 
reactivity. Most probably At(0) is bound in some way or other to the organic species 
present. 

Astatine is capable of both electrophilic and nucleophilic reactions in the presence 
of oxidizing or reducing reagents, respectively. The more pronounced positive charac- 
ter of astatine as compared with that of iodine is reflected in the milder oxidizing 
conditions necessary to perform electrophilic substitution (see Section IV.B.5). 

IV. SYNTHESIS AND IDENTIFICATION OF ORGANIC COMPOUNDS 

Early reports concerning the preparation of organic astatine compounds of mainly 
biological were not followed by many others for more than a decade due 
to often contradictory  result^^.^^, leading to the myth that astatine exhibited a caprici- 
ous character when reacting in organic systems. Besides the interference of impurities, 
as already mentioned, these contradictions and poor reproducibility of results may 
well have been caused by the use of experimental techniques like coprecipitation, 
distillation, etc., which were inadequate for the separation of tracer amounts of 
astatine compounds from the macro-scale components present. The considerable 
progress achieved lately in organic astatine chemistry implies the application of 
chromatographic methods capable of separating and identifying tracer as well as 
macro-scale  amount^^^.^'. 
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In the syntheses described below macro-scale amounts of iodine are often used to 
act as a 'non-isotopic' carrier for astatine present in tracer amounts. Sometimes, es- 
pecially in earlier investigations, the analogous compounds of the two halogens obtained 
were also identified together. The presence of astatine in the same chemical form as 
iodine could in these cases be proved by measuring its a-radiation. There is a growing 
tendency to prepare and use organic compounds of carrier-free astatine. Therefore, in 
the following, mention will be made whenever iodine carrier was used to prepare 
and/or identify astatine compounds. 

A. Compounds of Nlultivalent Astatine 

Because of the more pronounced positive character of astatine compared with that 
of other halogens, one of the first attempts in  this field was aimed at preparing organic 
derivatives of astatine in + 3  and +5 valency state. Norseyev and c o w o r k e r ~ ~ ~ * ~ Y  
obtained the following types of compounds: ArAtCl, (l), Ar2AtC1 (2) and ArAtOz 
(3), where Ar = C6HS orp-C6H4CH3, via the reaction schemes seen below. Macro- 
scale amounts of iodine carrier labelled with 13'1 isotope were always added, resulting 

170 "C C'Z 
Ar21CI + At- - CI-+ A$ .  At - Arl -k ArAt -- ArAtCI, 

(1) 

ArAtCI, + Ar2Hg - ArHgCl +Ar2AtCI 

(1 1 (2 )  

(1 1 (2) 

ArAtCI, + ArHgCl HgCI, + Ar2AtCI 

70-100 "C 
ArAtCI, + OCI- i- 2 OH- *- ArAtO, + 3 CI- + H 2 0  

(1 ) (3) 

in the formation of analogous iodine compounds along with those of astatine at each 
stage of the syntheses. (Although the mixture of the two compounds is referred to in 
the text, for the sake of clarity it has been omitted when writing the reaction schemes. 
The mode of writing KI(At) and ArI(At), etc., signifies a mixture of the major com- 
ponent (KI, ArI, etc.) carrying the minor component (KAt, ArAt,  etc.).) 

To prepare ArI(At)Cl, (l), first KI(At) is added to the aqueous solution of Ar21CI. 
The crystalline Ar21.1(At) formed is centrifuged and washed with small quantities of 
ethyl alcohol, then sealed in glass ampoules and heated for a few minutes at  
170-190 "C. The product of the thermal decomposition, ArI(At), is dissolved in 
chloroform, cooled to 0 "C and chlorinated into the end product (1) (see equation 2). 
It is a yellow precipitate which can be recrystallized from chloroform. 

This substance is used as starting material for synthesizing Ar21(At)Cl (2) by slowly 
adding ArzHg to its hot chloroform solution (equations 3a, b). After cooling, HgCl2 
precipitates, leaving a chloroform solution which contains a mixture of 1 and 2. The 
latter can be extracted into the aqueous phase, as has been proved by paper 
chromatographic analysis of the two phases48. 

ArI(At)Oz (3) is formed if sodium hydroxide solution and acetic acid are added to 
the crystals of substance 1 and the mixture is then chlorinated until the yellow crystals 
of 1 completely transform into the white amorphous precipitate of 3 (equation 4). 

The carrier iodine compounds were also used for identifying the corresponding 
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astatine derivatives by means of paper ~ h r o m a t o g r a p h y ~ ~  and thin layer chromatogra- 
phy (TLC)4V. p- and a-activities for iodine and astatine products were measured, 
respectively. 

8. Compounds of Monovalent Astatine 

Quite a few organic compounds containing stable C-At bonds have been prepared 
and unambiguously identified using a variety of chemical procedures - principally 
during the last decade - in spite of the doubts and difficulties previously mentioned. 
Since progress in this field is likely to continue during and after the appearance of this 
volume, i t  seems justifiable to review the results on the basis of the methods most 
often applied for the synthesis rather than to concentrate on the groups of compounds 
obtained. 

However, Table 4 has been included in order to summarize the main groups of 
organic astatine derivatives successfully synthesized. 

TABLE 4. Preparation and identification of organic compounds of monovalent astatine 

Compound Identification' Preparation' Reference 

AtCHZCOOH IEC At- for I (horn.) 50, 51 

50, 52 
56, 86 

At- for I (het.) 
EC recoil At for H GLC n-GHzn + ,At 

(n = 2-6) 

i-C,Hz,+ 1At 
(n = 3-5) 56 At- for 1 (het.) 

EC recoil At for H GLC 

At- for I (horn., het.) 
At- for Br (het.) 
At+ for H (horn.) 82 
(a, 2n) recoil in (C6H5)3Bi 

50, 53 
30. 32 

50, 53 
ChH5At GLC EC recoil At for H or  C1 25, 85-87 

(X = F, C1, Br, I) 
Diazonium decomp. 50, 53  
( C ~ H S ) ~ I . A I  decomp. 5 0 , 5 3  
AtCI, AtBr for CI or Br 14, 83 

At- for Br (hct.) 32 

AtC6H4X (0-, m-, p-) 
(X = F, CI, Br. I) GLC 

At+ for H (horn:) 82 
EC recoil At for H or  C1 14, 25, 87 
Diazonium decomp. 14, 60, 62 
AtCI, AtBr for H 14 ,83  

AtCbH4CH3 (0-. /?I-. p - )  GLC Diazonium decomp. 14, 62 

EC recoil At for H 14, 87 
AtCI. AtBr for H 14, 83  
Mercury compound 65, 68 

HPLC 
TLC 

(0-, m-. p-) 
AtC6H4NH2 (0-, m-,  p-) 

( 0 - 3  P - )  



10. Organic chemistry of astatine 41 3 

TABLE 4. continued 

Compound Identification" Preparationh Reference 

At- for Br (hct.) 58  
EC recoil At for H 58 

HPLC 
TLC 

(0-, m-. p-) 

0 7 1  -) Mercury compound 65 
AtC6HdN02 (0-. t?I-, p-) 

AtC6HdOH (0-, p - )  
HPLC 
TLC 

AtCI, AtBr for H 
Mercury compound 

14 ,83  
65, 68 

Extr. 44 
AtC6HjCOOH (0-, t?l- ,  p - )  TLC Diazonium decomp. 65 

cc 68 

4-At-N,N-dimethylaniline TLC Mercury compound 70 

4-At-anisolc TLC 

3-At-4-methoxyphcnylalanine PEP 
4-At-phenylalanine PEP Mercury compound 70 

~~ ~~ 

3-At-tyrosine IEC At' for H (horn.) 75 
PEP Mercury compound 59, 70 

3-At-5-I-tyrosine PEP Mercury compound 59 

4-At-imidazole 
4-At-2-I-imidazole 
5-At-4-methylimidazole 
5-At-2-I-4-methylimidazolc 
5-At-histidine 

Mercury compound 69 - rLc  

PEP 

5-At-uracii 
Diazonium dccomp. 14,46,6 1,64 
AtCI, AtBr for H 14 
Mercury compound 65. 69 

HPLC 
TLC 

5-At-deoxyuridine HPLC Diazonium decomp. 14, 46, 64 AtCI, AtBr for Br o r  I 

'GLC = gas liquid chromatography; HPLC = high pressurc liquid chromatography; 
IEC = ion exchange chromatography; PEP = paper electrophoresis; CC = column chroma- 
tography; Extr. = extraction. 
b(hom.) = homogeneous; (het.) = heterogeneous. 

I .  Homogeneous halogen exchange 
Halogen atoms of the haloacetic acids arc readily replaced by another halogen in 

aqueous solutions. Samson and Aten50.s' have taken advantage of this phenomenon to 
prepare astatoacetic acid. Astatide ion (with iodide as a carrier) was allowed to react 
with an aqueous solution of iodoacetic acid at  40 "C according to equation ( 5 ) :  

ICH2COOH + At- - AtCH2COOH + I- (5) 

The product was extracted with ethyl ether, then the solvent evaporated to  dryness and 
the residuc recrystallized from carbon tetrachloride. The presence of astatine in the 
form of astatoacetic acid was proved by ion exchange chromatography. The entire 
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FIGURE 2. Logarithmic rctcntion time for tz-pentyl halogenides, 
measured using dinonyl phtalate stationary phase at 140 "C (A), 150 "C 
(e) and 160 "C (0), versus the respective boiling points of the 
compounds. (Reproduced from G. Samson, Organic Compounds of 
Astatine, dissertation, Universitat Amsterdam (1 971), by permission of 
the author.) 

astatine activity could be eluted from the column as a single peak closely following the 
peak of ICHzCOOH labelled with I3lI. 

Essentially the same procedure can be used t o  synthesize a number of ti-alkyl 
a s t a t i d e ~ j " . ~ ~  as well as a s t a t o b e n ~ e n e ~ ~ . ~ ~  at room temperature. A n  intense field of 
ionizing radiation increases the rate of the exchange reaction leading to formation of 
astatobenzene. 

Halogen exchange between (C6H5)21.1 and  At -  in hot ethyl alcohol solution (very 
similar t o  that described by equation 2 for Ar21Cl and  At-) gives rise to formation of 
diphenyliodonium astatide ((C6H5)J.At). Decomposition of this compound at 175 "C 
has also been utilized to prepare a ~ t a t o b e n z e n e ~ ~ . ~ ~ .  

Samson and Atensoo"*53 were the first t o  use gas-liquid chromatography (GLC) to 
isolate organic products of astatine. This technique not only allows their separation 
from the  corresponding products of iodine but also serves to idcntify them by means of 
sequential analysis of the  analogous halogen compounds. A n  example of this for  
n-pentyl halogenides is shown in Figure 2. Furthermore, the difference in the GLC 
retention times (fret) for  analogous halogen derivatives was made  use of when estab- 
lishing the  boiling points of the corresponding astatine  compound^^^^^^^^^. The  method 
was later developed and  extended to determine several physicochemical properties of 
these compounds, a s  discussed in Section V.B. 
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2. Heterogeneous halogen exchange 

n-Alkyl a s t a t i d e ~ j ~ . ~ ~  and a s t a t o b e n ~ e n e ~ ~ . ~ ~  have also been prepared by means of 
gas chromatographic halogen exchange, as had been described earlier54.55 for radioac- 
tive labelling of volatile organic compounds. In this case At- is adsorbed on the solid 
phase and the iodine compound flows through the GLC column in an inert gas stream. 

Rlvapour + AtSolid RAt + I- (6) 

where R = n-CnH2,+, (11 = 2-6) or  R = i-C,,H2,+1 ( n  = 3-5) or R = C~HS.  
The exchange reaction (equation 6) was performed at a temperature of 130-200 "C 

in a short (15 cm) column packed with Kieselguhr and connected to a longer one for 
separation and analysis of the products formed. In  a simplified procedure Norseyev 
and coworkers56 used only the analysing column, with At- adsorbed at its inlet, to 
obtain n- and i-alkyl astatides. Each iodide gave rise to the corresponding astatide - as 
could be established from the GLC b e h a v i o ~ r ~ ~ ) . ~ ~ * ~ ~ . ~ ~ .  Figure 3 shows a plot of the 
logarithmic retention time values versus boiling points for analogous alkyl iodides and 
alkyl astatides. 

Kolachkovsky and Khalkin3" obtained astatobenzene by an exchange reaction bet- 
ween At- adsorbed on sodium iodide and bromobenzene at the boiling temperature of 
the latter. This technique was further developed by using sealed ampoules which 
enabled the temperature of the reacting systems to be i n c r e a ~ e d ~ ' . ~ ~ .  A detailed study 

n- C5H11At Y 
n - C,H,At ,o 

@i-C5H,, I 

n - C  H Ate' 
i - C  H At o >si-c4H91 

7p/"-~,~,~ 
C H A t d  

2 5./ 

/ i-C3H71 

I I I 

100 150 200 
<.OC 

FIGURE 3. 
iodides (e) and alkyl astatides (0). measured using dionyl phtalate, 
on boiling points of the compounds5". 

Dependence of logarithmic retention time for alkyl 
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concerning the influence of reaction time, temperature and some other factors on the 
synthesis yields has been carried out. As a result, the following conditions have been 
found to be optimal for preparing astatobenzene and the isomers of astatohaloben- 
zenes from the corresponding bromine or iodine  compound^^^. Aqueous solution of 
astatine containing sodium hydroxide is evaporated to dryness, then a small amount of 
water is added, the ampoule sealed off and heated for about an hour at 250 "C. The 
isomers of astatonitrobenzene were prepared5* at lower temperatures (50-60 "C). 
GLC and high pressure liquid chromatography (HPLC) served to identify the com- 
pounds formed. Yields of 50-70?4 and fairly good reproducibility could be obtained 
with these methods, thereby making the use of iodine carrier unnecessary. 

Visser and colleagues5y reported lower yields (1-5%) for At + I exchange in the 
solid phase when astatine and iodotyrosine or 3,s-diiodotyrosine reacted at 120 "C in 
a vacuum. 

3. Decomposition of diazonium salts 

In early attempts to produce benzoic acid and hence serum albumin labelled with 
astatine, Hughes and coworkers44 utilized decomposition of the corresponding 
diazonium salts and later so did Samson and Aten in preparing a ~ t a t o b e n z e n e ~ ~ . ~ ~ .  

More recently Meyer, Rossler and Stocklin carried out systematic studies on the  
application of these reactions for synthesizing astatohalobenzene, astatotoluene and 
astatoaniline i ~ o m e r s l ~ . ~ ~ ,  as well as 5-as ta to~rac i l '~ .~ '  and 5-a~ta todeoxyur id ine '~*~~.  
A comparison with analogous processes of carrier-free 1251 or "'I under similar con- 
ditions was also made to throw more light on the mechanism of decomposition of the 
diazonium compounds". Substituted anilines are used as starting materials for the  
synthesis of astatobenzene derivatives. The starting materials are converted into the 
corresponding diazonium salts (equation 7). The excess of sodium nitrite is destroyed 
by urea. Subsequently, At- in sodium sulphite solution is added and the reaction 
mixture heated to 80 "C for some minutes (equation 8). The product is extracted with 
diethyl ether which is then washed with sodium hydroxide, dried and the diethyl ether 
evaporated at about 30 "C. The resulting astatine compound, identified by GLC or 
partition HPLC, contains 12-2696 of initial radioa~t ivi ty '~.~".  

NH2 HCI. NaN02 b - - 5 T  
(7) 

Essentially the same procedure was applied to obtain 5 - a s t a t o u r a ~ i I ~ ~ . ~ ~  from 
5-aminouracil with the only difference being that the product can be separated from a 
yellow precipitate by filtration. The identification in this case can be made by ion 
exchange or partition HPLC. The liquid chromatographic sequence of uracil and 
halouracils on different ion exchange columns was used for identification of astato 
derivatives, as is shown in Figure 4. Iodouracil is analysed both in macro-scale con- 
centrations and as a carrier-free compound of 1251 (- mol ml-') prepared by the 
same method as astatouracil. The chromatographic pattern indicates that the major 
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FIGURE 4. Sequential analysis of uracil, 5-X-uracils (X = F. 
Br, I) and carrier-free '251-uracil and "'At-uracil usin 
exchange HPLC. I. Aminex A7 at 25 "C, 180 bar (1.8 x 10 Pa), 
with 0.05 M KHSO, eluent; 11. Aminex A25 at 25 "C, 50 bar 
(5 x 106 Pa), with 2 M HCOOH eluent; 111. Aminex A27 at 
60 "C, 30 bar (3 x lo6 Pa), with lo-' M NaNO, elucnt. 
(Reproduced from G.-J. Meyer, K. Riissler and G. Stocklin, J .  
Labelled Cotnpd. Radioplzann., 12, 449 (1 976), by permission of 
John Wiley and Sons, Ltd.) 

9 ion 

radioactive product (-30% yield) formed by decomposition of the diazonium salt in 
the presence of At-,  is really 5-astatouracil (see Figure 4). Reinjection of this fraction 
gives only one and the same peak again even after keeping it at 80 "C for 30 min, 
which shows the stability of the C-At bond in the compound. 

Data obtained for astatohalobenzene formation and for the products of carrier-free 
iodine might provide additional information on  the widely discussed mechanism of the 
diazonium ion d e c o m p ~ s i t i o n ~ ~ .  Since water is always present in much higher concen- 
tration than the trace amounts of carrier-free iodide or astatide, phenol is the product 
of diazonium ion decomposition to be expected. The fact that iodohalobenzenes and 
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astatohalobenzenes are still formed under these conditions, without catalyst, giving 
reasonable yields, suggests that the halide anions have much higher reactivity than the 
hydroxide ion. The peculiar selectivity of the decomposition reaction could be 
explained by the formation of a relatively stable intermediate: according to Meyer and 
his  colleague^^^^^*, a complcx between the halogenide and diazonium ion (4). Its 
formation is followed by an electron transfer which leads to the release of nitrogen 
while the phenyl and halogen radicals recombine, as is demonstrated in equation (9). 

The heavier halogens havc a tendency to form complexes which is not expected from 
hydroxide ion, and the high selectivity of this step may suggest an especially favourable 
interaction between the diazonium group and the I -  or At- ion. Due to its lower 
electronegativity and higher polarizability, astatine is the better complex-forming 
agent. This is well in line with the observed two- to threefold higher yields for astatine 
than for iodine products under comparable conditions. The electron transfer (4 + 5 )  
in equation (9) may procced at lower excitation levels in the presence of I -  and 
especially At- as compared with the competitive reaction of hydrolysis because of the 
relatively low polarizability of the water molecules. 

The  isomer distribution obtained in competition experiments with equimolar mix- 
tures of orrho, mcta and para diazonium  salt^'^.^' seems to confirm the suggested 
mechanism of intermediary complex formation. A s  it  can be seen from Table 5 ,  both 
1311 and *llAt react preferentially with the orrho isomers of haloanilines, and this 

preference decreases in the series from fluorobenzene to iodobenzene. Though the 

TABLE 5 .  Relative isomer distribution of astato- and iodobcnzcne derivatives in equirnolar 
mixtures of ortho, niefa, and para diazoniurn salts 

Astatohalobcnzenes lodohalobenzenes 

Initial substrata ortho tneta para ortho nieta para 
(ortho + mera + para = 100) 

0-. nt- ,  P - F C ~ H ~ N H ~  6 5 2 3  2 5 t 3  1 0 2 3  8 2 ? 3  1 1 5 3  7 2 4  

o-, m-, p-BrC6H4NH2 4 4 5 3  2 6 2 3  3 0 2 3  5 9 2 3  2 4 5  1 1 7 2  1 
0-, tn-,  p-IChHjNH, 3 4 2 4  3 4 2 4  3 2 2 4  6 4 5 6  2 7 2 6  9 2 1  

0-. t?i - ,  P - C I C ~ H ~ N H ~  5 0 5 3  2 2 5 3  2 8 4 3  7 9 2 2  3 5 1  1 8 2 1  

Reproduced from G.-J. IMeyer, K.  Rossler and G. Stiick1in.J. Atner. Chetn. SOC.. 101, 3121 
(1979), by permission of the American Chemical Society. 
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ortho selectivity is stronger for the I -  ion, its dependence on the electronegativity of 
the halogen substituent already present in the molecule is even more clearly expressed 
for the At- ion. 

This phenomenon was explained by the depcndence of halogenide-diazonium ion 
complex stability o n  the extent of covalency of the participating bonds. Thus, complex 
4 might be further stabilized by additional chargc delocalization brought about by thc 
substituent prcsent in the position orrho to the diazonium group. Accordingly, the 
differences in isomer distribution observed in the competition experiments could be 
attributed to different rates of complex formation. depending o n  the electronegativity 
of the ortho substituent. On the other hand, the somewhat lower orilio selectivity of 
astatide compared with that of iodide was explained by the higher steric hindrance for 
the bulkier halogen. 

5-Asiatodeoxyuridine (7), which is likely to be of special interest for biological 
studies (see Section VI), can be prepared from the corresponding amino derivative 
with a yield of only 2-3%, the main product (20-25%) being 5-astatouracil (8)14.64. 
The same is true for the iodination of 5-aminodeoxyuridine. Hydrolysis of the 
N-glycosyl bond of the starting substance (6) in the course of diazotation is assumed to 
be responsible for this phc r~omcnon~~ .  

Other l a b o r a t ~ r i c s ~ ~ - ~ ~  have obtained high yields (-90%) of astatobenzoic acid 
isomers by decomposition of diazonium salts. The products can be identified6s by 
TLC. The para isomer is then used to prepare a biologically stable astatinated protein 
(bovine serum albumin) by a condensation reaction between the carboxylic group and 
the arnine function of the protein, as has been reported by Friedman, Zalutsky and 
 colleague^^^.^^. Thc benzoic acid derivative was chosen as an intermediate because 
aromatic halogen compounds are more stable against halogen displacement than the 
aliphatic ones. Astatinated protein is separated from the unreacted p-At-benzoic acid 
by column chromatography, overall yield of labelling being 12%. The labelled protein 
was found to be stable in vivo over a 20 h period. 

A somewhat modified procedure has bccn also applied for synthesizing ?"At- 
labelled antibody proteins6* which showed n o  loss of immunological specificity. 

4. Astatination via mercury compounds 

Astatine can be built into aromatic and hcterocyclic molecules with high yields 
under relatively mild conditions using the method generally known for converting 
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chloromcrcury compounds into iodides7', as it was shown by Visser and  col- 
l ~ a g u e s ~ ~ ~ " ~ ~ ~ ) .  Thc sequence of the reactions leading to  astatinated benzene deriva- 
tives is shown schematically by equation (1 1): 

K. Bcrei a n d  L. Vasaros 

The  aromatic or hctcrocyclic substrate is dissolved or suspended in sulphuric acid 
and a somewhat less than stoichiometric amount of mercury sulphate is added. The  
mixturc is stirred for several hours at  room tcmpcrature or a t  60 "C, dcpending on  thc 
substrate. Thereafter, twice the  stoichiometric amount of sodium chloride is added at  
room temperature, followed after 5 niin by dilutcd sodium hydroxidc-sodium sulphitc 
solution of astatide containing an iodide carricr and by K13. This mixture is stirred for 
an additional 5-30 min. The  mercury iodide precipitatc is filtered or dissolved by 
adding an  excess of potassium iodide to the  system. Thc  astatinated products, except 
the amino acids, a r c  cxtracted with organic solvents and identified by TLC. 
Astatoamino acids are analysed i n  aqucous solution using paper elcctrophoresis. 
Astatinc derivatives of phenol, aniline, dimcthylaniline, anisol, phenylalanine, uracil70 
and t y r o ~ i n e ~ ~ ~ ~ ~ ) .  a s  well as of imidazoles and  histidine"', can be prepared by this 
method with 50-95?4 yiclds. 

Comparcd with t h e  decomposition of diazonium salts, astatination via chloromer- 
cury derivatives - besides the usually highcr yields - has the advantagc that sidc 
reactions can be avoided. This  means that after removing the inorganic fraction thc 
required product is gcncrally prcsent in more  than 95% purity70. O n  thc other hand, it 
should bc kept in mind that the substitution pattern (isomcr distribution) is deter- 
mined by thc mercuration reaction. Therefore, only orrho and para astatophenol or 
astatoaniline can bc obtained by this technique, while the mcra isomers originate if 
nitrobenzene is the starting material. 

For mercuration o f  substanccs such as phenol that possess highly activated substitu- 
tion sites, it is not necessary to  use strong acidic media. Thus ,  for example, orrho- and 
prtra-chloromercuryphenol can be prepared using Hg(0Ac)z  followed by the reaction 
with sodium chloride as described carlicr7'. The  corresponding astatophcnols a rc  then 
produced smoothly by interaction with At- at  room tempcrature, with 95% yicld. 

T h e  higher reactivity of astatine compared with iodine in the reactions with chloro- 
mercury compounds has bccn ~ s t a b l i s h c d ~ " .  This is reflected in the higher yields of 
some astatinated as  compared to  those of iodinated products. Furthermore, astati- 
nated products. though with lower yields. a re  also obtainable without iodine carrier 
prcsent while carrier-frcc I 3 I I  fails to react, as is shown, for cxample, with tyrosine, 
aniline and  nitrobcnzcnc. Both ionic clcctrophilic and radical mcchanisms had earlier 
bccn proposed for t h e  halogcnation o f  chloromcrcury compounds. For astatine react- 
ing in thc absence of an iodine carrier. howcver. a strong indication of the radical 
mechanism has been found7"which can be explained by casy oxidation of At -  to At(0) 
at low p H  values. 

5. Electrophilic substitution 

Elcctrophilic substitution is onc  of thc most characteristic features of halogcn atoms. 
I t  is surprising. therefore. that not very much is known about this aspect of astatine 
chemistry. One  of t he  rcasons for this a rea  not yet having been clarified is that most 
investigations related to the substitution of a hydrogen atom by a positive astatinc 
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specics were directed towards labclling coniplicatcd molecules such as proteins and 
l y r n p h o c y t c ~ ~ ~ - ~ ~ .  Such systems arc, of course, not best suited for studying chemical 
reaction mechanisms. Thcir invcstigation is, howcvcr. justified by the potcntial impor- 
tance of ” ‘At-labelled biomoleculcs in medical applications. as will be discussed in 
Section VI. 

Neirinckx and coworkers73 could label lymphocytes by clectrolysis in isotonic solu- 
tion leading to the formation of At+ ions on the platinum gauze anode. Varying the 
elcctrodc potcntial. the highest labelling yields can be obtained if thc potential differ- 
cnce is 3-7 V. However. ii rapid decomposition of the product is also observed in 
these cases. 

Further information concerning the factors affecting the clcctrolytic astatination can 
be obtained from the work of Aaij and c o l l e a g ~ e s ~ ~ .  They investigated diffcrcnt tech- 
niques for electrophilic labelling of keyhole limpct haemocyanin (KLH). Electro- 
oxidation at pH 7.4 with 1 V potential diffcrence for about 30 min led to coupling of 
about 30% of astatine present to the protein. The value of the electrode potential 
secms to be crucial as far as thc protein denaturation is conccrncd: samplcs obtained 
under conditions described above do  not show any significant denaturation whereas if 
the voltagc is increased to 4-5 V the latter proccss becomes very fast. 

I t  was proved in the same study that the chloramine-T techniquc. successfully used 
to oxidize species to form I’ for labelling proteins with radioiodine, is very inefficient 
in the case of astatine. A probablc cxplanation is that, due to the difference in oxida- 
tion potentials between the two halogens. chloramine-T may oxidize astatine to a 
higher valency state. which is not capable of clectrophilic substitution in the molecules 
investigatcd. 

On the othcr hand, oxidation by hydrogen peroxide at pH 7.4 in the prcscnce of a 
small amount of potassium iodide rcsulted in 60% astatination of KLH. Both elec- 
trolytic oxidation and that with hydrogen pcroxide wcrc also applicd for labelling 
human gamma-globulin and tuberculin. However. despite successful incorporation of 
astatine into the proteins under conditions suitable for clectrophilic substitution, 
neither the real mcchanisni of labelling nor the type or site of the At bond could be 
determined. Thus, i t  remained a question whether the astatine built into the KLH by 
oxidation with hydrogcn peroxidc is bound in the tyrosine group as a positive ion or  
forms a complcx, as AtI. with the protein m o l e c ~ l c ~ ~ .  Though scvcral studies have 
attempted to clarify these questions, we feel that no reliablc answcr has yet been 
found. 

Thus. according to Vaughan and F r ~ r n l i n ~ ~  reaction of astatine with L-tyrosine in the 
presence of hydrogen peroxidc and potassium iodidc rcsults in formation of astato- 
tyrosine at pH > 9. The product is idcntified by ion exchange chromatography; how- 
ever, a loss of astatine with a cheniical half-lifc of 310 min is observed. Similar 
instability is observed76 if protcins (rabbit IgG immunoglobulin and the light chain 
fragment) are labcllcd by the same techniquc at pH 7-7.4. Thc authors assume that 
astatinc bound originally to the tyrosyl residue of the protein is readily released due to 
the very unstable naturc of the C-At bond and reacts non-specifically with other 
groups, finally being trappcd by thc tertiary structure of the protein. 

Investigations carricd out by Visser and colleagues” with astatotyrosine have 
shown, however, that although astatotyrosine is fairly stablc in  acidic solutions, i t  
decomposes rapidly at  pH > 7. especially in thc prescncc of oxidizing agcnts, similarly 
to astatoiodotyrosine, as is dcmonstratcd in Tablc 6. This behaviour was then attri- 
buted to the gcncrally known sensitivity of o-halophenols to oxidation77 rather than to 
the weakncss of the C-At bond. Fast deastatination at higher pH values can be 
explained by the formation of the reactive phcnolatc ion. as was also observed for 
dciodination of i o d ~ t y r o s i n e ~ ~ . ~ ‘ .  Conscquently, astatotyrosine is very unlikely to sur- 
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TABLE 6. Stability of astatotyrosine and astatoiodotyrosine at room t e r n p e r a t ~ r e ~ ~  

K. Berei and L. Vasdros 

Compound 

~ ~~~ 

PH Additive Chemical half-life 

3-Astatotyrosine < I  
4 
7 
7 

10 
11.5 

3-Asta to-5-iodotyrosine < I  
7 

N o  decomposition in 20 h 
N o  dccomposition in 20 h 
14-17 h 
0.5 h 
45 min 
3-4 min 

N o  decomposition in 20 h 
0.5-1.5 h 

vive the conditions described for electrophilic astatination (hydrogen peroxide in 
neutral or alkaline media) of  protein^^'.^^. Instead, a complex formation between 
oxidized astatine and protein was suggested without specifying its exact structureg0. 

The controversy between different research groupssn.*' shows that the chemistry of 
these processes is not wholly understood yet. Further systematic studies and also more 
unequivocal techniques identifying the products are necessary prior to using electro- 
philic substitution to produce astatine-labelled proteins stable under physiological 
conditions. 

More straightforward work concerning the electrophilic substitution reactions of 
astatine has been carried out recently with benzene and its monosubstituted deriva- 
tives, C6H5X, where X = H, F, C1, BrX2. The reactions were performed in homogene- 
ous mixtures of the aromatic compound and acetic acid containing H2Cr207 as oxidiz- 
ing agent. The redox potential of the media being 1.0 V, the astatine is presumably 
present in the At'" forms (see Tdbk 3). 

Under these conditions no significant hydrogen substitution in benzene can be 
detected below 80 "C. At higher temperatures, however, substitution yields of up to 
50% are observed in short time periods (see Figure 5). The isomer distribution of 

I I I I I 

0 50 100 150 200 2 50 
t ,  min 

FIGURE 5 .  Kinetic curves of electrophilic At' for H substitution in 
benzeneE2 at 80 "C (0) 100 "C (e) and 120 "C (A). 
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TABLE 7. Yield and isomer distribution as a result of electrophilic At' for hydrogen substitution 
in halobenzeness2 

Isomer distribution 

Halobenzencs Yield, %I orrho tnera para 
(ortho + mera + para = 100) 

~ 

C h W  3.3 7 2  1 9 3 2  6 
C6H jCI 0.2 15.4 t 0.8 1.6 r 0.2 83t 5 
C6HjBr 0.1 2 0 2  1 2.0 2 0.2 7 8 2  5 

hydrogen substitution products in monohalobenzenes clearly demonstrates the 
electrophilic character of the reacting astatine (see Table 7). 

Reactions of AtCl and AtBr (prepared by interaction of ?IIAt with C12 and Br2 at 
room t e m p e r a t ~ r e ' ~ . ' ~ )  in monosubstituted benzene derivatives, C6H jX, where 
X = F, C1, Br, NH2, OH, CH3, were also considered to be mainly electrophilic proces- 
ses as reported by Meyer and ~ o l l e a g u e s ' ~ . ~ ~ . ~ ~ ,  by analogy with those of carrier-free 
1251C184. This seems to be confirmed by enhanced hydrogen substitution in the acti- 
vated aromatic compounds such as aniline and phenol as compared with that in halo- 
benzenes and also by the isomer distribution of the products. In contrast to the well 
established mechanism of the iodine chloride reaction with aromatics, astatine 
chloride and astatine bromide should react in a different way, as shown by the signific- 
ant extent of halogen exchange (30-4096) with halobenzenes. This phenomenon, 
together with the high ortho selectivity of hydrogen substitution in halobenzenes and 
aniline, has been i n t e r ~ r e t e d ' ~ . ~ ~  as being an attack of the polarized interhalogen at the 
electronegative site of the aromatic substrate (i.e. at the halogen atom) followed by a 
complex formation. This complex should then react in two different ways: either by 
normal aromatic substitution (proton removal) or by electrophilic halogen replace- 
ment reaction. It has also been assumed that both reactions are assisted by a Lewis 
base always being present in the reaction mixture. 

i- 
6+ 6- 

+ At-CI - 

X X 

(1 2a) 

where X = F, CI, Br; B = Lewis base. 
It should be emphasized, however, that the mechanism proposed in equations (1 2) 

needs further study and more detailed information, especially on the ratio of the 
observed two directions as a function of reaction conditions. Better statistics of the 
experimental data would also be necessary to  prove the assumption described 
above 14.83. 
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T h c  high halogen replacement yields observed with halobenzenes initiated investi- 
gations with IAtCI in order to prcpare j-'"At-deoxyuridine from the corresponding 
iodine derivative. In this case. however, only yields of 3-496 could be ~btainedl".~".  

6. Reactions of recoil astatine. 

The fact that astatine can be obtained only via nuclear transformations offers a good 
opportunity to synthesize its compounds by immediate reactions of recoil astatine. 
Atoms originated in nuclear processes generally havc an excess of kinetic, excitation 
and also ionization encrgy which increases thcir reactivity. This can give rise to chcmi- 
cal reactions prohibited for thermal species duc to the activation energy needed. 

Samson and Atcn:"'." were the first to USC rccoil astatination to synthesize astato- 
benzene by irradiating triphenylbismuth with a-particles in a synchrocyclotron. 
Astatobenzene, as one of the products of recoil astatine formed in nuclear reaction 
is separated and identified by GLC. 

Norseyev and colleagues applied rcactions of '"At formed by elcctron capture from 
*"Rn (see Table 1 )  in bcnzene and aliphatic hydrocarbons to obtain astatobenzeneR5, 
n- and i-alkyl a ~ t a t i d e s ~ ~  as well as cyclopentyl and cyclohexyl astatid@. 

More systematic studies were carried out on the rcplacement reactions of EC- 
produced astatine in gaseous, liquid and crystalline benzene and halobenzenes2s.82 as 
well as in liquid nitrobenzenc" and anilincx7. 

After its separation from the other spallation products and its subsequent purifica- 
tion as described in Section 1I.B. carricr-free '"Rn is introduced into thoroughly 
cvacuatcd glass ampoules containing the organic substrate. The ampoulcs are sealed 
and "IRn is allowed to decay for 14 h. until the cquilibrium with ?l lAt  is reached. 
Organic and inorganic fractions are scparated by cxtraction of the  substrate with 
carbon tetrachloride and aqueous sodium hydroxide solution containing a small 
amount of sodium sulphitc as reducing agent. Identification and determination of thc 
yields of individual organic products are performed by GLC and HPLC. 

Considerablc amounts of replacement products were obtained for bcnzene and 
h a l o b ~ n z e n e s ~ ~  with the highest yields for liquid systems. The hydrogen replacement 
yields in aniline and nitrobenzeneSy do not differ significantly from those obtained in 
halobenzenes (as is shown in Table 8). This finding, togcthcr with the nearly statistical 
isomer distribution, confirms the assumption that the hydrogen rcplacement in aroma- 
tic compounds by decay-activatcd astatinc is a hot homolytic process rather than 
thermal clectrophilic onc. 

Whereas thc cxtent of hydrogcn substitution decreases in the scrics fluoro-, chloro-, 
bromo-, iodobenzenc, the replacenicnt of the halogens shows an opposite tendency 
(see Tablc 9). This is especially true for yiclds observed in thc presence of a small 
amount (0.5-1 .O rnol%) of iodine commonly used as radical scavenger for thermalized 

TABLE 8. Hydrogcn replacement o f  recoil '"At in liquid benzene and its derivatives".x7 

Compound Yield. %I 

Isomer distribution 
(orrlzo + nzeicr + para = 100) 

72.8 % 2.5 
14.4 2 4.0 
10.7 2 1.7 
7.8 It- 0.9 
3.7 2 0.2 
5.2 ? 1.7- 
6.5 * 0.4 

38:40:22 
40:40:20 
56:30: 14 
48:36: 16 
52:34:14 
36:44:20 
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TABLE 9. Halogen replacement by recoil "'At in liquid halo benzene^^' 

Yield, ?h 

Compound Neat +0.5 mol% I ?  

425 

ChH.jF 4.9 2 0.9 3.6 2 0.4 
C6H5CI 35.3 -c 5.2 18.8 2 0.3 
CoHsBr 41.0 2 5.0 27.6 2 3.3 

43.0 2 2.0 32.8 * 1.8 C6H.51 

halogen atoms, i.e. to distinguish between the products of hot and thermal reactions of 
recoil halogens. 

Competition between the halogen and hydrogen replacement seems to be respons- 
ible for the opposite tendency in their product yields through the series of halo- 
benzenes. This may imply a common activated state for both reactions, e.g. some kind 
of short-lived excited intermediate complex formed as a result of a highly inelastic 
atom-molecule collision of astatine with the aromatic molecule, similar to that post- 
ulated earlier88.89 for the hot replacement reactions of the other halogens in analogous 
systems: 

(13a) 

where X = F, CI, Br. 1. 

\ 

\---..- 
I 
0- 

------- - -  
n 
"0 0 2  04 06 0 8  10 

TEA mole fraction 

FIGURE 6. Effect o f  dilution with triethylamine 
(TEA) on '"At for C1 (A and '"At for H (0) 
replacement in chlorobenzcnc'2. Dashed lines represent 
the theoretical dilution curve. 
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Moreover, the halogen rcplacement yields both in liquid and gas phase show a linear 
dependence on the reciprocal bond strcngth of the halogen to be replaced. This again 
is consistent with the bond cnergy depcndence of the hot halogen replacement estab- 
lished for other recoil halogens formcd in different nuclear and 
decaysyo.Y'. Other factors, such as the increasing polarizability of the substituents in the 
same series of halobenzenes or  stcric effects may, however, also be of importance. 

On the other hand, investigations on systems dilutcd with solvents of different 
ionization potentials (IPS) suggest a more complicated pattern of recoil astatine reac- 
tions'I2. Dilution of chlorobenzene with triethylamine (TEA) having an IP lower than 
astatine increases cviisiderably thc replacement of chlorine atoms while decreasing 
that of hydrogen atoms (Figure 6). Thc opposite tendency was observed when diluting 
chlorobenzene with carbon tetrachloride or hexafluorobcnzene - both having higher 
IPS than astatine. Since astatine is formed in the clcctron capturc originally in the 
charged statc, its neutralization before taking part in the chemical reactions depends 
on the IPS of the surrounding molecules. Therefore, the phenomena observcd in 
different media, as described above, may indicate a significant participation of At+ in 
rcplacing hydrogen while neutral astatinc atoms seem to prevail in halogcn 
replacement. 

V. PHYSICOCHEMICAL PROPERTIES OF ORGANIC COMPOUNDS 

Eve'n though the number of organic astatine compounds prepared and unequivocally 
identified has increased rapidly over the past few years, not too many of their proper- 
ties are known precisely; this is because of the obvious difficulties in measuring micro- 
scale conccntrations. Most of the data concerning the physicochemical properties of 
organic astatine compounds have been obtained by making use partly or entirely of 
extrapolation from the properties of analogous halogen derivatives. Along with the 
development of techniques for synthesizing and identifying astatine compounds some 
direct mcthods for establishing their characteristics have recently come in sight. 

A. Extrapolation from Properties of Other Halo Compounds 

In a study aimed a t  predicting some of the properties of volatilc compounds of 
superheavy elements, Bachmann and Hoffmanng3 also made a number of estimations 
for the corresponding astatine derivatives. The authors found relationships between 
physicochemical constants giving monotonic plots for alkyl derivatives of clements 
which belong to the same group of the periodic systcm. Extrapolation of the properties 
according to these plots is possible because the molecular structure of the alkyl 
derivatives does not change essentially for the elements within onc and the same 
group. 

Thus, since both thc atomic volume (vA) and the electronegativity ( x )  of the heavy 
atoms exhibit a definite influencc on thc Van der Waals' interactions of their organic 
derivatives, the boiling tcmpcraturc (Tb) was plotted against a relationship of thc 
former quantitics: 

Tb = f ( Z v A / X ) -  (1 4) 

where Z is the atomic number of the element. Smooth curves were obtained for the 
methyl as well as the ethyl halogenides. Although both the atomic volume and the 
electronegativity of astatine were established - likewise by extrapolation - from cor- 
responding values measured for the other halogens, thc Tb valucs determined on the 
basis of equation (14) agree reasonably well with those obtained using other methods 
of extrapolation (see Table 10). 
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T A B L E  10. Some physicochemical properties obtained by extrapolation 

Property 
Quantity used for 
extrapolationu Value Reference 

73 2 5 
72" 2 
77 -c 5 

93 
94 
95 

8.8 95 
205 95 

103 * 5 
98 -c 2 

93 
50, 52 

IP, eV zrXrX 8.65 95 

"W, = molecular volume; pv = vapour pressure. 

, f  I I 1 - 
2 4 6 8 

W, pm-l lo3 
FIGURE 7. Relationship between dissociation energy (D) and bond distance 
( r )  for halogen molecules (0) and methyl halogenides (A). (Reproduced from L. 
Vasdros, K. Berei, Yu. V. Norseyev and V. A. Khalkin, Magy. Kim. Folydiraf, 
80, 487 (1974), by permission of the Hungarian Chemical Society.) 
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TABLE 1 1 .  Dissociation energy values for some organic astatine and iodine compounds 

K. Berei and L. Vasaros 

1)c-x. kJ mol-l 

X = At X = I  

Compound Calculated3' Experimental'08 C a l ~ u l a t e d ~ ~  E~perirnental~~ 

176 
167 
163 
159 
163 
205 
146 
125 

226 226 
218 213 

1 6 2 t  10 213 209 

213 205 

197 
175 

152% 10 209 192-218 

I87 t 20 255 252 t 241°* 

The dissociation energy (Dc-A,) or' methyl astatide has been determined by extra- 
polation from other methyl halogenides on the basis of the relationship 

Furthermore, the ionization potentials for methyl and ethyl astatide have also been 
estimated using the dependence of this former constant on the covalent atomic radius 
( r A )  and the electronegativity of the heavy atom? 

IP = f (ZrA/x) .  (1 6) 
The values for both latter quantities are also given in Table 10. 

Another method proposed as a means of estimating the dissociation energy for some 
aliphatic and aromatic astatine compounds is also based primarily on the assumption 
of identical molecular structure of analogous derivatives3'. According to the linear 
relationship found between D values and the reciprocal covalent radii for halogcn 
moleculesy6, first the covalent radius of At, (rAr,) was estimated by extrapolation (see 
Figure 7) using a thcoretical value for DA1,37. Hcncc the bond distance (rC-Al) can 
easily be calculated and the D c P A 1  can again be determined by extrapolation from 
corresponding values of  analogous halogen compounds (as is shown in Figure 7 for the 
methyl halogenide series). I I C - ~ ~  values for other compounds can also be calculated 
using Szabo's methodg7 of bond energy decrements. DcpAI values for some aliphatic 
and aromatic astatine derivatives estimated in this way arc shown in Table 11 together 
with calculated and measured values for analogous iodine compounds, for comparison. 

B. Determination Based on Gas Chromatographic Behaviour 

Besides the separation and identification of carrier-free astatine compounds, GLC is 
applied for determining some of their features. Gas chromatographic behaviour of a 
substrate reflects its distribution between the stationary (liquid) and thc gas phase; the 
distribution is determined by intermolecular interaction of this substrate with the 
molecules of the stationary phase. These interactions, in turn, depend on physicochem- 
ical characteristics o f  both species. Thus, information can be obtained on particular 
properties of volatile compounds from systematic gas chromatographic studies using 
different stationary phases of known characteristics. Actually, this is one of the very 
few techniques suitable for studying the physicochemical properties of astatine com- 
pounds due to its equal ability to separate species present in micro-scale as well as  in 
macro-scale amounts. 
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It was first utilized by Samson and Aten5? to establish the boiling points of n-alkyl 
astatides (n-C,,Hb+lAt, where 12 = 2-6) by extrapolation from the Tb values of other 
alkyl halogenides. In this case thc boiling points were plotted simply against the 
logarithmic values of retcntion timc obtaincd under identical experimental conditions 
for the analogous alkyl derivativcs of the five halogens (sec Figure 2). 

Norseyev and  coworker^^^.^^ uscd the same mcthod to establish the boiling points of 
tz- and i-alkyl astatidcs. They could also show that the T b  dependence on the 
logarithmic retention time is linear for thcse compounds, similarly to that for the 
corresponding iodinc derivatives (see Figure 3). The boiling points of astato- 
benzene 14.50.53.9X , astatohalobcnzenes and a~ ta to to luenes~~ . "~  can be likewise csti- 
mated. Th values established based on gas chromatographic bchaviour are summarized 
in Table 12. 

The chromatographic behaviour of astatine compounds in relation to that of other 
halogen derivatives has also providcd a means of calculating the 'effective' atomic 
number of astatine. This latter quantity has allowed a rough estimation of 
physicochemical constants, such as Th,  heat of vaporization (AH,),  IP, D and bond 
distance for a number of simple aliphatic compounds of astatine and also for 
astat~benzene~' .  

One of the factors limiting the accuracy of estimations describcd above is that the 
absolute retention time values depend on the given experimental conditions of the 
chromatographic separation. Therefore, if we introduce retention indexlm ( I x ) ,  
which represents a relative value, i.e. retention time of the measured compound com- 

TABLE 12. Roiling points of some organic astatine compounds based on gas chromatographic 
behaviour 

Compound r b ,  "c Ref. Compound Tb. "c Rcf. 

CzHsAt 

i-C3H,At 

II-CjHqAt 

i-C4H,At 

98 t 2 

123 t 2 

1 1 2 t 2  

152* 3 

142 2 3 

1 7 6 2  3 

1 6 3 2 3  

201 2 2 

50.52 

50, 52 

56 

5 0 , 5 2  

56 

50, 52 

56 

50, 52 

AtChH4CH3 o 

P 
AtC,H,F o 

P 
AtChH4CI o 

P 
AtC6H4Br o 

P 
AtC6HjI o 

P 
AtC6H4NOz o 

P 

??I 

t?? 

I?? 

??I 

I?? 

n? 

212% 2 
219 _t 3 
216% 2 

237 Ifr 2 
237 t- 2 
236% 2 

213 t 2 
206 2 2 
209 f 2 

258 -t 2 
255 rt- 3 
253 rt- 2 

303 f 3 
304 % 3 
305 -t 3 

336 rt- 4 
337 -t 4 
337 t- 4 

303 2 3 
297 t- 3 
303 % 3 

50,53 
14 
102 

102 

102 

102 

14 

14 

5 8  
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pared with that of a standard compound (usually an n-hydrocarbon) under the same 
conditions, we are able to improve considerably the precision of determination. 

I ,  can be calculated as followsIon: 

log r ( x )  - log t(n) 
I ,  = 100 + l oon ,  logr(n + 1) - logt(n) 

where t ( x )  is the retention time of the component x ,  t ( n )  is the retention time of the 
n-alkane with n C-atoms, t(n + 1) is the  retention time of the n-alkane with n + 1 
C-atoms, all measured under the same conditions; t ( n )  s t ( x )  s t ( n  + 1). 

An extensive study has been carried out to establish retention indices for aromatic 
halo compounds, including those of astatine, with a variety of stationary  phase^^'.^^.'^'. 
Comparison of I ,  values obtained with stationary phases of different polarities allows a 
more reliable estimation of physicochemical constants such as Tb, AH,,, bond refraction 
( R c - ~ )  and dipole moment ( p ) ,  for At derivatives of benzene, halobenzenes, toluene 
and nitr~benzene~~.~~.'"?.'~~. Tb and AH,, can also be directly related to the gas 
chromatographic parameters. 

Known AHv values for halogenated benzene derivatives can be used to construct I ,  
versus AH,, plots from which the corresponding heat of vaporization values for analog- 
ous astatine compounds can be determined. Since the heat of vaporization is closely 
related to the boiling temperature (Trouton's rule), similar correlation is to be 
expected for the boiling points of these compounds. Figure 8 shows the linear depen- 
dence of retention indices for monosubstituted benzene derivatives, measured using 
Squalane stationary phase, on their normal boiling temperature as an example (the 

100 150 200 250 

FIGURE 8. 
boiling temperature of benzene, toluene and halo benzene^'"^ (iu = index units). 

Retention index values (I,) measured using Squalane stationary phase versus 
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experimental value for fluorobenzene does not fit the straight line and has, therefore, 
been omitted in the calculations). Similar linear dependence has been obtained for T b  

and AH, in the  cases of dihalobenzenes, halotoluenes and halonitrobenzenes. This 
allows one to extrapolate the values of these two quantities for the corresponding 
astatine derivatives. 

It should be stressed at this point that physicochemical properties governed by 
dispersion forces, such as Tb, AHH,, Rc-x, etc., can be established with the greatest 
accuracy using non-polar stationary phases, such as for example Squalane or Apiezon. 
Polar phases, frequently uscd in earlier experiments for determining boiling points of 
astatine compounds by extrapolation, induce inaccuracy due to the polar interactions 
between the solute and the solvent (stationary phase) involved. 
AH, can also be established directly from the absolute retention volumes (Vd meas- 

ured at different column temperatures (TJ  near to the boiling point of the investigated 
compound by means of the equation")3 

where AH, is the heat of solution (= AH, for non-polar solventslo4)), R is the gas 
constant and K is a constant. Heat of vaporization values for astatobenzene and 
astatotoluenes calculated by this method do  not differ significantly from those 
obtained by extrapolation. The average values'"' are given in Table 13. 

Boiling temperatures for the same compounds have also been established by direct 
calculation using the empirical relationship of Kistiakowsky '"': 

A H ,  = 1 + - Tl,(8.75 + R In T,,). ( 1%) 

( p  values of the corresponding iodine compounds were used for these calculations.) 
The Tb values determined by the two different methods'"' are presented in Table 12. 

For a series of halobenzenes and substituted halobenzenes a linear relationship has 
been foundIo3 between the retention index increments (61,) observed with non-polar 
stationary phases and dispersity factors of the corresponding halogens, as shown in 

TABLE 13. Physicochemical constants based on gas chromatographic behaviour for some 
aromatic astatine c o r n p o u n d ~ ~ ~ ' . l ~ ~  

Compound Atf, ,  kJ mol-' R C - ~ [ ,  cm3 mol-' PC-At,  D 

42.8 20.8 1.06 
1.600 

AtC6HjCHj orrho 46.3 
17ieta 46.6 20.7 0.90 
para 46.7 

AtChHjF ortho 44.6 
rnera 43.4 22.0 
para 42.5 

AtChHdCI orrho 50.8 
inera 49.0 21.5 

Average: 2 1.3 

para 47.5 

"Ref. 14. 
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20 

0 

0 5 10 15 

FIGURE 9. Retention index increments for halobenzenes ( 6 1 ~ )  
measured using Squalane (0) and Apiezon (A) stationary phases versus 
dispersity factors of corresponding halogens103 (iu = index units). 

Figure 9. SIX can be defined as the change in the retention index of a benzene deriva- 
tive caused by the introduction of an additional halogen X into the aromatic ring: 

The dispersity factor of corresponding halogens (d,) can be calculated from the dis- 
persion energy relationshipIo6 determined by the interactions between the functional 
groups of the solute and solvent: 

wherc 6Ud is the dispersion energy increment, ax is the polarizability of X, r0 is the Van 
der Waals' radius of the solvent functional group, rx is thc Van der Waals' radius of X 
and Ad is a constant. 

From the linear plots between 61x and rlx the latter value for astatine can be 
estimated and the aA, can be calculated according to the equation (21). RCPA1 is then 
detcrmincd using the relationship between R and a (see for example Rcf. 107): 

4nN 

3 
R = -  a. 

where N is Avogadro's constant. The values are given in Table 13. 
In order to estimate dipole moments of the C-At group ( p c - ~ ~ )  for some aromatic 
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astatine compounds, the differences between the retention indices observed with polar 
(c.g. polyethyiene glycol (PEG)) and non-polar (e.g. Squalane) stationary phases have 
been related to the polarity factors of the halogens (px). This latter quantity is deter- 
mined by the equation of orientation interaction energylo6 determined by the inter- 
actions between the functional groups of the solute and solvent: 

v 

7 -  

6 -  

5 -  

4 -  

where U,, is the orientation energy, PX is the dipole moment of the C-X group, T, is 
the absolute temperature of the column (in kelvins), ro is the Van der Waals' radius of 
solvent functional groups, rx is the Van der Waals' radius of X and A,, is a constant. 
Figure 10 shows the AIL:; = IF; - versuspx plotsIo3 for halobenzenes and 
p-halotoluenes from which the ~ c - A ,  values could be determined using equation (23). 
(This treatment involves the  assumption that the difference between the retention 
indices observed o n  polar and non-polar stationary phases is controlled mainly by the 
orientation interactions between the solute and the solvent.) Dipole moments 
obtained this way for astatobenzene and p-astatotoluenc are also given in Table 13. 
The value of 1.06 D for astatobenzenc is lower than that reported earlier by Meyer14, 
viz. 1.60 D. This latter value was derived from the difference in retention indices 
observed with silicon oil (non-polar) and silicon oil containing Bentone 34 (polar) 
stationary phases for halogenated fluorobenzencs. 

I I I 

FIGURE 10. Differences in retention indices for halobcnzenes (A) and p-halotoluenes (0) 
measured using polyethylene glycol (PEG) compared with Squalane stationary phases 
( A I ~ ~ ~ G )  as  a function of polarity factors for the corresponding  halogen^"'^. 

In contrast to the majority of procedures discussed up to this point, in the following 
hvo sections techniques are described where the conclusions are drawn from 
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measurements of definite properties (thermal decomposition, solubility) of the 
astatine compounds themselves. The application of such direct methods is a very 
significant step forward in the still obscure field of astatine chemistry. 

C. Kinetic Determination of C-At Dissociation Energy 

The dissociation energy of the C-At bond for astatobenzene and tz- and i-propyl 
astatides has been established experimentally1nH using pyrolytic decomposition of 
these compounds. The generally used method, well known as the toluene carrier gas 
technique 109*1 lo, was slightly modified by connecting the pyrolytic oven - a Pyrex tube - 
directly to the gas chromatograph. This ensures continuous removal of non-dissociated 
original compound from the reaction zone and also its instantaneous separation from 
the products of pyrolysis as wcll as measurement. The temperature of the GLC column 
was kept low enough (c 140 "C) to avoid additional decomposition during the 
analysis. (Absence of such decomposition was proved by showing that 98 -t 2% of 
injected compound was eluted from the column in the same chemical form.) 

The  reaction rate of the monomo\ecular decomposition described in equation (24) 
follows the first order law and can be calculated according to equations (25) and (26). 

RAt - R ' + A t '  (24) 

R = C6H5, n-Pr, i-Pr; where 

dc 

dt 
-- - kc; 

where co is the concentration of RAt at i = 0 ,  c is the concentration of RAt at time t ,  k 
is the rate constant. 

Dissociation energy was established using the Arrhenius equation (equation 27) and 
taking into consideration that in this case E ,  = D since the energy of the radical 
recombination does not exceed the limits of the experimental error: 

k = A e -E , IRT ~ A e - D I R 7  (27) 

The values of D could then be determined from the slopes of In k versus 1/T plots. The 
values obtained in this way for astatine compounds together with those for carrier-free 
C6H5I3II, measured by the same technique to prove the reliability of the results, arc 
listed in Table 1 1. The cxperimental D values are very close to thosc obtained earlier 
by e ~ t r a p o l a t i o n ~ ~  and show that the C-At bond in astatobenzene is considerably 
stronger than in aliphatic, especially secondary, Compounds, as is to be expected. 

The value of the pre-exponential factor A = 3 x I OI3, obtained for the decompo- 
sition of astatobenzene, confirms the monomolecular character of the decomposition 
reaction studied. 

D. Determination of Dissociation Constants 

Distribution of acids and bases between organic and aqueous phases at various 
acidities has been used to establish the dissociation constants (K , )  for astatoacetic 
acid50.s1 and for the isomers of astatobenzoic acid, asta:ophenol and astatoaniline as 
wcll as for a s t a t ~ u r a c i l ~ ~ ~ ' ~ ) .  According to equations (28) and (29), pK, values for acids 
and bases can be evaluated from 1/S versus 1/[H '3 or versus [H'] plots, respectively: 
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1 1  l K ,  + - -  - - - -  
S S o  So [ H e ]  ' 

1 1 1 [ H + ]  

S SO So K, 
f--, - - - -  

where S is the distribution coefficient for dissociated acid or base and So is the distribu- 
tion coefficient for undissociated acid or base. 

Samson and Atenso." used diisopropyl ether and water with buffer-adjusted 
acidities to determine the distribution of astatoacetic acid and ion exchange 
chromatography for the analysis. Visser and  coworker^^^.^^) chose heptane as the 
organic extractant for halogenated benzoic acids, phenols and anilines; benzene was 
chosen for halouracils. The analysis in this case was performed by TLC. The pK, 
values for astato compounds and also for the corresponding iodine derivatives dcter- 
mined in these investigations are shown in Table 14. 

An estimation of Hammett a-constants and hence of the field and resonance effects 
was made for halophenols and haloanilincs, and among them for the astatine deriva- 
tives. based on the acidity constants. A considerably weaker field effect was found for 
astatine than for the other halogens. The resonance effect is about the same as for 
iodine but again much weaker than that obtained for the other members of the 
halogen familyh5. 

TABLE 14. Dissociation constants for some astato and iodo compounds in aqueous solution 
at 0°C 

Compound X = At X = I  Reference 

XCH$ZOOH 

XC6H&OOH orrho 
meta 
para 

X C ~ H ~ N H Z  orrho 
mera 
para 

XC6H40H ortho 
mera 
para 

5-X-Uracil 

~ ______ ~ _ _ _ _ _  ~ ~~ _____ 

50, 51 3.12" 
3.78 
3.70" 

2.71 2 0.02 
3.77 2 0.02 
4.03 2 0.02 

3.03 2 0.03 
3.90 2 0.03 
4.04 2 0.02 

8.92 2 0.03 
9.33 ? 0.03 
9.53 2 0.03 

8.97 2 0.01 

2.70 t 0.02 
3.70 -f 0.02 
3.94 ? 0.03 

2.65 2 0.01 
3.65 -f 0.02 
3.80 2 0.02 

8.50 2 0.01 
9.07 2 0.02 
9.29 2 0.01 

8.25 2 0.01 

65 
I 

'At 22°C. 

VI. 211At IN NUCLEAR MEDICINE 

The attention paid to organic astatine compounds, and leading to the  recent progress 
in this field, stems mainly from their potential applications in medicine. This is 
explained by the nuclear characteristics of the ?llAt isotope and also by its halogenous 
nature. By virtue of its decay by wemission (see Section II.B), it provides intensely 
ionizing radiation in a short range (60 pm in water). Thus, 1 g of tissue containing 
10 kBq of 211At will receive a dose eql;ivalent of 6500 pSv min-I whereas the same 
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activity of IZZI will give only 20 ~ S V  min-. If attached to an appropriate biomoleculc, it 
allows, in principle. a maximal destruction of some target cells with relatively small 
daniagc to ncighbouring healthy tissues. 

Inorganic astatine, similarly to iodine, concentrates in the thyroid gland and can thus 
provide a unique means for treating hyperthyroidism. I t  has been shown by Hamilton 
and colleagues'"."' in animal studics that the parathyroid glands remain unaltered 
cvcn whcn the thyroid is totally destroyed. 

Selective cytotoxicity might be applied in tumour thcrapy. for destroying malignant 
cells. if  tumour-specific antibodies are labelled with "]At. Using astatinated DNA 
predecessors like astatouracil and astatodcoxyuridine as carricrs of a-activity into the 
centres of cell proliferation seems to have potential i m p ~ r t a n c e ' ~ . ~ ~ ,  as has been indi- 
cated by radiation therapeutic studies on animals with "51-labelled de~xyuridine"~.  
Rcssler and coworkersh4 have found the concentration of z l i A t  in the tumour tissue to 
be three times higher than that of the corresponding radioiodine-labelled compounds. 

The labelling of red blood cells with '"At may lead to selcctive a-irradiation of the 
spleen1I4 sincc damaged erythrocytes are rapidly captured by this organ.. 

The success of organ transplantation can also bc influenced by 'I IAt-labelled surface 
membrane antigens (lymphocytes). Thc defence mechanism of the recipient based 
upon specific recognition and destruction of non-self antigcns by host lymphocytes 
results in the rcjection of the transplantcd organ. This often lethal side-effect can be 
suppressed o r  avoided by specific elimination of immunocompetcnt lymphocytes, 
which is. therefore, of paramount importance in transplantation attempts. Neirinckx 
and coworkers73 wcre able to suppress to a considerablc cxtent the rejection process 
by labelling baboon lymphocytes with ?"At. T h e  mean survival time for the baboon 
group receiving astatinc-labelled iymphocytcs has been found to be three times longer 
than that for thc untreated group. 

Organic molecules tagged with "]At are, therefore, in considerable demand for 
biological studies aimed at practical applications in  nuclcar medicine. To produce 
controllable circumstances the two main problems chemists face in this field are: 
( 1 )  building ?llAt selectively into certain positions of appropriate biomolecules; (2) 
ensuring strong enough binding of astatine in these molecules so that they remain 
stable under in vivo conditions - the loss of the '"At label leads most probably to the 
spreading of a-radioactivity throughout thc body, thereby damaging healthy organs 
too. 

I t  is not surprising. therefore, that. parallel with the studies on potential immuno- 
logical and therapeutic applications of "'At, quite a few reports have been published 
on the hazards involved. I t  has been found, for example, that exposure of rats to 
sublethal amounts of astatine results in the appearance of numerous mammary 
tumours - including malignant oncsll?. An cxtensivc study"' of the metabolic effects 
and embryotoxicity of 'IIAt has shown increased embryo lethality. intrauterine growth 
retardation and induccd malformations. The first two effects were found to be com- 
parable to that produced by external X-ray cxposure of similar dose range. More 
recently. mcasarable loss of reproductivc capacity of cultured mammalian cells in the 
presence of "'At, even in extremely low concentrations, has been reported1I6. 

Clearly. a great dcal more work on the selective labelling of biomolecules with 
2"At, to yicld stable products and to provide knowlcdge on side-effects, is needed 
prior to the wide application of organic astatine compounds in human therapy. 

VII. ACKNOWLEDGEMENTS 

We wish to express our sincere gratitude to Professor V. A. Khalkin and Dr Yu. V. 
Norseycv for the opportunity to work in an international group dcaling with astatine 



1 0 .  Organic chemistry of astatine 43 7 

chemistry in J INR,  Dubna, USSR. Without thcir hospitality and coopcration. this 
work would not h a w  bccn possible. The many useful suggestions and the constructive 
criticism of Drs J .  Mgrton. H. Illy and Zs. Kardos during the preparation of this 
manuscript arc also decply appreciated. 

1. 
2. 
3. 

4. 

5.  

6. 
7. 

a. 
9. 

10. 
11. 

12. 
13. 
14. 

15. 
16. 
17. 
18. 
19. 

20. 

0 1  

VIII. REFERENCES 
E. K. Hyde and A. Ghiorso, Phys. Rev..  90. 267 (1953). 
I .  Asimov, J .  Chetn. Editc.. 30, 6 16 ( 1  953). 
E.  H. Appelman, Chetnicnl Properties of Astariric. thesis, University of California, 
Berkeley, UCRL-9025 (1 960). 
D. R. Corson, K. R. MacKenzie and E. SegrL'. Phys. Rev., 57, 1087 ( 1  940); D. R. Corson. 
K. R. MacKenzie and E. Segr?, Phys. Rev., 58, 672 (1940). 
J. G. Hamilton and M. H. Soley. Proc. Nut. Acnd. Sci.. 26.483 (1940); J. G. Hamilton and 
M. 14. Soley, J .  Appl.  P/iy5.,12, 314 (1941). 
A. H. W. Aten, Jr, A h .  Itiorg. Chetn. Radiochemi., 6 .  207 ( 1  964). 
V. D. Nefcdov, Yu. V. Norseyev, M. A. Toropova and V. A. Khalkin, U.sp. Khi tn . ,  37, 193 
(1968). 
E. H. Appelman in MTP Itztcvxatiotial Kevicw of Scicwce, Itiorgatiic Chenristry. Series I ,  
Vol. 3 (Ed.  V. Gutman). Buttcnvorth, London (1972). p. 183. 
A. J. Downs and C. J.  Adams, The Chetnistry of Chloritie. Brotnitie, loditie atid Astatitie, 
Pergamon Press, Oxford (1 975). 
W. A. Chalkin. E. Hermann, J. W. Norscev and I .  Dreyer, Chetniker Z.. 101.470 (1977). 
J. R. Grover. F. M. Kiely, E. Lebowitz and E. Baker, Rev. Sci. Itistr.. 42. 293 (1971); J. R. 
Grover and C. R. Idcn. J .  Chetti. Phys., 61.2 157 ( I  974); J. R. Grover. C. R. Iden and H. V. 
Lilicnfeld, J. Chetn. Phys.. 64, 4657 (1976); J. R. Grover, D. E. Malloy and J .  B. A. 
Mitchell, VIIth I t i t .  Sytrip. Mol. Beanis (Abstr.)  (Trento. Italy), May 28, 1979. 
R. MaeLaughlin, J. Opt. Soc. Atner., 54, 965 (1964). 
K. J .  Hofstetter and J. D. Stickler, Phys. Rev., 9. 1072 (1974). 
G.-J. Meyer, Zur Reaktivitijt utid Sclektivitdt atiorgatrischcr Formeti des Rndioelemetites 
Astat bei Substitutiotisreaktiotieti ati nrotnatischeti Systetneti, thesis, Jul-14 18 (1 977). 
G.-J. Meyer and K .  Rossler. Radiochetn. Rndioutial. Lett.. 25. 377 (1976). 
A. H. W. Aten, Jr.T. Doorgeest. U. Hollstein and P. H. Mockcn,Ariczlysr.77,774 (1952). 
G. Barton, A.  Ghiorso and I.  Pcrlman, Phys. Rev.,  82, 13 (195 I ) .  
E. H. Appelman, E.-N. Sloth and M. H. Studier, Itrorg. Chen?.. 5, 766 (1966). 
B. N. Belyaev, Wang Yun-Yui. E. N. Sinotova, L. NCmcth and V. A. Khalkin, 
Radiokhiniiya, 2. 603 ( 1  960). 
V. M. Vachtel, G. V. Vincl, C. Vilov, I .  I .  Gromova, A. F. Novgorodov. Yu. V. Norseycv, 
V. A. Khalkin and V. G. Tsumin. IsotoDetrnruxis. 12, 441 (1976). 

L I .  Yu. V. Norseyev and V. A. Khalkin. J.'Itr&. Nucl. Clieni:. 30, 3239 (1968). 
22. M. Bochvarova, D. K. Tyung. I .  Dudova. Yu. V. Norseyev and V. A. Khalkin, 

23. J .  Merinis and G. Bouissicrcs. Rdioch im.  Actu, 12, 140 (1968). 
24. A. Kolachkovsky and Yu. V. Norseycv, JINR P6-6923, Ilubna. USSR ( 1  969); Nztcl. Sci. 

Abstr., 27, 22317. 
25. K. Berei, L. Vasfiros. Yu. V. Norseyev and V. A. Khalkin, Rndiocheni. Radioatid. Lett.. 26, 

177 (1 976). 
26. H. Freiesleben. H. C. Britt, J. R Birkelund and J. R. Huizenga, University of Rochester, 

COO-3496-44. 94 (1974); Nucl. Sci. Abstr.. 30, 22833. 
27. G.-J. Meyer and R. M. Lambrecht, Itit. J .  Appl .  Rudiut. Isotopes, 31, 351 (1980). 
28. J. Visser, G.  A.  Brinkman and C. N. M. Bakker, hi t .  J .  Appl.  Radiut. Isotopes, 30, 745 

Radiokhimiya, 14, 858 (1972). 

(1 979). 
29. L. J .  Jardine,Phys. Rev. C ,  11, 1385 (1975). 
30. A. Kolachkovsky and V. A. Khalkin. J lNR 12-9473, Dubna, USSR (1976); Chetn. Abstr. ,  

31. L. Vasaros. K. Berei. Yu. V. Norseyev and V. A. Khalkin. hfagy. K ~ I .  Foly6irar 80. 487 
88, 89231 p. 

(1974). 



438 K.  Berei and L. Vasaros 

32. L. Vasiros, K. Bcrei, Y u .  V. Norseyev and V. A. Khalkin, Radiochem. Radioanal. Lett., 27, 

33. G. A. Krestov, Radiokhztniya, 4, 690 (1962). 
34. W. Finkclnburg and F. Stern, Phys. Rev.,  77, 303 (1950). 
35. R. J. Zollweg, J. Chem. Phys.. 50, 425 I (1 969). 
36. W. Gardy and W. Thomas, J. .Chem. Phys.. 24, 439 (1 956). 
37. R. W. Kiser, J. Chon. Phys., 33, 1265 (1960). 
38. N.  A. Golovkov, I. I. Gromova, Yu. V. Norscycv, V. G. Sandukovsky, L. Vasiros and IM. 

39. G. I. Johnson, R. F. Leninger and E. Scgrk, J. Chern. Phys., 17, 1 (1949). 
40. 1. Drcycr, R. Dreyer and V. A. Khalkin, Radiochern. Radioanal. Lett., 36, 389 (1978). 
41. H. M. Ncumann, J .  Inorg. Nucl. Chem.. 4, 349 (1957). 
42. B. Fricke and J. T. Waber. Acrinides Rev.,  1, 433 (1971). 
43. E. H .  Appc1man.J. Amer. Chem. Soc., 83, 805 (1961). 
44. W. L. Hughes and D. Gitlin, US AECD,  BNL-314 (1954); W. L. Hughes and J. 

Klinenberg, US AECD, BNL-367 (1955); W. L. Hughes, E. Smith and J. Klinenberg, US 
AECD, BNL-406 (1956); W. L. Hughes and D. Gitlin, Fed. Proc.,  14, 229 (1955). 

329 ( 1  976). 

Yanicky, Radiochetn. Radioanal. Lett., 44, 67 (1980). 

45. J. J. C. Schats and A.  H. W. Atcn, Jr. J. Inorg. Nucl. Chon . ,  15, 197 (1960). 
46. K. Rossler, W. Tornau and G. Stocklin, J. Radioanal. Cheni., 21, 199 (1974). 
47. K. Berei, L. Vasiros and Zs.  Kardos, J. Radioanal. Chetn., 21, 419 (1974). 
48. V. D. Nefedov, Yu. V. Norseyev, H. Savlevich, E. N. Sinotova. M. A. Toropova and V. A. 

49. Yu. V. Norseyev and V. A.  Khalkin, Chem. Zvesti, 21, 602 (1967). 
50. G. Samson, Organic Compounds ofAsratine, thesis, Universitat Amsterdam (1971). 
51. G. Samson and A. H. W. Aten, Jr, Radiochim. Acta, 9, 53 (1968). 
52. G. Samson and A. H. W. Aten. Jr., Radiochim. Acra, 12, 55 (1969). 
53. G. Samson and A. H. W. Atcn, Jr., Radiochim. Acta, 13, 220 (1970). 
54. F. Schmidt-Bleek, G. Stocklin and W. Herr,Angew. Chetn.. 72, 778 (1960); G. Stocklin in 

Proceedings of the International Symposium on the Preparation und Biomedical Application 
of Labelled Molecules, Euratom. Brussels (1964), p. 481. 

Khalkin. Dokl. Akad. Nauk SSSR, 144, 806 (1962). 

55. S. Krutzik and H. Elias, Rndiochitn. Acta,  7. 26 and 33 (1967). 
56. M. Gcsheva, A.  Kolachkovsky and Yu.  V. N0rseyev.J. Chrotnutogr., 60, 414 (1971). 
57. A.  Kolachkovsky and Yu. V. Norseyev, J. Chrotmtogr., 84, 175 (1973). 
58. L. Vasaros. Yu. V. Norseyev. M. Perez. V. I .  Forninikh and V. A.  Khalkin, t o  be published 

59. G. W. M. Visser, E. L. Dienier and F. M. Kaspersen, Int. J. Appl.  Radint. Isotopes, 30, 749 

60. G.-J. Meyer, K. Riissler and G. Stocklin, Radiochem. Radioanal. Leu., 21, 247 (1 975). 
61. G.-J. Meyer, K. Riissler and G. Stiicklin,J. Labelled Compd. Radiophumi., 12,449 (1976). 
62. G.-J. Meyer, K. Rosslcr and G. Stock1in.J. Anier. Chetn. SOC.,  101, 3121 (1979). 
63. H. H. Hodgson, Chem. Rev.,  40, 251 (1947); J. G. Carey, G.  Jones and I. T. Millar, Chetn. 

Ind. (London), 1018 (1959); D. H. Hey, S .  H. Jones and M. J. Perkins, Chem. Commun., 
1438 (1970); P. R. Singh and R. Kumar, Ausf. J. Chem., 25, 2133 (1972). 

64. K. Rossler, G.-J. Mcycr and G. Stock1in.J. Labelled Compd. Radiopharm., 13, 271 (1977). 
65. G. W. M. Visscr, E. L. Dicmer and F. M. Kaspersen, Rec. Trav. Chiin., W, 93 (1980). 
66. M. R. Zalutsky, A. M. Friedman, F. C. Buckingham, W. Wung, F. P. Stuart and S. J. 

Simonian, J. Labelled Compd. Radiopharm., 13. 181 ( 1  977). 
67. A. M. Friedman. M. R. Zalutsky. W. Wung, F. Buckinghani. P. V. Halpcrn. Jr., G. H.  

Schcrr. B. Wainer, R. L. Hunter. E.  H. Appclman, R. M. Rothberg. F. W. Fitch, F. P. 
Stuart and S .  J. Simonian, I t i t .  J. Nucl. Med. Biol., 4, 2 19 (1 977). 

68. A.  T. M. Vaughan, Int. J .  Appl.  Radial. Isotopes, 30, 576 (1979). 
69. G. W. M. Visscr, E.  L. Dicmcr and F. M. Kaspersen, Int. J. Appl .  Radiat. Isotopes, 31, 275 

70. G. W. M. Visser, E. L. Diemer and F. M. Kaspersen,J. Labelled Compd. Radiphann., 17, 

71. Houben-Wcyl, Methoden der organischeti Chetnie, Vol. V/4. Thiemc Vcrlag, Stuttgart 

in JINR communications. 

(1 979). 

(1 980). 

657 (1 980). 

(1 960), p. 589. 



10. Organic chemistry of astatine 439 

72. 0. Dimroth, Chem. Ber.. 31. 2154 (1898). 
73. R. D. Ncirinckx, J. A. Myburgh and J. A.  Smit in Proceedings ofrhe Symposium or1 the 

Development atid Radiopharmacology of Labelled Compounds, Vol. 11, IAEA, Vienna 
(1973),p. 171;Chetn. Absrr.,82. 1494111; J .  A. Smit, J. A. Myburgh, R. D. Neirinckx,Clin. 
Exp. Imtnunol., 14, 107 (1973); Cheni. Abstr.. 7Y. 30327k. 

74. C. Aaij, W. R. J. M. Tschroots. L. Lindner and T. E. W. Feltkamp, Inr.  J. Appl. Radiar. 
Isotopes, 26, 25 (1975). 

75. A.  T.  M. Vaughan and J. H. Frcmlin, In[. J. Appl.  Radial. Isotopes, 28, 595 (1977). 
76. A. T. M. Vaughan and J. H. Fremlin, Int .  J. Nucl. Med. Biol., 5 ,  229 (1978). 
77. J. M. Lj. Mihailovik and Z .  tekovikin, The Chemistry of the Hydroxyl Group, Part I 

78. J.  R. Tata, Biochetn. J., 72, 214 (1959). 
79. A.  Taurog. Endocrinology. 73, 45 (1 963). 
80. G. W. M. Visser and F. M. Kaspersen, Int. J. Nucl. Med. Biol., 7, 79 (1980). 
81. A. T. M. Vaughan, Int. J. Nucl. Med. Biol., 7, 80 (1980). 
82. L. Vasaros, Yu. V. Norseyev and V. A. Khalkin, JINR P-12-80-439, Dubna. USSR ( 1  980). 
83. G.-J. Meyer, K. Rossler and G. Stocklin, Radiochim. Acta, 24, 81 (1977). 
84. R. M. Lambrccht, C. Mantescu, C. Redvanly and A. P. Wolf,J. Nucl. Med., 13.266 (1 972). 
85. V. D. Nefedov, M. A.  Toropova, V. A.  Khalkin, Yu. V. Norseyev and V. I.  Kuzin, 

86. V. I .  Kuzin, V. D. Nefedov, Yu. V. Norseyev, M. A. Toropova, V. A. Khalkin and E.  S. 

87. L. Vasiros, Yu. V. Norseyev, G.-J. Meyer, K. Berei and V. A.  Khalkin, Radiochim. Acta, 

88. K. Berei and G. Stocklin, Radiochiin. Acra, 15, 39 (1 971). 
89. K .  Berei and L. Vasaros, Radiochini. Acta, 21, 75 (1 974). 
90. A. Shanshal, Julich Report, Jiil-1402 (1977); Chetn. Abstr., 87, 200248~. 
91. H. H. Coenen, H.-J. Machulla, A. Shanshal and G. Stiicklin, Absrr. 9rh Iti t .  Hot Atom 

Chetn. Symp.,  Blacksburg, VA, USA (1977), p. 78. 
92. L. VasBros, Yu. V. Norseycv, V. A. Khalkin and K. Bcrci, Radiochim. Acra, in press. 
93. K. Bachmann and P. Hoffmann, Radiochiin. Acra, 15, 154 (1971). 
94. P. Hoffmann, Radiochim. Acta, 17, 169 (1972). 
95. P. Hoffmann, Radiochirn. Acra, 19, 69 ( 1  973). 
96. V. I .  Vedeneyev, L. V. Gurvich. V. N. Kondratyev, V. A. Medvedyev and V. L. 

Frankevich, Dissociarion Energy of the Chemicml Bond (in Russian), lzdatyelstvo AN 
SSSR, Moscow (1962); M. J. S. Dewar, The Elecrronic Theory of Orgunic Chemistry, 
Oxford University Press. Oxford (1952). 

97. Z .  G. Szab6, Z. Elektrochetn., 61. 1083 (1957); Z .  G. Szabo and T. Bkrces, Acra Chiin. 
Hung., 22, 461 (1960). 

98. V. I .  Kuzin, V. D. Nefedov, Yu. V. Norseyev, M. A. Toropova and V. A. Khalkin, 
Radiokhirniya, 12, 414 (1970). 

99. Yu. V. Norseyev and V. D. Ncfcdov, Investigations on Chemistry, Techtiology and 
Application of Radioactive Species (in Russian), Interuniversity Compilation, Technological 
University of Leningrad, Leningrad (1977). 

100. E.  Kovats, Helv. Chitn. Acta, 41, 1915 (1958); A.  Wehrli and E. Kovats, Helv. Chiin. Acra, 
42, 2709 (1959); E.  Kovdts, Adv.  Chromarogr., 1, 229 (1965). 

101. L. Vasiros, Yu. V. Norseyev and V. A. Khalkin, JINR 12-12188, Dubna, USSR (1979). 
102. L. Vadros,  Yu. V. Norseyev and V. A. Khalkin, JINR P 6-80-158, Dubna, USSR (1980). 
103. L. Vasaros, Yu, V. Norseyev and V. A.  Khalkin, to  be published in JINR communications. 
104. J. R. Condor in Progress in Gas Chromatography. Vol. 6 (Ed. J .  H. Purnell), Wiley, New 

105. W. Kistiakowsky, Z .  P h y  Chem., 107, 65 (1923). 
106. N. V. Volkenstcin, Srroyeniye i fizicheskiye svoistvn molekul. AN SSSR. Moscow (1 955), 

107. G. M. Barrow. Phjsical Chemixtry. McGraw-Hill, New York (1961), p. 298. 
108. L. Vasiros, Yu. V. Norseyev and V. A. Khalkin, to  be published in JINR communications. 
109. T. L. Cottrell, The Srrengrh of Chemical Bonds, Butterworth, London ( 1  959), p. 59. 

(Ed. S. Patai), Wiley Interscience, New York (1971). 

Radiokhimiya, 12, 194 (1970). 

Filatov, Khim. Vys. Energ., 6 ,  181 (1972); Chetn. Abstr., 77, 27357~. 

26, 171 (1979). 

York (1968), p. 209. 

p. 129. 



440 K. Bere i  and L. Vadros 

110. M. Szwarc, Proc. Roy.  SOC. (London) A ,  207, 5 (1951). 
11 1. J. G. Hamilton, P. W. Durbin, C. W. Asling and M. E. Johnston in Proceedings of the 

International Conference on the Peaceful Uses of Atomic Energy, Vol. 10, Geneva (1956), 
p. 176. 

I 12. P. W. Durbin, C. W. Asling, M. E. Johnston, M. W. Parrott. N. Jeung, M. H. Williams and 
J. G. Hamilton, Rudiat. Res., 9, 378 (1956). 

113. W. D. Bloomer and S .  J. Adelstein, Nature, 265, 620 (1977). 
114. G. Samson, 11. Jahrestagung Ges. Nuclearmed., Athens 1973, Schattauer Verlag, Stuttgart 

(1974), p. 506; Nucl. Sci. Ahsir., 32. 19939. 
115. C. Borras, R. 0. Gorson and R. L. Brent, Phys. Med. Biol.,  22, 118 (1977); C. Borras, 

R. L. Brent, R. 0. Gorson and J. F. Lamb, Jefferson University, Philadelphia, COO-3268-5 
( 1  974); Chern. Abstr. ,  82, 166749~. 

116. C. R. Harris, S. J. Adelstein, T. J. Ruth and A. P. Wolf, Radiar. Res., 74, 590 (1978). 



The Chemistry of Functional Groups, Supplement D 
Edited by S. Patai and Z. Rappoport 
0 1983 John Wiley ti Sons Ltd 

CHAPTER 11 

Positive halogen compsunds 

A. FOUCAUD 
Departement de Physique Cristalline et Chimie Structurale, Universite de 
Rennes. France 

I .  INTRODUCIION . 

A. Alkyl Hypohalites . 
11. COh4POUNDS WITH HALOGEN-OXYGEN BONDS . 

1. Reactions with sulphidcs . 
2. Reactions with sulphoxidcs . 
3. Reactions with amides . 
4. Reactions with amines and imidates . 
5 .  Reactions with phosphites and phosphines . 
6. Reactions with alkenes and arenes . 
7. Reactions with alkanes 

B. Chloroperoxyalkanes . 
C. Halogen Derivatives o f  Acids . 

A. A'-Haloiniides . 
B. N-Haloamides . 
C. N-Halosulphonamidcs . 
D. Iodinc Isocyenate and Iodine Azidc . 
E. N-Chlorobenzotriazole . 
F. N-Haloamidines . 
G. N-Haloaniines . 

A. Polyhaloalkanes . 

111. COMPOUNDS WII'H HALOGEN-NITROGEN BONDS . 

IV. COMPOUNDS WITH HALOGEN-CARBON BONDS . 

1.  Reactions with trivalent phosphorus compounds . 
2. Reactions with carbanions . 

B. Aryl Halides 
C. Haloalkynes 
D. Compounds with Elcctronegative Groups Linked to the 

Halogen . 
1 .  Reactions with phosphincs and phosphites . 
2. Reactions with arene sulphinatcs . 
3. Reactions with cnaniines . 
4. Reactions with halide ions . 

V. COMPOUNDS WITH HALOGEN-SULPHUR BONDS . 
VI. REFERENCES 

Carbon Bearing 

442 

443 
443 
443 
446 
446 
446 
447 
448 
449 
449 
450 

452 
452 
454 
455 
456 
457 
457 
458 

459 
459 
459 
462 
465 
466 

466 
466 
47 1 
472 
472 

473 

475 

44 1 



442 A. Foucaud 

1. INTRODUCTION 

A halogen compound can be considercd as a ‘positivc halogen’ compound when, 
opposed t o  some nuclcophilic rcagcnts. the result of the first stcps of the reaction is the 
electron transfer represented i n  cquation ( I ) :  t he  halogcn atom X is finally transferred 
with only ;I scxtet of electrons. Frcquently, X N u  is an  intcrmediatc. 

RX+Nu- - R-+XNu (1 1 

This reaction may be a nucleophilic substitution on thc halogen atom. or the  con- 
sequence of the dissociation of RX (cquation 2) or, pcrhaps, in some cases, the result 
of a discrete clectron transfer (cquations 3 and 4). 

RX R-+X+ (2) 

RX+Nu- - (RX: Nu’)  (3) 
( R X L  Nu’) - R- + X N U  (4) 

The reaction cxprcssed by equation ( 1 )  is dctcrmined by several factors: 

( 1 )  The nucleophilic rcactivity of Nu.  The nucleophilc must bc highly polarizable1.’. 
For instance. the reactions of phenacyl bromide, in protic solvent, proceed via initial 
attack of the carbon atom with pyridinc3 (equation 5 )  and of bromine atom with 
triphcnylphosphinej (cquation 6 ) .  Thc relative reactivities of the halogens toward 

PhCOCH2Br + N 3 PhCOCH2-N ‘3 Br- (5) 

MeOH + MeOH 

PhCOCH2Br + PPh3 - PhCOCH2 BrPPh3 - PhCOCH3 + MeBr + OPPh, 

(6) 

nucleophilic attack are in  the sequence in which the soft acceptor character is increas- 
ing: F < CI < Br < I .  

(2) The electron density at halogen and the stabilization of the incipient ion which 
results from the removal of positive halogen by nuclcophilc. Hence, thc attack on 
halogcn should be enhanced by further substitution at thc a-carbon atom by 
electron-withdrawing groups. 

(3) The bulk of groups on the carbon atom bonded to the halogen, which may 
forbid the normal SN2 displacement of halide ion for steric rcasons. 

A large divcrsity of reaction types proceed through nucleophilic attack on halogen. 
For instance, halogenation of ketones by halogen and rcduction of halo compounds by 
thiol anions o r  phosphincs belong to this class of reactions. The typical sources of 
positivc halogens arc  halogen niolcculcs. hypohalitcs. h’-haloamidcs, polyhalo com- 
pounds and generally R-X compounds ( X  = halogen) were R is a good anionic 
leaving group. 

I t  is important to note that these halo cornpounds may also be. in  certain conditions, 
halogenating agents by a free radical mechanism. For instance. hydrocarbons can be 
halogcnatcd with r-butyl hypochlorite, N-chloroamines’ or t-butyl hypobromitcs.6 by a 
free radical chain reaction. e.g. N-haloamidcs are precursors of aniidyl radicals’ and 
N-halosuccinimidcs arc precursors o f  succininiidyl radicalss. 

This review is not exhaustive. but i t  does includc csamplcs rcprescntativc o f  the 
reactions o f  organic positive halogen compounds and o f  their synthetic uses. The 



1 1. Positive halogen compounds 443 

emphasis in this chapter is o n  more recent contributions to the subjcct. Mention 
should bc made o f  previous reviews covering certain aspects o f  the chemistry of 
positive halogen".I". 

II. COMPOUNDS WITH HALOGEM-OXYGEN BONDS 

A. Alkyl Hypohalites 

Alkyl hypochlorites" ". hypobromitesI3 and hypoioditcsl-' have been known for many 
ycars, and their preparation and homolytrc cleavages havc been rcviewcd. Fluorinated 
alkyl hypochloritcs havc been prepared more recently. The reaction of chlorine mono- 
fluoride with alcohols gives the corresponding fluoroalkyl hypochlorites": 

RFOH + CIF RFOCI + HF 

Chlorinc monofluoridc adds to fluorinated  ketone^^^.'^ or carbonyl fluoridei6 in the  
presence of CsF, and yields fluorinated hypochlorites: 

MF 
R,COR, + CIF 3 R,CF(OCI)R, ( M  = K,  Rb. Cs) 

CsF 
F2C0 + CIF 2 0 0 ~  CF30CI 

Pentafluoro sulphur hypochlorite (1) was prepared from chlorine monofluoride and  
F4SO17.18. 

CsF 
F,SO + CIF -200~ SF50CI 

The conversion of fluorinated alkoxide salts to the corresponding hypochlorites by 
reaction with chlorine monofluoride has been reportedI8.ly: 

RFOM + CIF - RFOCI + M F  

The fluorinated hypochlorites appear to be much more stable than the corre- 
sponding alkyl hypochlorites. many of which are difficult to isolate". The hypo- 
chlorites may react violently with certain reducing agents and the fluorinated alkyl 
hypochlorites are expected to be quite toxic. 

Hypofluorites, recently synthesized, can act as a sourcc of positive fluorine. Tri- 
fluoromethyl hypofluorite has been widely cmployed in organic synthesis"'. Penta- 
fluoroethyl hypofluorite (2) was prepared by the reaction of fluorine with sodium 
trifluoroacetate. at -75 "C".": 

(1 1 

CF3C02Na + 2 F2 - CF3CF20F + NaF + fop 

(2) 

1. Reactions with sulphides 

The oxidation of a number of sulphides with r-butyl hypochlorite gives an alkoxy- 
sulphonium salt (3). according to an anionic mechanism: oxygen did not inhibit t he  
formation of 3 and no significant change in product conversion was observed in thc 
presence of  cyclohexanc; in particular. cyclohexyl chloride could not be detectedz3. 

R2S + t-BuOCI R+XI t -Bu0-  - (R,S 0Bu-t)CI- R2&0 Bu-t)SbC16- 
+ + 

(3) (4) 
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The  alkoxysulphoniuni chloridcs (3) are too unstablc to be isolated, but can bc  
transformed into the  readily isolable hexachloroantirnonatcs (4) by addition of anti- 
niony pcntachloride to thc solution of 324. 

Johnson and RigauZ5 have reported cvidcnce of the formation of a tetravalcnt 
sulphur spccics (5) in such oxidations. 

Indccd, trcatmcnt o f  thianc 6 with r-butyl hypochlorite givcs an  ion pair (7) which 
reacts quickly t o  form the sulphurane (5 ) .  

OBu-t 
t-BUOCI * c S L C l  + t-BuO- - c S <  Cs CI 

Thc  trcatmcnt o f  5 with mercuric chloride. cvcn in the presence of  cthanol, givcs 
r-butoxysulphoniuni trichloromercurate (8) .  Howcvcr, in the samc conditions, 7 gives 
rise to ethoxysulphonium trichloroniercurate (9). Thcsc rcsults differentiatc thc salt 7 
froni the sulphuranc 5. 

S'OEt H g C I c  C (9) 

S'OBu-t HgCl< 

(8)  
C 

Thc  oxidation of sulphides having at  least one hydrogen at  t he  a-carbon by hypo- 
chloritcs givcs a-substitution products 10. 

Chlorosulphonium salts (11) react with the alcohol (solvent) R 2 0 H  to give alkoxy- 
sulphonium chlorides (12). This salt can either lose a proton, yiclding the a- 
substitution product 10 o r  form the corresponding sulphoxide (13) by elimination of 
alkyl halidc. This rcaction could bc useful for the synthesis of certain hcmithioacetals 
(10) o r  for the oxidation of sulphides t o  sulphoxidcs (13) without concomitant for- 
mation of sulphoncs'4. 

R20H - R-&-CH2R1 t-BuO- - R-i-CH2R1 CI- t-BuOCI 

I 
OR2 

RSCH2R1 
I 

CI 

R-S-CH-R~ - R-L-cH-R~ R-S-CH2R' + R2CI 
I I  
0 

I 
OR2 

I 
OR 

(1 0 )  (1 3) 

Walling and Mintz found that thc oxidation o f  diphcnyl sulphide o r  diniethyl sul- 
phidc in to  sulphoxidcs rcquircs approximatcly 2 mol of r-butyl hypochlorite; a part o f  
t h e  hypochlorite is dcconiposcd"'. 

Ph2S + t-BuOCI - Ph2SO + FC,H, + HCI 

t-BuOCI + HCI - t-BuOH + CI2 

f-EuOH 
Ph2S C12 Ph2SCI2 - PhZSO + t-BuCI + HCI 

Ph2SC12 + i-C4H8 Ph2S + HCI + CHz=C(CH,)CH,CI 
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According to Swcrn and coworkers. oxidation of sulphides with I-butyl hypochlorite. 
immediately followcd by reaction with arnide anions R ’ N H -  or malononitrile anion. 
leads to sulphirnides (14) or ylides (15). re~pcctively’~. 

R2$--NR’ R2&C(CNI2 

(14). R’ = CN, PhSO2, R 2 C 0  (1 5) 

A stable tctracoordinatc sulphur compound (16) was prepared by treatment o f  
hypochloritc 17 with sulphidc 18. followcd by addition of the potassium alkoxidc (20) 
to the intermediate compound 19”. 

Ph 
I 
SOC(CF3)2Ph CI- 

2 c ,  I + aSPh COOC (CF3)2Ph - a+ COOC(CF3)2Ph 
CF3 

(1 7 )  (1 8)  (19) 
Ph 

S(OC(CF3)2Ph)2 

COOC(CF3)2Ph 

(1 6 )  

I 
y 3  

19 + PhCOK - 
I 
CF3 

(20) 

I-Butyl hypochloritc has been used for the synthesis of optically active chloro- 
sulphurancs 22 from sulpliidcs 21 hy Xiart in and Baltha~or”’.~~) and for the prcparation 
of stable spirosulphuranes (24) from sulphides (23)3’. 

Y &H Me 

(21) Me 

f -BuOCl 
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2. Reactions with sc,'phoxides 

The halogenation of sulphoxides with I-butyl hypohalites has becn describcd by 
Iriuchijima and Tsuchihashi. This reaction seems to be ionic in the prescnce of 
pyridine". 

t -BuOX 
RSOCH2Ph RSOCHXPh 

The stereochcniistry of the chlorination of cyclic sulphoxides with hypochlorite has 
been studied. The two isomers of thiane I-oxide (25) have been chlorinated with 
1-BuOCl in the presence of pyridine. The chlorim atom of the sulphoxide 26 is in the 
axial position and thc oxygen atom in thc equatorial position, independent of the 
configuration at thc sulphur in 25. The first step of the reaction is the formation of 
chloro-oxosulphonium salts (27 or 28) by attack of a positive chlorine of t-BuOCl on 
the sulphinyl lonc pair. A mechanism for thc stereoselectivc conversion of 27 and 28 
into an a-chlorinated sulphoxide (26) has been p r ~ p o s e d ~ ~ - ~ ~ .  

Ph - &s=o P h q S = O  

(25) CI 

(26) 
CI 0 
I I I  

Ph BS+=" Ph 

3. Reactions with amides 

Reactions involving hypofluoritcs and amides have recently been investigated. Sec- 
ondary sulphonamides (29) rcact with trifluoromethyl hypofluorite to give N-fluoro 
derivatives (30)'O. With sccondary carboxamidcs (31), the initially formed N- 
fluoroamides (32) rcact with CF30F to yicld N,N-difluoroamines (33)36. 

CF30F 
R1S02NHR2 - R1S02NFR2 

(29) (30) 
CF30F 

R'CONHR~ - R'CONFR~ + CF30- + H+ 

(31 1 (32) 
CF30F 

R ~ C O N F R ~  - R ~ C O ~ F , R ~  CF~O- ---+ R~COOCF~ + R~NF, 

(32) (33) 

4. Reactions with amines and imidates 

A number of conversions of aromatic aniines (34) into N-chloroamincs (35) with 
t-BuOCI are reportcd. Thc N-chloroamincs are uscd for the prcparation of aza- 
sulphoniuni salts. uscful intcrrncdiatcs for the specific ortho alkylation of aromatic 
aniincs-". 
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r -BuoC '  * X a N H C I  + t-BuOH 

(34) (35) 
The  N-fluorination of az i r id imd8 and the ring opening of N-substituted aziridines3' 

t-Butyl hypochlorite has becn used to convert imidatcs into thcir N-chloro deriva- 
by reaction with CF30F have been observed. 

t i v e ~ ~ ( ) .  

R'C+NH c-BUOCI * R'c4Nc' 
\OR \OR2 

5. Reactions with phosphites and phosphines 

Oxidation of phosphites and phosphines by alkyl hypochlorites has becn studied. I t  
appears that thc reaction is likely to be an anionic process, the  first stage of which is 
t he  formation of a chlorophosphonium salt (36). In the presence of an  excess of 
hydrolytic solvent, such as alcohol R'OH, a rapid proton transfer between alkoxide ion 
and  alcohol leads to  the  formation of an  alkoxyphosphonium chloride (37), then alkyl 
chloride 38 is formed. Optically active tetrahydrolinalyl hypochlorite reacted with 
triphenylphosphitc t o  give optically activc tetrahydrolinalyl chloride of inverted con- 
figuration. 

R'OCI + R ~ P  - R ~ ~ C I  R'O- - ~ ~ 6 0 ~ 1  CI- 

(36) 

R ~ P = O  + R ~ C I  - R ~ ~ O R ~  CI- R ~ P = O  + R'CI 

(38) (37) 

Whcn the reaction was conducted under ultraviolet irradiation. thc yield of chloride 
38 was markedly reduced. If the reaction involves radicals, irradiation should improve 
the  yields4'. 

T h c  reactions of cis- and tr~~~s-2-methoxy-4-rnethyl-1.3-dioxaphosphorinane (39) 
with neopentyl hypochlorite t o  give phosphates (40) have been investigated. Only onc 
isomer of 39 undergoes stereospccific conversion to 40. Thesc stereochemical rcsults 
a r e  explained by formation of pentasubstituted phosphorus intermediates (41 and 42), 
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one of which is more stablc. Thesc intcrnicdiates can interconvert by pseudo- 
rotation‘:. 

The reaction of the hypochlorite 43 with triphenylphosphine gives the bridgehead 
chloride U4’. 

6. Reactions with alkenes and arenes 

The reactions of alkyl hypochloritcs with alkenes are either ionic o r  radical addi- 
tions. The ionic hdditions occur essentially in protic solvents (alcohols, carboxylic acids 
or water) and thc radical additions occur in  aprotic solvents. except, pcrhaps. in the 
presencc of boron trifluoridcj’. c-Butyl hypobromitcJJ and especially fluorinated alkyl 
hypochlorites havc attracted interest for their clcctrophilic reactions with olcfins. 

Polyfluoroalkyl hypochlorites and pcntafluoro sulphur hypochlorite (1) add to both 
unsubstitutcd and halogcn-substituted terminal olefins to produce ethers. The direc- 
tion of addition is such that when hypochlorites are added to asymmetrical olefins the 
main product is an ether in  which the chlorine atom of the hypochlorite has become 
bonded to the most nucleophilic olcfinic carbonJ5.J6. 

SF50CI + CF2=CF2 - SF50CF2CF2CI 

This result argucs for an ionic mechanism involving a positive halogen rathcr than a 
radical proccssJ6. 

Fluoroalkyl hypofluorites react with olcfinic linkages to afford, mainly by cis addi- 
tion, products bearing fluorine linked to the carbon constituting the most nucleophilic 
terminus of the olefinic substrate”.”.JX--”. Thc mechanism of this rcaction is suggested 
to involve an addition of positive fluorinc, for instancc o n  a nuclcophilic olcfin 45. to 
give a cationic intermcdiatc (46). This intermcdiatc can be stabilized by fragmentation 
to a fluoroketone (47). A radical process is excluded because the reaction is not 
affected by thc presence of radical scavcngersJX. 

/ R2 R \  

H OMe F OMe F /  *O 
. R‘\ CH -C 

R 2  CF30F R’\ + / R 2  - / 
,CH-C, /c=c\ 

(W (46) (47) 

The a-fluorination of carbonyl compound with trifluoromcthyl hypofluoritc has 
been rcportcd. The carbonyl compounds arc first convcrtctf into their trimcthylsilyl- 
cnol ethers. The reaction of these ethers. in  an inert solvent. with trifluoroniethyl 
hypofluorite gives the corrcsponding a-fluorocarbonyl conipounds (48). N o  hydrolysis 
step is required. This mcthod is general. Kctoncs. aldehydes, estcrs. amides and car- 
boxylic acids can be fluorinated on the carbon adjaccnt to the carbonyl group5”. 

C F 3 0  F 
R’COCH2R2 - R’F=CHR2 7 R’COCHFR2 + C0F2 + Me3SiF 

I 
OSiMe, 
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The cis addition of pentafluoroethane hypofluorite (2) to cis and f r ~ m  stilbenes (49) 
has becn attributed to thc involvement of a tight ion pair such as (51). Cis-49 gives 
mainly rrytliro-50 and tmns-49 gives mainly threo-504’.”. 

F 

(51 1 
Electrophilic addition to an aromatic ring may be achicved with alkyl hypofluorites. 

For instance. 2,3-benzofuran reacts with trifluoromethylhypofluorite to give the addi- 
tion compound 524‘’. 

OCF3 

Q-y 0 = Q-1 F 
(52) 

With trcrns-4-methoxystilber.ie (53). aromatic electrophilic fluorination takes place 
o n  the activated ring, to give 54”. 

M e O e C H = C H P h  + CF3CF20F - M e 0  9 7  HCHFPh 

0 C F2C F3 
F 

7. Reactions with alkanes 

Fluorination at saturated carbon is a very interesting reaction involving direct 
elcctrophilic attack on thc electrons of thc C-H a-bond, with rctcntion of configu- 
ration. Thus, adarnantane (55) rcacts with CF30F to give I-fluoroadaniantanc (56)j3. 

H F 

(55) (56) 
Rccently, Rozcn and coworkers have shown that selective fluorination of a tertiary 

carbon-hydrogen bond, with high clcctron density, can bc pcrfornied with clcrncntal 
fluorine which acts as an electrophil~’~. 

B. Chloroperoxyalkanes 

produces chloroperoxytrifluoromcthanc (58)55. 
The reaction o f  chlorine nionofluoride with trifluoromethyl hydroperoxide (57) 

110 oc 
CF300H + CIF - CSOOCI + HF 

(57) (58) 



450 A. Foucaud 

An alternative method of synthesis is t h c  reaction of fluorocarbonyl trifluoromethyl 
peroxide (59) with CIF in thc prcsencc of CSF'~. 

C s F  
CF300CF + CIF - CF300CI + COF2 

II 
0 

(59) 

Chloropcroxytrifluoromcthane (58) undergoes addition reactions with olefins, to 
yield trifluoromethylperoxy derivatives. The reactions proceed by an electrophilic 
mechanism, i n  which the positive chlorinc of 58 adds to the most nucleophilic car- 
bon57. 

CF3OOCI + CF,=CFCI - CF300CF2CFC12 

(W 

The addition to 1,2-difluorocthylene (64) is stereospccific. Pentafluorosulphur- 
peroxy hypochlorite (60) undergoes addition reactions with alkenes, forming penta- 
fluorowlphurpcroxy derivatives: 1 ,l-difluoroethylene (61) leads to peroxy corn- 
pounds 62 and ether 6357. 

SF50 0 CF2C H 2C I / (62) 

The mechanism for thc reaction appears to be that for electrophilic addition of 
positive chlorine, followed by the addition of the SFjOO group. The stereospecific cis 
addition observed with 64 rules out a free radical mechanism". 

C. Halogen Derivatives of Acids 

Halogen derivativcs of oxyacids are powerful electrophilic halogen sources58-60. The 
kinctics and stereochemistry of thc reactions of electrophilic chlorine acetate 
(65a)f>'-62 and bromine acetatc (65b)h3 with some unsaturated compounds are 
described. 

MeCOOX 

(=a, X -  CI)  
(65b, X = Br) 
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CF3S03H + CIF - CF3S020Cl + HF 

(66) 

45 1 

CF3CO2H + CIF CF3COOCI + HF 

(67) 
i n  1978, Des Marteau reported a procedure for the preparation of chlorine deriva- 

tives 66 and 67 of trifluoromethanesulphonic acid and trifluoroacetic acidh". 
The compound 66 is probably the most elcctrophilic chlorine compound known. I t  

readily undcrgocs reactions with covalent chlorides to form chlorine and trifluoro- 
met hanesul p hona tes (68) (I4. 

CF3S0,OCI + RCI CF3S020R + CI2 

(66) (68) 
Additions of 66 and CF3S020Br to simple alkenes occur readily at low tcmperaturc 

to give the esters 69 and 70 in high yield"'. 

CF,S020X + CH,=CH, - CF3SO,OCH,CH,X 

(69) 

69 + CF,SO,OX - CF3S0,0CH,CH,0S0,CF3 + X, 
(70) 

Addition to halogcnated alkenes which arc normally resistant to attack by electro- 
philcs occurs. I t  is of intcrest to note that thc stereospecificity of thc reaction with 
alkenes implies, as does the reaction of hypofluorite (2) to olcfins, a cis addition. For 
instance, the olefin 64 gives the rhreo isomer 71". 

F, /F  CF3SO2OX t F+/+,i.H 
H/c=c \H X :: CI. Br CF3S020 

threo - 71 

t 
F, /F  CF3SO2OX 

CFS0,O X :: CI. Br H/c=c \H 
J L  

threo - 71 

The displacement of the chlorine atom from 71, X = C1, proceeds with retention of 
configuration: an S E i  type mechanism has been suggested66. 

CHFCHFOSO2CF3 - CF3S020CHFCHFOS02CF3 + CI, 
I CF3, 43 

0' / s  \O-CI 9 CCl 

(72) 

It has been found that electrophilic aromatic substitution is performed with bis(tri- 
fluoroacetoxy)phenyliodine (73), in the presence of iodinc. The iodine trifluoroacetate 
(74) formed when 73 is treated with iodine, is probably the reagent responsible for the 
iodinationh7. 

Phl(OCOCF3), + I ,  - Phl + 2 CF,COOI 

(73) (74) 

ArH + CF3CO01 --.--+ Arl + CF3COOH 

(74) 
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111. COMPOUNDS WITH HALOGEN-NITROGEN BONDS 

Two typcs o f  mechanism can be cnvisaged for the first step of the ionic reactions of 
N-halo compounds wi th  nucleophiles: ( 1 )  nucleophilic attack of N u  on the N-halo 
compounds. 

R 2 N X + N u  - R2h-Nu X -  (7) 

R,NX + Nu - R2N- + i u X  

(2) nuclcophilic attack o f  N u  on the halogen atom 

(8) 

An intcresting study o f  thc thermodynamic aspects o f  the rcactions of thcse N-halo 
compounds has becn publishcd"X~"". Pitnian and coworkers havc compared the equi- 
librium constants for compctitivc reactions (9) and ( 10)h''. 

R2NH + HOCl ---- R2NCI + H 2 0  

(76) (75) 

(9) 

The results are cxplained in tcrms o f  polarization of the halogen-nitrogen bond for 
75 and of the basic properties of 76. The polarization of the N-CI bond involves a 
positivc chlorine when 75 derives from weak bases 76 (sulphonamidcs, succinirnide), 
and a negative chlorine when 75 derives from strong bases 76 (amines). 

A. N-Haloimides 

While the reaction of disulphidcs, weak nucleophilcs. with N-bromosuccinirnidc is a 
radical process, initiated by benzoyl peroxide'". the nucleophilic sulphidcs R'SR' arc 
oxidized by N-halosuccinimidcs according to an ionic process. It has bcen suggested 
that thc first step of thc reaction of sulphides with 78 is the attack on the halogen atom 
by the sulphur. to  lead to a chlorosulphonium salt (79), then a fast nucleophilic substi- 
tution by succinimidate ion gives the unstablc sulphonium chloride However, 79 
has never becn isolated75. 
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The first step bcing probably rcvcrsible. the succinimidosulphonium salts (81) are 
isolated by thc addition of antimony p ~ n t a c h l o r i d e ~ ~ .  T h e  reactivity of N-chloro com- 
pounds with sulphides incrcases in  the series N-chloroamines < N-chloroanlidcs < 
N-chloroimides. Failurc of di-r-butyl sulphidc to react with N-chlorosuccinimidc (78) 
has been considcrcd as a result of stcric hindrance t o  attack o n  the bulky thiocthcr. 
Diphenyl sulphidc and thiophene d o  not react with 78. This result is attributed to the 
reduction in nucleophilicity of the sulphur atom by thc aromatic rings7'. 

Considerable interest has bccn devotcd to thc formation of succinimidosulphoniuni 
salts and thcir utilizations in synthesis. Rearrangement o f  80, R' = R2 = M c, by 
thermolysis gives monochlorinated thiocther 8273.75. Triethylamine reacts with 80 to 
give the rearrangcd products 83 and 847-;'. The  azasulphonium salts (80) are reagents 
for the synthesis o f  ortho alkylatcd phenols from  phenol^^".^^. for sclective conversion 
of allylic and benzylic alcohols to halides under neutral conditions7x, for oxidation of 
primary and secondary alcohols t o  carbonyl corn pound^^"-^". for the synthesis o f  
sulphimidcsx'.x2 and for the chlorination of cnaminesx3. 

N-SMe2CI- % 0 Y 
(80) ( R '  = R 2  = M e )  

OCH2SMe Q 
(83) (W 

Tsuchihashi and  OguraX4 have reported the chlorination of sulphoxide 86 by 
N-chlorosuccinimide (78). In the presencc of pyridine, two chlorinated sulphoxidcs 87 
and 88 were isolated. Whcn an insolublc base such as  potassium acctate was uscd. only 
a-chlorobenzyl methyl sulphoxide (87) was obtained. The  addition of hydroquinone 
changes the amount of 87 produced by the chlorination of 86, but thc yield of 88 
remains unchanged. 

PhCHSOMe - PhCH2SOMe - PhCH2SOCH2CI 
I 
CI 

(87) (86) (88) 

The authorsX4 suggcst two mechanisms: a radical reaction in  the prcscnce of in- 
soluble base, which gives the product 87. and an  ionic process, which gives the chloro- 
sulphoxides 87 and 88 and  which is mainly operative in the prcscnce of pyridine. 
Kinetic isotope effects have been examincd by using the deutero derivatives 89 and 90. 
The authors found that proton transfer is the rate-determining step for the ionic 
prow ss. 

PhCD2SOMe PhCH2SOCD3 

(89) (90) 
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Although not suggested by the original workers, presumably the ionic reaction 
proceeds in fact via a chlorooxosulphonium salt, as  has been shown for the chlorina- 
t ion of sulphoxides 25 with r-butyl h y p ~ c h l o r i t e ~ ~ .  

Trialkyl phosphites were found to react similarly to sulphides with N- 
halosuccinimides. The  rearrangement of the halophosphonium succinirnidate (92) 
which results from the attack by phosphite on the halogen gives the phosphoramide 
91 n m i .  

B. N-Haloamides 
A polar mechanism has been suggested for the reaction of N-bromoacetamide (94) 

with sulphides. 

I7’SR2 + / R 1  Fast +/R1 
Br- 

\R2 
MeCQNHBr MeCONH- BrS - MeCONHS 

‘R2 
(94) (95) (96) 

The  reaction of 94 with di-r-butyl sulphide failed to  yield sulphonium bromide, 
presumably due to steric hindrance by the r-butyl groups. Methyl phenyl sulphide and 
diphenyl sulphide do  not react with 94. N-Acetyldialkylsulphimides (97) were obtained 
by treatment of sulphonium bromides 96 with NEt387. 

(97) 

The  secondary N-chloroamidcs (98) are  transformed by dimethyl sulphide into sul- 
phonium chlorides (99) which arc rearranged in basic media to give iminocthers 
(100)88.  

Me S N E t j  
R ~ C O N R ~  A R ~ C O N R ~  - R ~ C = N R ~  

(98) (99) (1 00) 

I 
OCH2SMe 

I 
+SMe2 CI- 

I 
CI 

When the N-chloroacetanilides (101). prepared through the reaction of the approp- 
riate acetanilide with calcium hypochlorite. were allowed to react with dimethyl sul- 
phide. N-acyl-N-arylazasulphoiiiunl chloride (102) was formed. The trcatment of 102 
with N E t ,  gave the sulphur ylidc 103. which rearranged to  give a mixture of acet- 
anilides (104) and iminoethcrs ( 105)xy. 
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X e y C O M e  150~- X e N C O M e  I - NEr3 X e N C O M e  I 

CI 'SMe2 CI- C H 2- - Me 

XQNHCOMe - 103 - X O N = C Z M e  OCH2SMe 

Trialkyl phosphites react with N-haloamides (106) and with N-halo-N-alkylamides 
(98) to give nitriles (107) and N-haloimincs (log), respectively"). 

(R0)sP + x \  
R'/C=NH 

R'CONHX - (RO),POC=NH X- - (RO),P=O + 
I 

(1 06) R' 

R'/C=NH 
- R'CN + XH 

X\  

(1 07) 

(R0)3P R\ 
I I CI/ 

R1CONR2 - (R0),6OC=NR2 CI- - (RO),P=O + C=NR2 

R' (1 08) CI 

(98) 

C. N-Halosulphonamides 

In their study of thc kinetics of thc reaction of sulphides with A'- 
chloroarenesulphonamides (109), Ruff and Kucsman show that the chloronium ion 
transfers from 109 t o  thc sulphides, yielding the chiorosulphonium salt (110). The  
rearrangement of 110 produces sulphimides (lll), while its hydrolysis will give sul- 
phoxides (1 12)"'. 

+ HCI 
slow Fast /R '  

R'SR2 + ArS02NHCI - ArS02NH- R'6R2 - ArS02=S 
I \ R 2  

I H20 

(111) 

t HCI 

The  steric cffects in the reaction of sulphides with chloramine-T has been studied". 
The reaction of thioxanthene (113) with chloramine-T in methanol-methylene 
chloride, in the presence of small amounts of acetic acid, gives thioxanthene N- 
p-toluenesulphonylsulphimide (114). I t  is suggusted that 113 is first converted to  a 
chlorosulphonium salt (115). A direct attack of the anion o n  thc sulphur atom of 115 



45 6 A. Foucaud 

may lead to the sulphimide 114. acd a competitivc climination of hydrogcn chloride 
from 115 followed by an attack of p-tolucncsulphonamide anion at the 9 position of 
the rcsulting ion 116 niay accognt for thc formation of 9- (N-p-  
t ol uc ne su 1 p h o n a mid o ) t h ioxa n t hc nc ( 1 1 7) "3. 

- ArS02NH- am ArS02NHC' I 

I 
-NS02Ar 

(1 14) 

NHS0,Ar cxso (115) - +ArS02NH- - 
+ 

(1 16) (1 17) 

Thc syntheses of sulphuranes 24 have bccn carried out starting from sulphidcs 23 
and chlorarninc-T3'.'j. 

D. Iodine Isocyanate and Iodine Azide 

The rcactions of iodinc isocyanate or iodine azide with alkencs are consistent with 
transfer of a positive iodinc. The addition of INCO to cyclic olcfins generally occurs in 
a stereospecific manner: the iodine and isocyanate groups are introduced from to each 
other. Cyclohexcnc gives the product 118. With styrcnc, the addition is rcgiospecific, 
suggesting involvement of a benzylic carbonium ion (119). The reactions of INCO with 
alkencs have synthctic interest for thc synthcsis of carbaniates. aziridines, 
oxazolidoncs. am inoalco hols. d iani i lies and azc pines". 

+ 
PhCH=CH, - PhCH-CH2 NCO -- PhCH-CHZI + -NCO - PhCHCH21 y/ I 

NCO (1 19) 

Iodine azidc adds i n  ;i stcrcospecific nianner to alkenes. Thus. cyclohcxcne givcs the 
irutis adduct 12V" 
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Cambie and coworkcrs havc rcinvestigated the reaction of iodine azidc with 
alkenes. Thc stcreochcmistry depcnds on thc polarity of thc solvcnt. Addition of 
iodinc azide to cyclohexcne in chloroform-water givcs cis- and rrrrns-iodo azidcs (120 
and 121). Interrnediatcs in thcse reactions arc suggested: cyclic iodonium ions give a 
/ratis add uct . while carboca t ion ic i n  t crmed ia tes all ow cis add uc t fo rmat i~n ' )~ .  

E. N-Chlorobenzotriazole 

The oxidation of Sulphides by I-chlorobenzotriazole (122) is a useful nicthod for the 
preparation of sulphoxides without concomitant formation of sulphoncs, amino- 
sulphonium salts (123c) and alkoxysulphonium salts (123b)'I8. Apparently, the naturc 
of the oxidation reaction is like that of 1-butyl hypochloritc with sulphides2J.'00, the 
chlorosulphonium salt (123a) being an intermediate. 

WJ C 6 R 2  -!%% +R,SO +MeCl  

- I  I 

R2S-NRi. BF," + AgCl  + 124 

(1234 

The rcaction of sulphoxides with 122. in thc presence of pyridine. affcrrds the corres- 

CI 

ponding a-chlorosulphoxides'"'. 

I+ 
I 1  
0 

122 + R'SOCH2R2 - R'--S-CH2R2 - R'SOCHCIR2 

N-Halopyrazoles havc been preparcd and can act as sources o f  positive halogen". 

F. M-Haloarnidines 

I t  has bcen shown that the reactions o f  N-chloroamidines (125) with cnaniines, 
involving transfer of  positivc chlorine. lcad to an ion pair. Furthcr reaction of thc 
latter. depcnding o n  the nature of the substitucnts. leads to imidazolcs (126a) or 
aniidincs (12611)'"'. 



R' AN A 3 R' R3 
I 

O N & -  C H = N - C = N R4 R 2  I 
R4 \ / I  

R 2  .. 
(1 26a) (126b) 

G. N-Haloamines 
Treatment of anilincs with calcium hypochlorite resulted in the formation of 

N-chloroanilines (127). The  conversion of 127 into azasulphonium salts through rcac- 
tion with methyl alkyl sulphides and the treatment of these salts with base yields a n  
azasulphonium ylide 128. This ylide undergoes Sommelet-Hauser type rearrange- 
ment, useful in the synthesis of ortho substituted a n i I i n e ~ ~ ' ) ~ - ~ ~ ) ~ .  

X e N C I R  MeONa 

However. the mechanism of the reactions of N-chloroanilincs with sulphides d o c s  
not. in  all cases. involve a transfer of positive halogen. Study of  the thermal re- 
arrangement of 127 i n t o  o-chloroanilines (129) showed that the mechanism involved 
thc generation of an electron-deficient nitrogen species (130) (nitrcnium ion'"') rind 
chloride anion1"". as could be cxpected from polarization o f  the N-CI bond in 
am i n e sh" . 

CI 

(1 30) (1 29) 

However. i n  the presence o f  acid catalysts. two competing mechanisms sccin to be 
involvccl in the rearrangement of N-chloroanilincs (127) t o  orrho-chloroanilincs (129): 
onc mcchanism is favoured by electron-donating substituents and involves nitrenium 
i o n  130: the othcr mcchanisni is pronioted by clcctron-\\fithdrawing substitucnts. which 
can involvc positivc chlorine. via the protonated N-haloaniincs (127a)"'". 
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(127a) 

IV. COMPOUNDS WITH HALOGEN-CARBON BONDS 

Nuclcophiles usually react with alkyl halides via displacement of a halide ion from the 
carbon atom. However, if  the normal Ss2 reaction on the carbon atom is made dif- 
ficult, displacement on the halogen atom may occur to rcleasc a carbanion. chiefly in 
the presence of carbanion-stabilizing groups and if the central carbon atom is made 
less accessible through steric effects. 

A. Polyhaloalkanes 

1. Reactions with trivalent phosphorus compounds 

The reactions o f  phosphincs with tetrahalomethanes. extensively developed in pre- 
parative chemistry for halogenation, dehydration and P-N bond formation. have 
been r e v i e ~ e d ~ " ~ . ~ ~ ) ~ .  More recent developments in this field are discussed here. These 
reactions lead to heterolytic bond cleavage by a direct attack of the phosphorus atom 
on the halogen atom. 

Addition of radical trapping reagents and ultraviolet irradiation exert no effect on 
the course of the reactionIo9. An enormous solvent dependence is observed. The 
reaction is extremely fast in acetonitrile and slow in CCIJio8. These findings indicate 
that charge separation in  the transition state of the rate-detcrmining step and the 
solvation capacity of the solvent arc important. The trichloromethylphosphonium 
chloride (131). which can be isolatcdllo, reacts with remaining phosphine very fast t o  
give. via the short lived dichloromcthylenephosphoranc (132)" I ,  the chloride 
133ll?113 

+ PPhs 
Ph3P-CCI3 CI- Ph3P=CC12 + C12PPh3 - 

(1 31 1 (1 32) 
+ t PPh3 

Ph3P-CCl2- PPh3 2 CI- - Ph3P=CCI-6Ph3 CI- + CI2PPh3 

(1 33) 

Tertiary aliphatic phosphincs react with CC14 to give phosphonium salts 134 
directly' IJ. 

R3P=CCI-6R3 CI- Ph3P=C=PPh3 

(1 34) (1 35) 

The reaction o f  trisdinicthylaminophosphinc with 133 leads to bis(tripheny1phos- 
and the reaction with 131 leads to the crystalline phoran\.lidenc)methane (135) 

ylidc 13211'. which has bccn also prepared by thc dcchlorination of 131 by 135"'. 
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l 'hc reactions of phosphines with tctrahalomethanes are widely used in organic 
chemistry. 

The reaction of Ph3P-CC14 wi th  alcohols gives risc to an elegant mcthod for the 
synthesis of primary and secondary alkyl chlorides' If'. Recent mechanistic studies show 
that this reaction generally proceeds i n  two steps (equations 1 1  and 12)"'. 

(11) 
ROH 

CCI, + PPh, - Ph3P(OR)CI + CHCI, 

(1 36) 

136 - RCI + Ph3P=0 (1 2) 

The structure of thc internicdiatc 136. R = r-BuCH2, was elucidatcd by N M R  spec- 
troscopy. In the case of stcrically unhindered primary alcohols. reaction (1 1) is prob- 
ably slower than (12). but for secondary alcohols. (1 1) is faster than (12). The synthc- 
tic utility o f  mild bromination of primary alcohols with Ph3P-CBr4 is suggested by the 
work of Kocicnski. Cernigliaro and Feldstcin' 18. Barstow and Hruby have shown that 
Ph3P-CC14 or Ph3P-BrCCI3 arc good rcagents for thc formation of amidc bonds"'. 

CCI, 
R'COOH pphj- R'COCI 

R2NHR3 
R'CON R2 R3 

The rcaction of trisdimcthylarninophosphine with CC14 in the prescnce of alcohols 
gives stablc salts 137. useful for the synthesis of niany derivatives 138 from alcohols 
ROH 120- 124 

Fast ROH 
(h4ef13P + CCI, - (Me2N),6CI CCl, - 

(1 37) (1 38) 

(A- = Br-. I - ,  CN-. PhS-, SCN-, MeO-, N:). 

The joint action of trisdimethylaniinophosphine and carbon tctrachloridc on vicinal 
diols affords eithcr eposidc or spirophosphorane'?'. The reaction of sccondary 
alcohols with Ph3P-CC14 is dcpendent on the solvcnt used. In cscess of carbon tetra- 
chloride. the formation of alkyl chloride is the main reaction. whereas in acetonitrile, 
Ph3PCI7 formed with ylidc 132 is responsible for thc formation of olefins (139)'?". 

Ph,PCI, + R'CH2CH(OHIR2 - Ph3P=0 + 2 HCI + R'CH=CHR2 

(1 39) 
Zhmurova and Yurchcnko have found that the rcaction of PPh3-CC14 with di- 

phcnylketiniinc (140) may have two pathways. Bcsidcs the normal Appcl reaction that 
gives phosphoniuni chloride (141a). the formation of an iminophosphorane (14111) is 
obscrvcd I?'. 

Ph$=NH Ph2C=NPPh3 CI- Ph2CN = PPh3 

(141a) 

I 
CCI, 
(1 41 b) 
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I t  has bceri dcmonstrated that the position of the cquilibriuni showri in equation 
( 1  3) depends upon the nature of the halogen X. 

E r C X 3  + 
2 Ph3P - Ph3PCX3 Br- + Ph3P = Ph3P=CX2 + Ph3PXBr (13) 

Whcn X = CI or F. the equilibrium lies predominantly to the left. and for X = Br. i t  
lics to the right"'."'. Ylide 142. X = Br. can be alkylatcd t o  give 143. The trcatnient of 
143 with butyllithium givcs rise t o  cx-bromoalkylides (144). useful reagents for the 
synthesis of trisubstitutcd bromoolcfins by Wittig reactions13". 

Ph3P=CBr2 - Ph3P-CBr2R Br- - Ph3P=CBrR 

(142) 

+ REr n BuLi 

The substitution of bromotrichloroniethane for carbon tetrachloride for the prep- 
aration of 132 givcs higher yields and no by-product forrnationl'l. 

R3P-CC14 or R3P-CBr4 are versatile synthetic reagents for the dihalomethylenation 
of ca rbo n y I groups ' '- I 3J. Sa I iii o n d h as report c d the pre pa rat ion of d i ch lo ro- 
nictliylcnetrisdinicthylaminophospliosplioraiie (145) and its use for thc cnnversion of aldc- 
hydes to the corresponding olefins by Wittig 

BrCCl, 
2(Me2N13P - (Me2NI3P=CCI2 + (Me2N13PCIBr 

(1 45) 
145 + RCHO - RCH= CCI, + (Me2NI 3P=0 

'I'hc reaction of di-l-butyl alkyl phosphincs 146 with tetrahalomethanes yields ncw 
P-haloalkylides (147); the attack of X3C- on the phosphorus atom of the intermediate 
salt 148 being at a disadvantage for stcric reasons. the abstraction of a proton is 
favoured 3h. 

(146. R = H .  Me. Pr) 
(1 48) 

x 
(1 47) 

As has been shown previously. thc reaction of triphcnylphosphine and carbon tctra- 
chloride with active hydrogen-containing substrates has synthetic interest. However, 
the separation of the products from the triphenylphosphinc oxide can prescnt prob- 
lems. if the products are not volatile. These separation problems can be overcome by 
using polymcr-supported phosphine. 

Carboxylic acids can bc easily converted into acid chlorides by trcatnient with 
phosphine resin in  CC1413x. The icsoluble cross-linked polystyryldiphenylphosphine 
has bccn used for the fornintion of the amidc bond in peptide synthesis"'. Appel and 
Willms have reported an interesting modification of this technique for peptide syn- 
thesis. The condcnsation reaction can be carried out in homogeneous solution with a 
linear soluble polymer-supported phosphinc. instead of insoluble 

Cross-linked polymer-supported phosphines and CC14 have been advantageously 
used for the conversion of  primary amidcs (149) and oximes (150) t o  t hc  corres- 

RCONH, - RCN -- RCH=NOH 

(1 49) (1 50) 

ponding nitrilcs and for the conversion of secondary aniines (151) to chloroirnincs 
(152)'J". 
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I t  is also probable that thc mcchanism of the elimination of halogen from 1,2-dihalo 
compounds involves attack on halogen. In the prcsence of alcohol, niono- 
dehalogcnation takcs place with phosphites, the condition for this reaction is the 
prcsence of electroncgative substituents attached to a carbon bearing onc of thc 
halogen 

PIOR) ,  EtOH 
CICH2CCI2CN - ( R 0 ) 3 k I  CICH2CCICN - CICH2CHCICN 

Borowitz and coworkers have studied the dcbromination of vicinal dibromidcs by 
trivalent phosphorus compounds. They havc found that triphcnylphosphinc is more 
reactive towards brominc than triethylphosphite'43. Phosphines react rcadily with 
hexachlorocthane t o  givc tetrachlorot.thylcne (153)1JJ. 

Ph3P 
CCl3CCI3 Ph3PCI2 + CC12=CC12 

(1 53) 

2. Reactions with carbanions 

Thc reactions o f  carbanions with polyhalomethanes, 1,2-dihaloethanes, 1,1,2,2- 
tetrabromoethane or hcxachloroethane have been studicd for many y e a r ~ I ~ ~ - ' ~ ' .  For 
instance. the reaction of 154 in liquid ammonia with tctrahalonicthanc givcs 1.1,2.2- 
tetraphenylethane (155). 

XCClJ 
2 Ph2CHK - Ph2CHCHPh2 

(1 54) (1 55) 

Kofron and Hauser have suggested that these reactions comprisc a displacenient on 
halogcn by carbanion leading to the halogenated compound 156. Then the SN2 reac- 
tion of 156 with I54 gives thc dimer l55IJ5. 

xcc13 
154 - Ph2CHX + K+ -CCI, 

(1 56) 

Thc trichloronicthyl anion -CCI3 decomposes into dichlorocarbene which is trapped 
by cyclohcxene. to yield dichloronorcarane. In thc same way, a nucleophilic displace- 
ment o n  halogcn has bcen proposcd for the reaction of 154 with 1,2-dibromoethanc or 
1,2-diiodoethane IJ7. 

Howevcr. more rccent studies havc shown that a number of reactions with a formal 
two-electron transfer can bc more  accuratcly described as two onc-electron stepsiJY. 
Evidcncc o f  frcc radicals during the cxchangc reaction between alkyllithium com- 
pounds and alkyl  o r  aryl iodide (equation 14) has becn reported. 

R'I + R2Li c= R'Li + R21 (1 4) 

Chemically induced dynamic nuclear polarization in  thc protons of alkyl halides has 
bccn obscrvcti'i".iil and frcc radicals have bcen dctectcd by ESKI-'?. The reaction of 
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thc anion o f  diphcnylacctonitrilc (157) with I ,'-dibromocthanc was entircly quenched 
by p-dinitrobcnzenclJ". Thc stereochcniistry of thc reaction of 157 with 3.4-dibromo- 
hexane (158) suggests an electron transfer mechanism rather than an E 2  pathwayIs4. 

Ainsworth and c o ~ o r k c r s ' ~ ~  have suggested that thc rcaction of 154 with CCl+ 
which has been dcscribcd as a displacerncnt at halogen, followed by a SN2 rcaction14'. 
may. however, be rationalized in ternis of an elcctron transfer process. 

Reactions between phcnylacetonitrile or a-alkylphcnylacctonitrilcs (159) and tetra- 
halomcthanc on solid potassium hydroxide in t-butyl alcohol have been studied. 
a-Halo-cr-alkylphenylacctonitriles (160) and succinonitrilcs (161) are formcd. I t  is sug- 
gcsted that a-alkylphcnylacetonitrilcs can bc halogcnated via an ionic proccss and that 
cr-halo-a-alkylphenylacetonitriles (160) are converted into 161 via a radical processIS5. 

R 
cx4 I 

I 
PhCHCN - PhCCN 

X 
I 

R 
(1 59) (1 60) 

R R  

PhC-CPh 
I I  

I I  
CN CN 

(1 61 1 

Howcvcr, many reactions of carbanions with tetrahalorncthancs give halogenatcd 
products without coupling. Carbon tetrachloride reacts with ketones, alcohols and 
sulphoncs in the prescncc of potassium hydroxide and r-butyl alcohol, leading to a 
variety of products. 

Chlorinated products are sometimes isolatcd, such as a-chlorosulphones 163 and 
165157 

In most cases, the chlorinatcd products which are forrncd in the first step of thc 
reaction, react further in  alkaline media. The a-chlorokctone formed from kctonc 166 
gives the carboxylic acid 167 via the Favorski reaction"". 

CCI, KOH 
Me2CH COCH 2CI - Me3CCOOH 

KOH. t -BuOH * 
(1 66) (1 67) 

Dichlorosulphoncs formed from sulphoncs (168) give alkenesulfinic acids (169) via 
!he Ramberg-Backlund r c a ~ t i o n ~ ~ ~ - ~ ' ' .  The conversion of benzhydrylsulphoncs (170) 
into I .I-diary1 alkcncs (171) o n  treatment with CC14-KOH has been r e p o r t ~ d " ~ .  
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- 
RCHCISO2CHCIR 

/fi' CCI, / R '  
Ph2C=C 

'R * Ph2CHSO2CH \ R 2  KOH 

(1 70) (171 1 

The chlorination o f  succinimides (172 and 174) gives the expected chlorinated 
succinimides (173 and 175); however. 175 is convertcd by KOH i n t o  a p-lactarn 
(176) IhO 

k R 

(172. R = H I  (173. R = H )  
(174, R = Me) (175. R = Me) 

Amides, estcrsI6", phosphonatcsl"' and succinonitriles162 havc been chlorinated in 
thc same way. with CC14-KOH. Trichloroethylenc (177) has been convertcd into 
tetrachlorocthylene (178) by CCIJ in a catalytic two-phase system'"'. 

CCI, 
CC12=CHCI N~OH- CC12=CCI2 

(1 77) (1 78) 

Although there was no positive proof, Meyers and Kolb'64 have suggcsted that 
a-halogcnation of lictones involves t h e  reaction of enolates (180) with CC14 i n  a 
discrete electron transfer, which gives a radical-anion radical pair (181). which docs 
not require initiation by oxygen. This mechanism would not be a radical chain process. 
I he net result is a transfer of a halogen atom with a sextet of electrons, the leaving 
group being a carbanion. 

-. 

-. I he rcnctions of carbanions which dcrive from esters'65 (182) and sulphones'oh (183) 
with tctrahalomethancs CXI. X = CI. Br. to give halo compounds havc been recently 
described. Lithiatcd cyclic sulphoncs havc been chlorinated by Iiexachloroethane'(". 

I t  is difficult. for all thcse rcactioris. i<i  ascertzin the exact rncchanism: i t  may be 
either ;I mechanism \vith B radical-anion radical pair intermediate or a onc-step dis- 
placcnic ii ( on halogc 11 ;i tom. 



6. Aryl Halides 

The b a sc- i n d u cc d d e h a I ogc n a t i o n of po 1 y h a I o bc n zt' n e s ( 1 86) has b c c n rc po r t c d . 
Halogens locatcd ortko to anothcr halogen wcre prcfcrcntially rcmovcd; iodine is 
more reactivc than broniinc and dechlorination was not obscrvcd. Bunnctt has sug- 
gested a nuclcophilic displacemcnt by a carbanion on halogen; aryl anions (187) might 
be intcrmediates. the tests for aryl radical intermediates bcing negativc. The rcagcnt 
can bc the carbanion 189 formcd by the dcprotonation of dimethylsulphoxide with 
pota ssium I -  bu t y 1 ate I h8- I I .  

Br ~ 

I -BuOK r-BuOH - 

Me2S0 + t-BuOK --= MeSOCH2- + t-BuCH 

Dehalogenation of o-haloiodobenzenes (190) may be performed in thc dark, with 
diethyl phosphitc ion in liquid ammonia. The probablc mechanism is a nuclcophilic 
attack o f  iodinc to displace an o-halophenyl anion (191). 

(1 89) 

a' X X 
(E10)2PO-_ (), + (EtO),PI I I  

0 
(190. X =  F, CI, Br. I )  (1 91 1 (1 92) 

Thc anion 191 takcs a proton from the solvent to give halobenzcnc (193). The 
formation of anilinc from 190, .X = Br or I appears to derive from benzyne (194). I t  is 
important to note that thc photo-stimulated rcaction of 190 with dicthyl phosphite 
anion occurs by the SRsl mechanism and gives esscntially biphosphonate ( 195)17'. 
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Halogen migrations in reactions of haloisothiazoles or  halothiophcnes with bases 
havc also been obscrved173.174. 

C. Haloalkynes 

Thrcc  mechanisms can explain thc reactions of haloacetylcncs (196) with nucleo- 
philes Nu-: addition of nuclcophilc on acctylenic carbons (equations 15 and  16) and 
nuclcophilic attack on halogen atom (cquation 17). A kinctic study of thc rcaction and 

(1 5) 
/x 

RC=C 
'Nu / 

R \  - 
R C E C X + N u -  ,C=CX 

Nu 

\ (1 96) 

R C E C -  + NuX 

thc product formation indicate that equation (1 7) is the preferred mechanism with 
polarizable nuclcophiles (Nu- = S2-.  RS-), especially if X is bromine or iodine. The 
iodides react more readily than the h r o m i d e ~ l ~ ~ . ~ ~ ~ .  

D. Compounds with Electronegative Groups Linked to the Carbon Bearing 
Halogen 

1. Reactions with phosphines and phosphites 

The kinctics of the reaction of a-halobenzyl phcnyl sulphones (197) with triaryl- 
phosphines in aqueous dimethylformamide havc been investigated in detail. The 
results a r e  consistent with a nucleophilic displacement on  the halogen atom by the 
p h o ~ p h i n e ' ~ ~ - I ~ ~ .  

Slow + Fast 
ArCHXS02Ph +Ar3P - (ArCHSO2Ph Ar3PX) ArCH2S0,Ph + Ar3P0 + HX 

(197). X =. CI Br, I )  (1 98) 

Thc reaction of optically activc R-( +)-benzylmethylphcnylphosphine (200) with 
halosulphone (197, Ar = ChH4CN-m) in aqueous acetonitrilc gives phosphinc oxide 
199. Thc  observed inversion of stcrcochemistry in oxidation of 200 is in agreement 
with a dircct displacement on the halogen atom. A racemic phosphinc oxide (199) 
would rcsult i f  a radical cation 201 wcre the intcrrncdiatei8'. 

PhCH2(Me)(Ph)P=0 PhCH2(Me)(Ph)P PhCH2(Me) (Ph) P? 

(1 99) (200) (201 1 
Phosphincs and phosphitcs react readily with N,N-disubstituted a-haloamides (202) 

to give chlorovinylamines (203)183-1x5. 
+ 

0- ,OPPh3 CI- Ph3P / - R1CCI2CONR$ - P h 3 k I  R'CCI=C, - R'CCI=C 
NR; \NR$ 

(202) 
CI 

/ 
R'CCI=C + Ph3P=0 

\ N R ~  
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The Perkow reaction of trialkylphosphites with a-halocarbonyl compounds proceeds 
by a mechanism involving initial attack of phosphorus atom on the carbonyl 
grouP'R6-1XL)- 

R' R' 

I 
+ I  

Br- R' 

(R0)3POC=CH2 - (RO),P(O)OC=CH, + RBr 
IR013P I 

BrCH2C-0- - 
I 

BrCH2COR' - 
+P(OR)3 

The monodcbromination of a,a-dibromoketones (204) by tricthylphosphite in the 
presencc of acetic acid is in contrast with the reactions of other a-haloketones and 
a,a-dichloroketones, wherein enol phosphates are formcd. For a,a-dibromoketones, 
attack on bromine by phosphite is likely, at  least in  the prcsence of acid, since carbonyl 
addition might be unfavourable for steric reasons1yo. 

(E10I3P 
PhCOCBr2Me PhCOCHBrMe 

(204) 

The reaction of a-halokctones with tertiary phosphines gives either keto- 
phosphonium halides (205) or enol phosphonium halides (206). The formation of 205. 
in aprotic media, has been shown to proceed via SN2 displacement of halide ion1y1-ly3. 

ArCOCHXR - ArCOCHhPh3 X- 
I 
R 

(205) 

The evidence for this conclusion has included kinetic studies of the reactions of 
a-haloketones with triphenylphosphine'L)4 and with optically active phosphine"'. 

Enol phosphonium halides (206) are formed under anhydrous conditions via enolate 
halophosphonium intermediates (207), which occur by attack of the phosphine on 
halogen. 

PhCOCR: - PhC=CRi R3bX - PhC=CR: 
R3P 

I +  
OPR3X- 

I 
0- 

(207) (206) 

I 
X 

The attack on halogen by a phosphine should be enhanced by further substitution at  
the a-carbon by bulky and electron-withdrawing groups, such as  a phenyl substituent 
or bromine. The SN2 displacement on carbon is subject to steric factors. Howevcr, the 
displacement of phosphine on bromine should be less depcndcnt on steric fac- 
torsIR6.1y2. The rate of rearrangement of 208 is dependent on the phosphinc. This fact 
appears with thc reaction of phosphine with methyl trichloroacetate (209): 

CI3CCOOMe R3P - R 3 k I  CCI2-COOMe 

(209) (208) 

When R = Ph, this rate of rcarrangemcnt is fast. The ylide 210 is formed. 
+ Ph3P 

208, R = P h  - Ph3PCC12COOMe CI- - Ph3P=CCICOOMe 

(21 0)  
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the ion pair 208 can be trapped by an aldehyde: the cpoxide 211 was i~olated"~.  

208. R = NMe, - i-PrCHCC12COOMe + ( M e 2 N I 3 k I  

Whcn R = NMe?,  thc ratc of the rcarrangenicnt is slow. In this casc, the anion of 

t .P rCHO 

I 
0- 

;-PrCH- CClCOOMe + (Me2N)3PC12 

'0' 

(21 1 1 

The debromination of a-bromokctones with phosphincs is catalysed by acids or by 
protic solvents. The kinetic data suggest pathways involving ratc-dctcrmining attack of 
phosphinc on the bromine of protonated bromoketones'"6. The presence of triethyl- 
amine slows down the acid-catalysed dcbromination enough that kctophosphonium 
bromide formation predominates""'"". 

6 H  OH 

ArCOCH2Br ==== ArCCH,Br - ArC=CH2 ArCOCH3 
H' II Ph3P I 

The corrcsponding a-chloroketones gives ketophosphonium chlorides (via SN2 
displaccmcnt) even i n  protic mcdia. This result is in agreement with the fact that attack 
on bromine by Ph3P is a more facile process than attack on ~ h l o r i n c ~ " ' . ' ~ ~ .  Per- 
chlorinatcd kctoncs undcrgo a,/3-dechlorination rcadily when treated with phosphines 
or phosphites'". 

2 Ph3P 
CCI3CCI2COCCI~CCI~ CCI2=CCICOCCI=CCI2 + 2 Ph3PCI2 

The reaction of triphenylphosphine with hexachloroacctone is easier than with CCI4. 
The rate of the determining step, which appears to be initial abstraction of positive 
chlorine by PPh3. is increased bccause -CCI,-CO-CC13 is a bcttcr leaving group 
than -CC13. Allylic alcohols (212) react with Ph3P-hexachloroacctone to produce 
excellent yiclds of the corresponding chlorides (213), with prcscrvation of double bond 
geometry and with inversion of configuration for optically active alcohols. Isolation is 
accomplished simply by flash distillation, hexachloroacetonc and pentachloroacetone 
not bcing volatile ")x.'')y. 

CCI,COCCI, H \ /H . /c=c, H \  /H 
CH(0H)R Ph3P M e  CH(CI)R 

Me/C=C, 

(21 2) (21 3) 
Gencrally, a-monohalonitrilcs do not have a vcry positive halogen atom. Chloro- 

acctonitrile 215 reacts with triethylphosphitc to give the normal Arbuzov productzo0 
and PPh3 reacts with bromoacetonitrile to give phosphoniuni salt, although attack at 
bromine is possiblc whcn MeOH is added")'. Ethyl di-r-butylphosphinite (214) 
appears to be an cxceptionally halophilic phosphinitc. It gives thc normal Arbuzov 
reaction \vith simple alkyl halides. Howcver, whcn the alkyl halide is chloroacetonitrile 
(215). the attack of 214 takcs placc at both carbon (path a )  and chlorine (path h )  with 
prcferencc for the latter202. 

Phosphinc oxide (216). di-1-butylphosphinyl chloride (217) and succinonitrile (218) 
were isolated. 

I t  is suggested that the important halophilicity o f  214 is a consequence of the steric 
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r-Bu2P-CH2CN CI- - t-Bu2P -CH2CN 
I II 4f OEt 0 

t-Bu2POEt + CICH2CN (21 6) 

I 

(214) (215) \ *  + 

t-Bu2P-ci CH2CN 

OEt 
+ 

t-Bu2PCI + CI- - t-Bu2PCI + EtCl 
I 1  
0 

(21 7 )  

I 
OEt 

215 +CH2CN - NCCH2CH2CN + CI- 

(21 8 )  

requirements of the r-butyl groups. For the same reason, i-Pr,POEt presents only a 
slight tendency to attack at  halogen atom of 215””. Di-iodomethane and 1.2-dibromo- 
ethane are also attacked at  the halogen atonis by 214. 

Phosphines and phosphites react readily with compounds bearing very positive 
halogen, such as  a-bromo a-cyano esters (219), a-bromo a-cyano nitrilcs (223) and 
a-bromo a-cyano imides (231). 

Trialkyl”’4-’06 and triaryl phosphi te~”’~  react with 219 to give, in the first step, ion 
pair 220. The rearrangement of 220. as a consequence of steric hindrance of SN2 
displacement on the phosphorus atom by halophosphonium ion and of electronic 
effects20x, gives essentially ketcniminophosphonium salts (221), then 
N-phosphorylated ketenimines (222), which are useful for the synthesis of a number of 
heterocyclic s y ~ t e m ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ .  

COOMe COOMe + 
I IR013P MeOCO, ,P(ORI3 Br- 

CN 

,C=C=N R’CBr - [ R?!, (R0l3bBr] - 
R’ 

(221 1 
I 

(222) 

Iminophosphoranes (225) are generated via (224) upon addition of phosphites to 
bromonitriles (223)210-21 I .  

(RO),P NC\ + NC\ 

(223) (224) (225) 

R’CBr(CN)2 - C=C=N-P(OR)3 + Br- - ,C=CBr-N=P(0Rl3 
R’/ R’ 

Dihaloinalononitrilcs (226) react with phosphite to give the Arbuzov rearrangement 
product (227) and with Ph3P to give 228’”. 

IEI0)3P PPh3 
(NC),C(PO(OEt)2)2 + X,C(CN), - X(CN)=CX--N=PPh3 

(227) (226. X = CI. Br)  (228) 
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The reaction of triethyl phosphite with 229 gives a ketenimine (230) and, to a certain 
extent, tetraphenylsuccinonitrile (161, R = Ph). The formation of 230 is an ionic pro- 
cess, involving attack of the phosphitc at halogen, but the formation of 161, R = Ph, is 
likely to be a radical process. 

Ph2CCICN - Ph,C=C=N--PO(OEt)2 

(229) (230) 

Enol phosphates (233), iminophosphoranes (234) and phosphoranes (235) are the 
products of the reactions of imides (231) with phosphites and p h o ~ p h i n e s ” ~ - ~ ” .  

Me 

(233) 

4-Y c; .... 
PPh3 

R’ ~12-2: -R’ R3P 5J-L Br6R3 

0 

.l\$.;; R’’ 0 

I O N 0  
I 

M e  Me I 
Me 

(231 (232) (234) 

1 R = O h  R1k-...-.-y R’  

O/P(OPh 13 

I 

(235) 

0 

Me 

The reaction of nitriles (223) with the complex trimethyl phosphite-silver nitrate 
(236) is a convenient method for the selective replacement of a positive halogen by a 
nitro group, via an intermediate ion pair (237)218. The same reaction is observed with 
esters (219) and imides (231). 

223 + (Me0)3P-Ag-0NO2 - [ R’C(CNl2 BrkOMe)3 + AgNO,] - 
(236) (237) 

[R’c(CN)2. N0206(OMe)3] - R ’C(CN ),NO2 

(238) 

Dihaloimides (239) react with phosphines to yield the intermediates 240 which 
rearrange by a rcvcrsible process into the kinetically controlled phosphobctaine 241, 
and slowly, by an irrcversible proccss. into the thermodynamically stable phospho- 
betaine 242. The conversion of 241 into 242. via 240, is catalysed by halide ions219. 
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The reactions of 1-chloro-1-nitroalkanes”?”, 1-chloro-1-nitrocycloalkanes’” and 
1-halo-I-nitroalkanes (243)22’-224 with phosphines are very complex, depending on  
the nature of substituents. Various mechanisms are suggested and discussed, including 
attack of phosphine on the halogen or on the oxygen of the nitro group. In certain 
cases, the first step is likely to be the attack of thc halogen atom by phosphine to give 
an ion pair (244) which has been trapped by reaction with a protic ~ o l v e n t ” ~ .  

Ph3P + MeOH 
RCH=CBr-N02 - RCH=CNO,‘- Ph3PBr - RCH=CHNO, + MeBr + Ph3P0 

(243) (244) (245) 

a-Bromo a-nitro esters (246), which have a very positive halogen atom, react with 
triphenyl phosphine to give an ion pair (247) that can be trapped with methanol. The 
rearrangement of 247 has been studied”’. 

Ph3P MeOH 
R’CH2CBrCOOR2 - (R’CH2CCOOR2 Ph36Br) - R’CH2CHCOOR2 

I I I 
NO2 NO2 NO2 

(246) (247) (248) 

2. Reactions with arene sulphinates 

philic displacement on halogen by the nucleophile226: 
The reaction of a-halosulphones (249) with arene sulphinates (250) involves nucleo- 

slow Fast 
ArCHXS02Ph + Ar1S02- - ArCHSO2Ph + Ar1S02X 7 

(249) ( 2 W  (251 ) (252) 

ArCH2S02Ph + Ar‘S03- + HX 

(253) (254) 

Moreover, a nucleophilic displacement on the halogen atom of a-haloacylmalonatcs 
(255) by arene suiphinate ion has been observed. In wct r-butanol, the acylmalonate 
257 is formed. When these reactions are carried out in dry t-butanol, enol sulphonate 
258 is isolated”’. 
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ArCO?(CO*Et), + PhS02- 

The debromination of a-cyano a-bromo esters (219) and a-cyano a- 
brornosuccinimidcs (231) by sodium arcne sulphinates in dry t-butanol gives un- 
stable ketenimines (259) and enol sulphonates (260) respectively2’*. 

MeOCO, ,C=C=NS02Ar y7--cN 
OS02Ar 

I 

(260) 

0 R 

Me 
(259) 

3. Reactions with enamines 

Laskovics and Schulman have reported the preparation of a-chloroketoncs (261) by 
the reaction of enamines (262) with hexachloroacetone. They suggest that the reaction 
involves a nucleophilic displacement o n  chlorine, the pentachloroacetonide ion (264) 
being a good lcaving group. This is a n  interesting method for mild and rcgioselective 
~ h l o r i n a t i o n ’ ~ ~ . ’ ~ ~ .  

H 2 0  - / o  (4 - (1, + cc13c<..- CCI, 

C C 1 ~ C O C 1 ~  

II 
R1CH2CCHCIR2 

I 
R1CH2C =CHR 

(262) (263) (264) 

R’CH2COCHCIR2 + CCI3COCHCI2 

(261 1 

4. Reactions with halide ions 

The kcy step of the reduction of the unsaturated diketones 265 to thc saturated 
diketones 266 by treatmcnt with sodium iodide in acidic media is the attack on the 
iodine atom of the intermediate 267 by the iodide ion”’. 

HI 1 -  R1COCH=CHCOR2 - R’COCHI-CH2COR2 7 R’COCH2CH2COR2 + l2 

(265) (267) (266) 

The reduction of a-haloketoncs (268. X = Br, Cl) with sodium iodide and trimethyl- 
silyl chloride has been reported. Probably thc iodidc ion attacks thc halogen and the 
ketonc is converted to silyl ether (269)’32. 
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The  reduction of a-haloketones by sodium iodide was also achievcd by the use of 
complcxing reagents of the carbonyl group, such a s  triethylaminc-sulphur dioxide or  
pyridine-sulphur trioxide’”. 

A closely rclated method of reduction of haloketones has been rcported by Genial 
and Luche. Aryl bronio- and iodoalkyl ketones (270) are easily converted to the 
corresponding ketones by NaI in the presence of acid. Aliphatic ketones are more 
resistant to reduction’”. 

‘OH OH 
H’ II 1 -  I 

ArCOCHZX = Ar-C-CH2X - Ar-C=CH2 + IX 

(270, X = Br. I )  

V. COMPOUNDS WITH HALOGEN-SULPHUR BONDS 

The  many mechanistic investigations o f  the reactions of sulphenyl chlorides, reviewed 
by mar in^'^^, show a polarization of the halogen-sulphur bond that promotes ionic 
reactions involving a positive sulphur atom and a negative chloride ion. 

RSCl - RS++CI- 

Among the few compounds which show an opposite polarization of the halogen 
sulphur bond are the halodialkylsulphoniuni ions (271), which can act as  a source of 
positive halogen. 

t 

R2S-CI + CI- -=- RZS + CIZ 

(271 I 
Enamines (272) have been brominated by bromodiinethylsulphonium bromide. The 

hydrolysis of the products gives a-bromo ketones (273) in high yields236. 

(272) (273) 

The  reduction of sulphoxidcs with phosphorus pentachloride and N,N-diethylaniline 
(274) or I-morpholino-1-cyclohexane (272) probably involves an intermediate sul- 
phonium salt (275). which may rcact with 272 or 274 to  give chlorinated products 276 
and 277237. 

In the absence of aminc or cnamine, 275 can undergo a Pummerer rearrange- 
ment237. 

When sulphoxides react with activating reagents, such as  triphenylphosphine and 
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PCI, 
RSOR - R ~ R  CI- - R ~ R  CI- 

I I 
+ C13P=O 

0PCl4 CI 
(275) 

275 + 272 - 0 z9+c1 (276) CI +RSR 
275 + PhNEt, - C I e N E t 2 - H C I  + RSR 

(274) 
( 2 m  

i o d i n ~ ~ ~ *  or trimethylsilyl iodide and iodide ion or  other bases such as CN-, McS-, 
S 2 - ,  NCS-, S032- ,  S2O3?-, sulphides are obtained, generally in good yields. The 
mechanism suggested involves a sulphuranc 278239.240. 

The reductions of sulphonyl halides with trimethylsilyl iodide and sodium iodidcZ4* 
and of arenesulphonic acids with triphenylphosphine and iodinezJJ’ to sulphides have 
been reported. These reactions probably take place in the same way as the reduction 
of 278. Corson and Pews have shown that the first step of the reaction of p -  
toluensulphonyl chloride (279) with sodium cyanide is an attack of the nucleophilc at  
the chlorine atom to give cyanogen chloride243. 

p-MeC6H4S02CI + CN- - P - M ~ C ~ H ~ S O Z -  t ClCN 

(279) 

The reaction of bcnzcnesulphonyl chloride with sodium iodide in acetone has been 
recently reinvestigated. The stoichiometry of the reaction is consistent with the for- 
mation of a complex (280), which in turn rcacts with the sodium phenylsulphinate to 
yield benzcncsulphonyl iodide (281)”j4. 

PhS02CI + 3 Nal 
MezCO - (Nal)21CI(MeCOMe)6 + PhS02Na - PhS021 

(280) (281 1 
Trifluoromcthanesulphonyl chloride (280) is a very efficient chlorinating agent of 

stabilized carbanions. Thc treatment of acidic compounds 283 with 280 in the presence 
o f  triethylaminc or 1 .5-diazabicyclo[ 5,4,0]undec-5-one gives chlorinated compounds 
(282) in high yieldszJ5. 

Aryl chlorosulphatcs (284) react with nucleophiles Nu- such as Sz03’-, CN-, I-  o r  
SO3’-. Thc mechanisni suggested is a nucleophilic displacement on chlorine atom246. 
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NET, 
XCH2Y + CF$SO2CI - XCCl2Y 

(283) (280) (282) 
X = Y = M e C O  
X = MeCO. Y = C02Et 
x = Y = C02Me 
X =  CN.  Y = C02Me 

ArOS02CI + NU- - ArOS02- + C lNu  

(284) 
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1. INTRODUCTION 

The general properties and reactions of thc phenols havc been reviewed in many 
textbooks and comprehensive treatises’, and aspects of their chemistry are dealt with 
in earlier volumes of thc present series’. Resonance involving delocalization of the 
lone pair electrons on oxygen modifies the properties of the hydroxyl group, making 
phcnol a stronger acid than ethanol; and the same electron dclocalization results in 
phenol being morc reactive than benzene with clcctrophiles. Phcnol itself is potentially 
a mixture of thc mobile tautorncrs I ,  2 and 3. all related by loss of a proton to the 
resonance-stabilized phcnoxide ion 4. The aromatic form 1 predominates over its 6 ..... 

..... 

(4) 

tautoniers. and thc rate o f  proton exchange betwccn thc hydroxyl group and other 
hydroxylic compounds is rapid. being much faster than that of exchange with the orrho 
and parrr protons of thc aromatic ring. Thc predominance of thc hydroxylic tailtoiiicr is 
easily interpretable in terms of the resonance encrgy of thc aromatic ring; i t  is perhaps 
not so apparent intuitively that further protonation would occur a t  thc aromatic ring- 
carbon atoms in  conipetition with protonation on oxygen. Experimentally3, i t  is found 
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that protonation of phcnol in vcry strong acids occurs at both typcs of site. to give a 
mixture of the tautomers 5. 6 and 7. At tcmpcratures above 0°C. exchange between 
the protons shown and such acidic mcdia as trifluoromethanesulphonic acid is rapid; 
lowcr temperatures arc required to enable the spectra of thc individual fornis to be 
recognized. 

0 

It  is possible to introduce any of the halogens into a phcnol by an electrophilic 
substitution, and normally these reactions rcsult in the formation of compounds having 
halogen ortho and/or purr! to the hydroxyl group; electrons from the lonc pair of the 
hydroxyl group cannot be readily localizcd at the tnet(i position, for the same reason 
that the tautomcric form 8 is thermodynamically unstablc rclative t o  1, 2 and 3. 

The resulting halogcnophenols are of considerable tcchnical importance. particu- 
larly as gcrmicides and fungicidcs, but for othcr purposes also. Intermediatc stages i n  
thcir formation are oftcn dicnones, which are sometimcs casily isolatcd and can serve 
as sources of clectrophilic halogcn. but in othcr cases arc unstable and subjcct to a 
variety of different modes of rearrangcmcnt. An undcrstanding of the pathways avail- 
able in these reactions is valuable, not only becausc i t  helps towards a detailed know- 
ledge of the mechanisms involved in thcse reactions, but also because it allows us to 
formulate practical niethods for synthcsis of compounds which otherwisc would be 
acccssible only by circuitous mcthods. 

In the present articlc, attention is focuscd particularly on the hetcrolytic sequences 
by which halogcnophenols are obtaincd. and on the propertics of thcse compounds 
and of the intermediatc dicnones which arc so oftcn conccrned in their formation. 
Somc homolytic reactions will also bc considcred, particularly wherc thesc are rclated 
to the processes of halogenation. Among the most important carlier relevant revicws, 
special mention should be madc of articlcs by Warin$. by Ershov and collcagues5 and 
by Thonison". 

II. PROPERTIES OF THE HYDROXYL AND HALOGEN SUBSTITUENTS; ACID 
STRENGTHS OF SUBSTITUTED PHENOLS 

Beforc dealing with the combincd and mutual effects of the hydroxyl and halogen 
substituents, a brief account is desirable of thcir individual propertics. Inductively, the 
hydroxyl group is elcctron-withdrawing. because of the clcctronegativity of oxygen. as 
is shown for cxample by the fact that hydroxyacetic acid (pK,, = 3.83) is stronger acid 
than acetic acid (pK,, = 4.76)'. Conjugatively, howcver. it is powerfully electron- 
releasing, as is shown by thc strength of benzoic acid (pK, = 4.19) in comparison with 
p-hydroxybcnzoic acid (pK, = 4.48). Many other studics of equilibria, rates and 
physical properties can be used to cxeinplify thcse facts. 

Thc group is rclativcly small; thc barrier for free rotation of the OH group about its 
bond to the bcnzene ring8 is only about 14 kJ mol-I, and the most stable confor- 
mation has thc 0-H bond in the plane of the aromatic ring. In principle, large 
ortho-substitucnts could altcr this situation. and so diminish thc potcntial conjugation 
of thc hydroxyl group with t he  benzcne ring. Evidence has been adduced, however. 
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that cven in 2,6-di-r-butylphcnol the hydrogen atom of thc hydroxyl group lies in the 
plane of the benzene ring'. Theory requires, too, that in the least favoured confor- 
mation somc conjugation of the lone pair clcctrons with the ring is possible. 

To a first approximation, thercforc, the mode of action o f  the  hydroxyl group in 
relcasing clcctrons to an attachcd unsaturated system is similar to that of a methoxyl 
group. Canonical forms like 9 and 10. for example, contributc to the ground states of 
phcnol and anisole rcspcctively. This description is, however. not complete whcn 
reactions with clectrophilcs arc being considcrcd, for two related reasons. I t  is now 
generally accepted, despite earlier doubts, that the clcctrons of suitably oriented 
sigma-bonds can cngagc in  hyperconjugative interaction with attached unsaturatcd 
systems. Structurcs like 11 and 12. thercforc. augment clectron rclcase from H-C and 
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H+ Me+ 
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(9) (1 0 )  (11) (1 2) 

C-C bonds under conditions of suitably locatcd electron dcmand. In general, H-C 
and C-C bonds contribute electron relcasc by this proccss to similar extcnts, their 
relative effectivcness depending o n  the solvent. In  most circumstances, the H-C bond 
is not sufficiently loosened that the proton is released to thc rcaction medium. Exactly 
thc same physical situation can cxist with H-0 and Mc-0 bonds'". But proton loss 
from oxygen to solvent is usually vcry rapid. and the easiest result of H-0 hyper- 
conjugation can be the physical loss of a proton. The result is thc incursion of a new 
reaction, which in the case of an clcctrophilic attack on phcnol is a substitution with 
rcarrangement. Proton loss from oxygen as comparcd with proton loss from carbon is 
more likely to become a concerted part of the rate-dctcrmining step. 

+ E l .  -H*  

SCHEME I 

A measurcd ratc of disappcarancc of starting niatcrial might then rcprcsent (a) the 
ratc of formation of the 'usual' cationic intcrnicdiatc (13. Schemc I ; an SI32 reaction of 
thc conventional type. showing no primary isotope effect); (b) the rate of a concerted 
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formation either of the ketonic product (14. an S,:2' reaction) o r  of the enolic product 
(15. an SI-2 reaction showing a primary isotope cffcct); (c) the rate of electrophilic 
attack on  ii small pre-cquilibrium concentration of phenosidc ion. 

Whcthcr the dicnonc 14 or  the phenol 15 is the observed product dcpends o n  thc 
rate and mechanism of conversion o f  14 into 15. Interprctation of the comparison of 
the overall rate of disappearance of starting material with thc corrcsponding rate for 
anisolc. or for benzene. depends on which of thew routcs is adopted. Effects of 
substituents on rates of reaction proniotcd by the hydrosyl group nccd. therefore. t o  
be considered with particularly careful attention to the mechanism. They are likcly 
also to be much morc depcndcnt on solvcrit than is thc case for most groups. because 
hydrogen-bonding involving the OH group promotcs 0 - H  hypcrconjugation and 
hence enhances thc electron-releasing power of the substituent. 

The effccts of halogens as substitucnts have been discussed in an earlicr volume". If  
these elements are treated as a series. several sequences involving changes in  proper- 
ties are found to be conibincd. Fluorine is the most clectron-withdrawing by virtue of 
the inductivc effcct: bu t  i t  is also thc most electron-releasing conjugatively. it fornis 
hydrogen bonds the most strongly. it is thc smallest. and it is thc lcast polarizable. 
Each of thcse propertics has an cffect on other physical and chcmical properties of a 
molccule containing a carbon-halogcn bond, and the various effects are to a first 
approximation exerted indcpendcntly. So if a series of halogen-substituted compounds 
is examined, such other propertics as are modified by thcse effects can change along 
the serics in a complicated way within which the individual effccts are difficult to 
disentangle. One way of comparing these influenccs is through the language of linear 
free-cnergy relationships. using equation ( I ) .  

I t  is usual to start with a standard reaction for which the reaction constant p is defined 
as 1, so that substituent constants u can be derived by detcrmining the effects of 
substituents R on the relative rate (kR/kH) or equilibrium constant ( K R / K ~ ~ )  for the 
reaction. For any other reaction, a logarithmic plot of the new value of K k / K ; l  enables 
a value of p for that rcaction to be dcrived; perfect correlation tells us that substitucnts 
affcct the two reactions in a way which differs only through a scalc factor. 

The first scalc of substituent constants applicable to a range of organic reactions was 
derived from the strcngths of benzoic acids. Substituent constants derived in this way 
represent a combination of effects spccific to this set of equilibria. and a selection of 
values7.12-14 is given in Table 1. The values of u,,.~ show that the hydroxyl and 

TABLE I .  Effects of sclcctcd substitucnts o n  ionization of substituted benzoic acids 
~~ ~~ 

Reaction: ionization of suhstitutcd bcnzoic acids. RC,HJCO?H 
Substitucnt 
(R) OD-R rill, - I< 00-U 0 p - R  - U i i i - R  

O H  
0 Mc 
Me 
H 
F 
CI 
Br 
I 
NO, 

-0.37 
-0.27 
-0.17 

0 
0.06 
0.23 
0.27 
0.30 
0.78 

0.10 
0.08 

- 0.07 
0 
0.34 
0.37 
0.39 
0.35 
0.7 1 

1.22 
0.12 
0.29 
0 
0.03 
I .28 
1.35 
I .34 
1.99 

- 0.47 
-0.35 
-0.10 

0 
- 0.28 
-0.14 
-0.12 
- 0.05 

0.07 
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methoxyl group arc electron-withdrawing; and so are all the halogens, there being only 
minor differences bctween them. The values of 0 p - R  show that this effect, which 
results in an incrcasc in acid strength, is opposed by an effect in the opposite direction. 
This effect is considcrablc for the rnethoxyl group, and among the halogens it  is most 
marked for fluorine. I t  can bc intcrprcted as conjugative clectron rclcase (16) because 

F a  - * F a -  

(1 6) 
i t  shows up diffcrentially between the values for the para and n~era  positions. In using 
thesc valucs for quantitative comparisons. it should be rcrncmbered that tabulations of 
valucs of u sometimes obscure their origin. The experiments! basis may be a single 
reaction series, or thc statistical avcragc from a number of series. In considering the 
related substituent effccts for thc ionization of phcnols as acids, it is useful first to 
make as direct a comparison as possiblc with the ionization constants of substituted 
benzoic acids. For this purpose we have used the values of a adoptcd by Barlin and 
PcrrinI4, together with the corresponding values' for the ionization of substituted 
phenols in water at 25°C. The resulting plot is shown in Figure 1 ;  the data are in 
Table 2. 

Thc correlation between the effects of tnetn and para halogen substituents on the 
two ionizations is quite good. The situation becomes a little different if substituents 
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FIGURE 1. Lincar free-energy plot for dissociation of halogen- 
substituted phcnols. 
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TABLE 2. Data for linear free-cncrgy comparison of dissociations of halogen-substituted 
benzoic acids and phcnols 

~~ 

Substituted benzoic Substitutcd phcnols 
acids: (I or (I;,,,,, 

Substituent (Ref. 14) PK, log I ii KRIKH 

H 0 10.00 0 
0-F 0.93 8.70 1.30 
0-CI 1.28 8.53 I .47 
o-Br I .35 8.44 1.46 
0-1 1.34 8.5 I I .49 
in-F 0.34 9.2 1 0.79 
n2-CI 0.37 9.13 0.87 
in-Br 0.39 9.03 0.97 
in-I 0.35 9.06 0.94 
P-F 0.06 9.91 0.09 
p-CI 0.23 9.42 0.58 
p-Br 0.27 9.36 0.64 
P - J  0.30 9.30 0.70 

are compared over a wider rangc". The  dissociation of phenols is one  of several 
reactions that have been used to define a scalc of substituent constants, u- ,  to which 
electron-withdrawing conjugative effects make a larger contribution than they make to 
values of 0. The  nitro group, for cxample, appears to engage in conjugation with 0- 
(17) more effectively than with C 0 2 ,  and consequently the value of u&02 (1.21) is 
larger than the value of u,,-No2 (0.78). 

(1 7 )  

Implicit behind the adoption of any single sct of substituent constants is the assump- 
tion that inductivc and resonancc contributions are combined in a ratio which is 
defined for each substituent. Various appro ache^'^.^' have been used in which the 
proportionate contributions have been allowcd to vary, so that a more general cqua- 
tion can be uscd to describc substituent effects over a widcr range of reactions. 
Perhaps the most sophisticated trcatmcnt uses equation (2), in which thc ratio p I / p R  is 
trcated a s  an additional variable parametcrIx. 

(2) 
Table 3 presents values of the resonance component of the substituent effect dissected 
in this way from the inductive contribution for three rcactions rclevant to the prcsent 
discussion. The  values of u1 reflect t he  order of inductivc electron withdrawal by the 
halogens. Thc  values of oR illustrate similarly that as a conjugative electron donor the 
fluorine substituent is the most eiectron-releasing of these groups. Thcse arc the same 
conclusions as werc drawn from the results given in Table 1 .  Since thc resonance 
parameters uR and uR- fo r  the halogens derived from the three diffcrent ionization 
processes notcd in Table 3 are ncarly the same for each halogen, it can be concludcd 
that the effects of these substituents o n  the ionization of 4-substituted phenols are 
dctcrniined mainly by the usual clectronic effccts of these groups. 

Fischer and coworkers19 have obtaincd related results for 4-substituted 2.6- 
dichlorophenols and 2,6-dimethylphcnols in a numbcr of solvcnts, including hydrox- 

~ O ~ I O K R / K H  = PIUI + PRUR 
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TABLE 3 .  Inductive and rcsonancc contributions in ionization o f  some aromatic acids; values 
from Refs 12 o r  I7 

J .  M. Brittain and  P. B. D .  de  la Mare 

OMc 
Mc - 
ti 
F 
CI 
Br 
I 
NO, 

0.29 
- 0.04 
0 
0.54 
0.47 
0.46 
0.39 
0.76 

-0.6 1 
-0 .1  1 

0 
- 0.45 
- 0 . 2 3  
-0.19 
-0.16 
- 0.1 5 

-0.45 
-0.1 I 

0 
- 0.45 
- 0.23 
-0.19 
-0.1 I 

0.46 

-0.36 
-0.06 

0 
-0.45 
-0.23 
-0.19 
-0.1 1 

0.46 

“Inductive substitucnt constants: from values of pK, for substituted acetic acids in water. 
’Resonance contrihutions t o  thc ionization of para-substituted bcnzoic acids: 4-RC6HjCOzH G 

CResonance contributions to the ionization of para-substitutcd aniliniurn ions: 4-RC6H4NH; * 
“Rcsonance contributions to ionization of parcr-substitutcct phcnols: 4-RC6H40H S 

4-RCsH4COj + H+. 

4-RC6HdNH2 + H I .  

4-RC6H4O- + H + .  

ylic and dipolar aprotic media. I t  was found that the rcsponse of the  dissociation 
constant to change in structure (i.c. the valuc o f  p - )  varicd somewhat with the solvent 
and with the substitution pattern in the substratc. This vcry probably is the result of 
changcs in the differential solvation of the phenol and its anion. N o  very marked 
anomalies were noted for halogen substitucnts. 

Dissociation constants of 4-substituted 2.6-di-r-butylphenols, including a 4-bronio 
derivativc. have been measured also in 5 0 %  ethanol a s  solvent"'. The  results werc 
found to correlate quite wcll with those for other 4-substituted phenols, but again thc 
responsc of dissociation constant to change in structure was significantly different from 
that for the ionization of phenols. For  most substituents. thc two I-butyl substituents 
a re  acid-weakening; but thc Hammett plots intersect. and 2,6-di-t-butyl-4-nitrophenol 
is a stronger acid than 4-nitrophenol. It was concludcd that two bulky orfho-r-butyl 
substituents may provide cither steric hindrance or steric enhancement to ionization. 

It is clcar from thcse studies, and from comparisons of spectral data‘.”, that the 
effects of parri- and  mera-halogeno substitucnts on  ionization of an aromatic hydroxyl 
group are  not  particularly anomalous. Rcsults for or?lio-halogenophenols dcservc 
separate discussion; they arc presented in Table 2 and Figure I .  As thc substitucnt is 
placed closer to thc centre of ionization. its inductivc effect should have a tnorc 
important influence on that centre. and  this is reflected in the strengths o f  the phcnols 
a s  acids. I t  is evident also that a value of p ,  which for n i c w  and parcr substituents is 
approsimately 2.5. would not represent the rcsults for orrho-halogen substituents; for 
these. a valuc of  about 1 would bc more appropriate. Scvcral groups”.’3 have used 
Taft’s’‘ approach. in which stcric effects of orrho substituents are taken into account 
through ccluation (3). 

In this equation. u, is a constant which. though primarily stcric in origin. has i n  it an 
adniisturc o f  other intlucnccs specific to thc defining reaction. I t  was found that the 
behaviour o f  halogenophenols \\’as fairly wcll represented by using l’aft’s steric 
con st an t s. 

Barlin and  Pcrrinl-’ hnvc survcyed the accuracy with which strengths o f  poly- 
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TABLE 4. Obscrved and calculotcd dissociation constants o f  tli- and poly- 
chlorophenols as acids in watcr at 25°C 

~~ ~~ 

Positions of chlorine 
substitucnts pK,, (found) pK,, (calc) 

2. 3 7 .7~4 7.16 
2. 4 7.85" 7.95 
2. 5 7.5 I "  7.66 
2. 6 6.7Y 7.06 
3, 4 8.59" 8.55 
3. 5 8.1 9" 8.26 
2. 3, 4 7.59" 7.08 
2. 3. 5 7.23h 6.70 
2. 3, 6 6.12h 6.19 
2, 4. 5 7.33h 7.08 
2, 4. 6 6.42" 6.48 
3, 4, 5 7.74) 7.68 
2, 3. 4. 5 6.96" 6.2 I 
2, 3. 4. 6 5.22h 5.61 

2, 3, 4. 5 ,  6 5.2d' 4.74 
2, 3, 5. 6 5.44" 5.32 

'Ref. 14. 
" R ~ F .  25. 

substituted phcnols can be prcdicted froni valucs of G, using supplementary data for 
orfho-substituted phenols where neccssary. Rcasonably good agreemcnt betwcen 
observcd and calculated values is obtaincd from trcatment based on the principles of 
additivity of substituent cffccts. To exemplify the utility of this approach. we havc 
calculated (Table 4) the strengihs of di- and polychlorophcnols as acids, using thc 
values (Table 2) for monosubstituted phcnols in water at 25°C. I t  should be cmphas- 
izcd that, for accurate use of this principle of additivity, a value of p appropriate to the 
rcaction and solvent system under investigation is needcd. 

Gas-phasc acidities of some phenols havc been determined also. and havc been 
correlated with gas-phase acidities of bcnzoic acids, with substitucnt constants, and 
with thc results of thcoretical calculations'6. 

111. PHENOLS AS BASES 

A. General Considerations 

Phenols can rcact with acids. and a variety of reactions can be observcd, dcpending 
on t h e  conditions. Exchange bctween the hydroxyl group and othcr hydroxylic sol- 
vents is. o f  course, rapid. The rates of reaction of substituted phenols with methanol, 
for cxamplc, can be measurcd only at very low t~nipcratures '~  (e.g. -78°C). when in 
the abscnce of acidic or basic catalysts thc rates lie below those cxpected for a 
diffusion-controlled process. At temperatures from 25°C upwards, exchange at carbon 
occurs at rates convenient for study. and involves hydrogcn atoms only i n  thc positions 
activated conjugatively by the hydroxyl group'8.'''. I t  is clear from the cffect of struc- 
ture on thc rate of reaction that the bchaviour is that which would bc cxpected for an 
electrophilic aromatic rcplacemcnt. The rangc o f  acidity over which thc reaction 
involvcs the phenol niolcculc rather than the phenoxide ion has bccn dcfined by 
careful studics of the depcndence of rate upon the pH of the solution'". 
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In order to dcfine the nature of the transition state for exchange more closcly. the 
detailed kinctic forms at high acidities have bcen studied. Gold and coworkers3' 
examined the reactions of several substituted phenols, including 4-chlorophenol, com- 
paring ratcs of dcdcutcration and dctritiation and examining also the solvent isotope 
effects. Substitutcd mcthoxybenzencs werc cxamincd also3'; the work has bccn 
extendcd by Kresgc and his  coworker^^^-^^ and an exccllent summary is given by 
' r a y l ~ r ~ " ~ ~ .  I t  is now generally accepted that the reaction pathway involves a transition 
state in which proton-transfcr to carbon has bccn partly effected. and that a single 
protonatcd interrnediatc lies betwccn transition statcs of comparablc but not quite 
equal free encrgy. The pathways for phenols do not seem to be substantially ciiffcrcnt 
from those for anisoles. Kresge and coworkers37 have shown that the substrata ["HI- 
2.4.6-trihydroxybenzene and [ 3H]-2,4,6-trimethoxybcnzene show different slopes of 
logl,,k,,,h against - H o .  but that the C-protonation of thcsc substrates also have diffcr- 
cnt acidity dcpendcnccs. Allowance having bcen made for the latter difference, i t  was 
concluded that the extents of proton transfer in the transition statcs for isotopc 
exchange wcrc about the same. I t  would seem, thercforc. that proton loss from the  
oxygen atom of C-protonated phenol is not concerned in the transition state lcading to 
cxchangc at carbon. The fact that the hydroxyl group promotes more rapid exchange 
than the mcthoxyl group whcn exchanges at the 2-position in 4-methylphenol and its 
methyl cthcr are compared3' can. thcrefore. perhaps be attributcd to H-0 hyper- 
conjugation ' ( '  (1 8). 

(1 8)  (1 9) 

At acidities towards the top end of the range used for kinetic measurements, 
phcnols become protonated to give conjugate acids in bulk concentration. Examina- 
tion of solutions in  perchloric acid and in sulphuric acid by using ultraviolet and N M R  
spectroscopy3' showed that with the latter acid, rapid sulphonation could soinetimcs 
obscure the observation of protonation. For examples where this could be avoided, 
however. i t  was concludcd that protonation often occurred both on carbon and on 
oxygen in competition. I t  was found that the acidity function for carbon protonation 
had a higher slope than that for oxygen protonation; hence for any given phenol, 
oxygcn may be the inorc basic site in aqueous solution. but carbon becomes relatively 
niorc protonatcd at highcr acidities. I t  appearcd that. for very basic solutes. the rate of 
dcprotonation was sufficiently reduced that rcactions with other electrophiles could 
become slow; so that sulphonation by S03H+, for example, was no longer competitive 
with C- pro ton a t i o n .  

I n  othcr studies. solutions in supcracid solvents have been examined at low tem- 
peratures. and a complex situation has bccn revealed39-4'. The balance betwccn car- 
bon and oxygen protonation depends not only on thc substrate and the acidity. but 
also on the tcnipcraturc a n d  the nature of the supcracid system. Signals resulting from 
C-protonatcd species can bc identified. so that proton exchange at carbon is slow on 
the 'H N M R  time-scale at temperatures o f  -40°C o r  less; at highcr temperatures. on 
the othcr hand. broad signals characteristic of species undergoing slow exchange 
become apparc n tA3.". 
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B. Protonation of Halophenols 

Olah and Mo" have studied i n  detail the protonation of halophenols and halo- 
anisoles in  a range of superacid solvents at low tcniperatures, by using ' H  and I3C 
NMR spectroscopy. ?'he results havc a number of features of interest; they are sum- 
marized in Table 5 .  The left-hand column gives thc results for thc strongest superacid, 
and the right-hand for the weakest. 

For 4-halophenols. 0-protonation only was observed. though the decomposition of 
thc iodo compounds with libcration of iodinc indicatcs that ipso-attachment of a 
proton is not cornplctely inhibited. For 2- and 3-halophenols, C-protonation was noted 
only in the 4-position; no evidence for the presence of spccies protonated in thc 

TABLE 5.  Positions (C = on carbon; 0 = on oxygen) of protonation of halophenols in 
'superacid' solvents at -40°C 

Solvent Solvent Solvcnt Solvent 
HF FS03H (1  mol) FS03H (1 mol) FSOJH 
SbFS SbFj (1 rnol) SbF5 (t mol) 

Compound Hal S02CIF S02ClF SOzCIF SO$XF 

F C" c? ca, 0 b . c  0 b . c  

CI C I  ca C", 0b.c  0 h . c  

Br c? cu cu 0 b . c  
I Decg DecX ca 0 b . c  

OH 

* OH 

OH 

Hal 

CExchange with starting material. +?t i2  

&Hal 

+OH2 

Q 
g Dccomposed. 
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6-position was found. Protonation on carbon in compctition with protonation on 
oxygen is favourcd for thc stronger superacids. Comparing thc 2-halophcnols, fluorine 
and chlorine allow some 0-protonation. whercas bromine and iodine allow only 
C-protonation except in the wcakcst supcracid; this was attributcd to the greater 
inductivc cffect of the smallcr halogens. For the 3-halophcnols. o n  the other hand, 
both fluorine and iodinc favoured C-protonation. This rcsult. which is in  line with thc 
irregular scqucncc of reactivity of halobenzenes with clcctrophilic r ~ a g e n t s ~ ~ ,  can bc 
interprctcd i n  terms o f  a conjugative electron-rcleasing cffcct (greatest for fluorine; 
19) and an cffect of polarizability (greatest for iodinc). 

J .  M .  Brittain and P. B. D. de la Mare 

C. Protodehalogenation and Acid-catalysed Rearrangements of Halophenols 

Although thcrniodynamically the positions in  the benzene ring ips0 to  halogen are 
not the most favoured for protonation. rcactions can occur through intcrmcdiates and 
transition states in which such protonation must occur. I t  was shown in 1924 that the 
removal of halogen from halophcnols on trcatment with hydrogen iodidc in acetic acid 
followed the rate sequence p-I > 0-1 > p-Br > o-Br > p-CI %- m - I ,  and that 4-iodo- 
resorcinol was much more reactive than 4-iodophcno14’. Thcsc results suggest 
strongly that the rcaction is an elcctrophilic protodeiodination (equation 4). 

OH OH OH 

‘OH 

t H I  f 

I H 

Gold and WhittakcrJ8 made a more detailed kinetic investigation of the reactions of 
4-iodophenol and some of its derivatives with hydrogcn iodide in acetic acid and in 
slightly aqueous acetic acid at a number of temperatures. Thc results established that 
the effects of alkyl and halogen substituents on thc ratc of protodeiodination were 
quantitatively very similar to the effects of these substituents on ratcs of nitration of 
hydrocarbons. Thc kinctic equation ( 5 )  described the results within the concentration 
ranges [HI] = 0.4- I M, H@ = 0- 10 M. 

v = k,,[RI][HI]’/[H,O]’.~ 

Dcpcndence of rate on a high powcr of thc concentration of hydrogen iodide is 
consistent with thc view that thc rcmoval o f  I’ can be assisted nucleophilically by a 
source of iodidc ions. The coniplcx dcpendcncc of ratc on concentration of watcr is 
difficult to discuss quantitatively bccausc it  reflects change not only of the acidity of 
the medium but also of othcr ion-forming equilibria possible in thc solution. Qualita- 
tively. a rcduction in ratc might be cxpcctcd. bccausc the proton-donating power of 
the  medium as measured by - H o  is greatly affected by concentration of watcr4”. I t  is 
shown in  Figure 2 that this reduction is o n l y  partly reflected in the ratc of proton 
transfer to carbon from the medium containing hydrogcn iodide; a still more complex 
situation is cvidcnt for thc ratc o f  proton transfer from hydrogen chloride to cyclo- 
hcxcnc.;”) . as is cvidcnt also in the figure. ‘fhc original writersJX concluded that niolccu- 
lar HI or the ion H21* were possible rcagcnts; othcr processes involving both an 
clcctrophilc and a nuclcophilc ;ire possible also. 

Protodchalogcnation is involved in the reactions of some bromophenols with 
hydrogen bromidc in aprotic solvcnts. I t  was shown by O’Bara and coworkers5’ that 
trcatmcnt of 4-bromophenol o r  its alkyl-substituted derivatives with hydrogcn 
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0 1 2 3 4 5 6 
Concentration of water  in ace t ic  acid,  M 

FIGURE 2. Effect of added water in solvent acetic acid on 
rates and equilibria. Plots against concentrations of water in 
acetic acid of (a) 3 - Ho (indicator rnea~urernents)~'; (b) 
7 + log,($ I (ratc of protodeiodination of 2-chloro-4-iodo- 

(c) 8 + loglok, (ratc o f  addition o f  HCI to cyclo- 
hexene):o. 
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bromidc in chloroform or in carbon tetrachloride rcsultcd in isomcrization and dis- 
proportionation. Some of the results are given in Table 6. 

Thc rate of the rcaction was found to depend on the positions of the substituents; 
and in all cases niixturcs rich in 2- and 4-substituted phenols werc produced. with no 
3-substitutcd phenols. The corresponding chloro compounds did not react. Positive 
bromine produced as an intermcdiate could be trapped not only by the starting 
material (whence the disproportionation) but also by added compounds. Thus the 
treatment of 4-bromo-3-mcthylphenol with hydrogen bromide in acetone rcsultcd in 
the formation of much 3-niethylphenol. 

TABLE 6. Products of reaction o f  4-bromophcnol with HBr in CHC13 at 25°C 

Time, h 

Component 
0 6 24 144 942 

Composition of rcaction mixture. '% 

Phenol - 2 4 7 9 
4-Bromophenol 100 95 89 66 41 
2-Broniophcnol - 2 5 21 43 
Dibromophenols - 1 2 6 7 
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This isomcrization results in partial rather than in completc thermodynamic control 
of the product ratio for brornination, since 3-bromophcnols were not dctected in the 
products. I n  a case studied more rccently in which 2-bromo-4-mcthylphcnol was the 
substrate, rearrangement t o  the 3-position could bc effected by using the very strong 
acid trifluoromethanesulphonic acid (CF3S03H)44. Under both of these conditions, the 
isomerization can be explained as resulting from reversible protodebromination. A 
different mechanism must. howcver, bc concerned in thc reaction of the complcx 
between aluminium chloride and a dcficicncy of 4-bromophenol with hydrogen 
chloride at  high temperatures, since this can be carried out in a way which gives 3- but 
n o  2-bromophenols-”. Results arc shown in Table 7. 

When thc reaction was carried ou t  by using equivalent amounts of 4-bromophenol 
and aluminium chloride, sornc 2-bromophcnol was produced also. It  is 
3-bromophenol is produced under thcse conditions’ by a 1,2-shift in a 
dienonc (equation 6). 

OH +O-AIC13 O-AIC13 OH 

Q - Br Q - &..r -= & Br 

Br 

possible that 
co-ordinated 

(6) 

A close balance must exist between the relative easc of loss of H’, loss of Br+, and 
1,2-shift of halogen under thcsc and similar conditions. 

I t  was suggested5’ that, because of the power of modern methods of separation of 
mixtures. isomcrization with hydrogen bromide could be useful as  a practical method 
of obtaining some ortho-substituted bromophcnols. Another practical use for proto- 
dehalogcnation in synthesis is in preparing meta-substituted compounds. I t  is oftcn 
easy to polybrominate phenols by using exccss of bromine, a reaction which can 
involve acid-catalysed rearrangement of a dienone. Protodebromination of the resulting 
compounds can thcn often bc effected by heating thcm undcr reflux with aqucous 
(55%) hydrogen iodidc, nitrogcn being passcd through to rcmove iodine as it is 
formed. Bromine is thus removed specifically from the orrho and para positions, 
mela-bromine being rcniovcd much niorc slowly. 

The reaction can be described by equation (7), and examples of application of the 
method are given in sequences (8)-(1 l)53.54. 

ArBr + 2 HI - ArH + HBr + Ipf (7) 

This prnccdure is similar in principlc to that uscd in a method dcvelopcd carlier by 
K o h n  and c o \ v ~ r k c r s ~ ~ - ~ ~ .  in which a broniophenol was heatcd with aluminium tri- 

TABLE 7. Products o f  reaction of 4-bromophenol (0.1 mol) with aluminium chloride (0.2 m d )  
and hydrogen chloride at 130°C 

Time. h 

Component 

~~~ ~ ~ ~~ 

0 1 3 4 8 9 
Composition o f  reaction mixtures. ‘% 

4-Bromophcnol 
3- B romo phe no1 

I 0 0  92 84 67 49 46 
- 8 16 33 51 54 
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&$ Me Br2 ::*Br Me HI . ..J$, Me (8)  

Me Me Me 

OH bMe B r 2  ~ HI (9) 
Br 

Br 

OH OH OH 

Br 

- 
Me Me 

OH 

(11) 

Br 

Me Me 

chloride in benzene to give the product of protodebromination at positions activated 
by the hydroxyl group. Thc exact naturc of thc acid providing thc proton undcr these 
conditions cannot be regarded as certain; one possibility for the convcrsion of 
4-bromophenol to phenol is shown in equations (1 2)-( 15). 

In  general. reported yields were not as good as those found for protodebromination 
using aqueous hydrogen iodide as the reagent. 

CGH~(OH)& + AICI3 H+[AIC13OC6H4Br]- (1 2) 

H+[AIC130C6H46r)- - BrrAICI3OC6H,]- (13) 

Br+[AICI,OC,H,]- + C,H, - C6HsBr i- H+[AIC130C6H,l- 

H+[ AIC130C6H5]- - = =  CGHSOH + AICI, 

(14) 

(15) 
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IV. CONVERSION OF PHENOLS TO HALODIENONES; THE SE2' REACTION 

A. Introduction 

Thc most commonly cncountcrcd mechanism o f  clcctrophilic rcplaccmcnt in aromatic 
compounds is usually designatcd SI:2, but the reaction proceeds through an inter- 
nicdiate (the so-called Wheland intcrnicdiate. 20) which then can lose a proton or 
another positivc spccics to give thc product. The sirnplcst possiblc rcprescntation 

- 
this sequcnce is shown in cquation ( 1  6). The first stage may bc rate-dctcrmining; 

X 

R 

QI 
E 

+ x+ 

altcrnativcly. the first and sccond stages can bc jointly rate-determining. Product 
ratios in such reactions may be dctermincd by the relative rates of formation of 
isomeric internicdiatcs. by their rclative rates of decomposition to givc products of 
replaccrnent, and by othcr modes of reaction open to them. Wc neglect for the 
moment any complications which could arise because of involvement of the nuclco- 
phile. which must have becn provided with thc clcctrophile. 

For replacement in phenols, a possiblc new phenomenon must immediately be recog- 
nized. that proton loss from oxygen is likcly to bc much faster than proton loss from 
carbon. Schemc 1 showed the minimum degrcc of elaboration o f  the rcaction path 
necded to describc electrophilic substitution at  a single position in thcse substratcs. 
The Wheland intcrmediate (13) still may exist as a n  interrncdiate. and may bc con- 
cerncd not only in the original rcaction of the phenol with the elcctrophilc. but also in 
the conversion of the dicnonc 14 into the substituted phenol 15. Intcrmediatcs and 
dienones isomeric with 13 and 14 can likewisc be formulated. The reaction of phcnol 
to give thc dienone 14. and likewise of thc dienone 14 to givc the substituted phcnol 
15. arc both to be categorizcd as Sk;2', where the priinc indicatcs that the replaccment 
has occurred with rearrangemcnt of thc doublc-bond system. Of these, thc first is a 
non-isomeric and thc sccond is an isomeric rcarrangcment. 

Thc importancc of dienones i n  thc replacement reactions of phenols is relatively 
easy to ~ S S C S S  whcn the former can be rccognizrd indcpendently as intcrmediatcs. and 
many cxamples of the halogenations of phcnols and naphthols to give dicnones arc to 
bc found i n  the early litcrature58.5''. Lapworth"" discusscd the possibility that clcctro- 
philic substitutions of phcnols gcncrally wcnt through thc intermcdiacy of dienones; 
but many textbooks. w e n  whcn this possibility is recognized. trcat the hydroxyl group 
as if  its influcnccs could be compared dircctly with thosc of othcr substitucnts6'."'. This 
approach is perhaps valid when attack by thc clcctrophilc is unambiguously rate- 
dcterniining and when proton loss from oxygen is not i n  the ratc-determining step. 
Remarkably few invcstigations bear directly o n  these points. In  thc following dis- 
cussion. w e  deal first with situations in  which dienoncs of various kinds have been 
prcpared by halogenation of phcnols. and secondly with situations in which they havc 
becn recognized as fleeting intcrmediatcs by physical methods. We then dcal with 
cases i n  which the intermediacy o f  dienones is presunicd. but has not becn established. 

6. Dienones Obtained by Fluorination 

Fluorodicnoncs prcpared by clcctrophilic fluorination of phcnols havc been used in 
scvcral synthetic investigations. Mills and coworkersh3 studied the reactions of a 
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number of steroids analogous to oestrone with pcrchloryl fluoride in dimethyl- 
formamide; products were obtained in accordance with equation ( 1  7). Reactions of 
simpler substrates were studied by ‘rauboJ whose work established the results shown in 
Scheme 2. The  two dienoncs 23 and 24 were separated by fractional crystallization. 
and were presumed t o  have been formed from the fluorophenols 21 and 22 respec- 
tively. I t  is interesting that, although the first stage of the fluorination gave substitution 
both ortho and p n t - ~  t o  the hydroxy group, the second stagc apparently gave no 
product other than that of ips0 attack. 

OH OH OH 

M e 0  J&;MeGMah (21 ) OMe - MeO 4 F OMe 

\ (22) 

Me0 fJ$ OMe MeO Go: 
(23) (24) 

Ultraviolet spectra: 
(MeOH) 

240 nrn 
16 900 
296 nm 
4000 

SCHEME 2. 
in pyridine. 

Products of fluorination of 3.5-dirncthoxyphenol with perchloryl fluoride 

The  ultraviole! spectra recorded for the dienones and shown in Scheme 2 illustrate 
one of the important ways in which the fully conjugated 2,4-dienoncs produced by 
attack orlho to thc hydroxyl group can be differentiated from 2,5-dienones, produced 
by the corresponding attack at the para position. Generally, the former have absorp- 
tion of reasonable intensity with a maximum at  considerably longer wavelength. The 
existcncc for 24 of subsidiary absorption with a maximunl at 296 nm is, however, a 
feature which needs to be recognized. This band is usually regarded as an n--7[* 
transition o f  the carbonyl group”5, such transitions usually being of much less inten- 
si ty(16. 

Barton and coworkcrsh7 have extended these observations by using other fluorina- 
ting agents, including fluoroxytrifluoromethane (FOCF3). Examples of the various 
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FOCF3 * F*C02H + &C02H (1 8)  

(20%) (80%) 

in CHCl3. 0-c 

F 

&co2H 

Mi? 

RO & : o -  o& (20) 

(R = H. alkyl. acyl) 

classes of reaction reported are given in  sequences ( 1  8)-(20). It is clear that fluorina- 
tion under these conditions can result in substitution, in formation of a 2,4-dienone, or 
in formation of a 2,5-dienone, depending on the structure of the substrate. 

Perfluorodienones have been prepared by reaction of a fluorinated hydrocarbon 
with chromium trioxidc in hydrogen fluoride as solvent68. An addition-elimination 
pat!i;;.ay has been proposed for this convcrsion (sequence 21). The products can be 
protonatcd to give the corresponding cations by dissolving them in superacid solvents. F@l + C r 0 2 F ,  Lo: OCrOF --CrOF2 ;bF + H i  . 
F F 

___c - 
( H S O j F .  SbFc,l 

F F  F F  F 

F)/& F F (21 1 

F F  

C. Dienones Obtained by Chlorination 
l'hc polychlorination of phenols results in the forniation of compounds which liber- 

ate iodine from acidified potassium iodide, and i n  some earlier literature were 
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rcgarded as aryl hypochlorites. Of reccnt years. howcvcr, it has becomc rccognized 
through the use of spectroscopic tcchniqucs that such hypochloritcs. i f  they are cvcr 
formed, arc unstablc and rcarrangc so rapidly to give isomeric dienones that no 
authentic aryl hypochloritcs havc yc t  been dcscribcd. Thus whcn chlorine reacts with 
pentachlorophenol in non-polar solvents, the 3,j-dicnone 25 is first produced. and can 
be isolated in good yield if rcaction is carried out in thc prcscncc of pyridinc or  of 
other compounds which can rcmove hydrogen chloride"". The sodium salt o f  the 
phcnol can be uscd. as can othcr chlorinating agents such as ,-butyl hypochlorite. Thc 
dienonc 25 rearrangcd into the 2.5-dienonc 26 o n  being treated with iodine; and 
ncarly complete convcrsion is effcctcd when the chlorination is carried out with this  or 
with aluminium trichloride as catalyst. When thc rcaction is carried out in acetic acid 
as solvent, with cxccss of chlorinc and no removal of thc formed hydrogen chloride. 
the 3,j-dienonc 25 is partly capturcd by molecular chlorinc with formation of an 
cnone. ‘octachlorophcnol’, probably having structure 27. Adducts derived from 26 are 
formed also. Schcmc 3 summarizes these findings. 

(25) (26) 

UV spectrum: 

Amax 265 nrn. 295 nrn Amax 295 nm 
CI 

I C ,4000 C, 16000. 1300 
CI 

(27) 
SCHEME 3. Products of chlorination of pentachlorophenol in  acctic acid 
at 25°C. 

Pentachlorophenol is ncarly as strong an acid as acetic acid (Table 4). Probably, 
therefore, the substrate attacked by the electrophile is the phenoxide ion rather than 
the phcnol molccule. There have, howcver, been n o  kinetic investigations o f  this point. 
Noteworthy is the fact that the 3.5-dienonc produced by attack o n  the orrho position is 
formed the more rapidly, but thc 2.5-dienone is thermodynamically the more stablc of 
the two isomers. Denivelle’s papersG9 include much information concerning the 
infrared and Raman spectra of the products. Pcntafluorophenol rcacts similarly. 

This work has becn cxtcndcd by study of the course of chlorination of phenol and of 
a numbcr of alkyl-substituted phenols by Vollbracht and coworkers7o and by Morita 
and Dietrich”. The results and general conclusions are similar; products o f  substitu- 
tion a t  vacant ortho and para positions are formed. and thesc undcrgo further chlorina- 
tion to  give 2,5-dienones, 3,s-dicnones and products of further addition of chlorine. 
Reactions undcr conditions of relatively high acidity scem to favour the formation of 
2,s-dienones by attack at  the position para to the hydroxy group. It is possible that 
attack on the phenol moleculc favours this orientation, whilst attack on  the phcnolate 
ion favours thc formation of the 3,5-isomer; but again it  would require kinetic investi- 
gations to establish this point. 
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Recent studies have focuscd attcntion on the more labile dicnones which can be 
formed by attack on an alrcady substituted purn position whilst retaining an unsub- 
stitutcd orrho position. When 3.4-dimethylphenol is trcatcd with chlorine in acetic 
acid, thc products contain not only 6- and 2-chloro-3,4-dimethylphcnol but also an 
cnonc 29 and two dicnones 28 ancl 30. which were assigncd the structures shown in 
Schcme 4 from thcir ' H  N M R  spcctra". 

J .  M. Brittain and P. B. D. de la Mare 

6 Me 
.Me 

OH 

clx$ Me 
Me 

OH 

b" Me 

I 
Me 

U$J H 

CI 
Me CI 

Me 

OH 
I 

Me 

0 

+HCI 'I$$ 

Me YMe CI 

(28) (29) (30) 

SCHEME 4. Products of chlorination of 3,4-dimethylphenol in  acetic acid 
at 25°C. 

The rcsults of analysis of thc reaction mixturcs by 'H NMR spectroscopy and 
separately by gas-liquid chromatography with different ratios of starting materials and 
after different times show that the dienonc 28 is formed in competition with the 
products of 2- and 6-substitution; this dienone then slowly undergoes rcarrangement 
to the mixture of chlorophenols. It also can react with chlorinc, to give the tri- 
chlorocnone 29. which is formed in major proportion if excess of chlorine is used, and 
slowly loses hydrogen chloride to give the dienone 30. 

These results show that attack at an alkyl-substitutcd position para to a hydroxy 
group is undcr these conditions competitive with attack at an unsubstituted ortho 
position. Fischer and H ~ n d c r s o n ~ ~  have extcnded thcse results by studying the chlori- 
nation of a number of 4-alkyl-substituted phenols. 4-Chloro-2.5-dienones were 
obtained in particularly good yield by reaction in acetic anhydride; they found that the 
dicnone 28 when purified is stable i n  acctic acid over a prolonged period. NO 
2-chloro-3,s-dienones were encountered in thcir chlorinations, even when 2,4-di- or 
2.4.6-trimethylphenol was used. Although i t  is possiblc that ortho isomers are formed 
rapidly and rcarrangc t o  give thcir parrr isomcrs. i t  seems to thc writers to be more 
likely that clectron rclease from the hydroxy group of the phenol molecule is more 
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activating for chlorination in thc  p a m  than in thc orrho position. in contrdst with the 
results found whcn activation is by the 0- group. 

A method of a different kind which has bccri uscd for thc prcparation of cyclohexa- 
dienones involvcs the action of gaseous chlorine o n  phenols in the solid statc’j. The 
reactions were vcry rapid, and  generally led t o  mixtures. somc of which were scparated 
by crystallization and  somc by manual sorting of the crystals. Thus the chlorination o f  
4-r-butylphenol gavc 32% o f  2.4.6-trichIoro-4-r-but~lcyclohcxa-2.~-dic1~~~nc; similarly 
2,5-di-r-butylphcnol gave 6O?h o f  a niixturc o f  4.1.6-trichloro-2.5-di-r-butylcyclo- 
hexa-2,5-dienonc, 4,6.6-trichloro-2.5-di-r-butylcyclohexa-2,4-dicnone, and 2,4,6- 
trichloro-2,5-di-r-butylcyclohexa-3,5-dienone: 

OH 

CMe3 CI, gas 

Me3C DhenOl 

- 
on solid 

Me3C Me3C 

CI CI CI CI 

+ chlorophenols 

Trimethyl phosphatc has bccn recommcnded as a medium for the formation of 
chloro- and  bromodienoncs by h a l o g ~ n a t i o n ~ ~ .  I t  acts a s  an acceptor of hydrogen 
halide, so that the formation of thc dienone is not reversed and acid is consumed as it is 
libcrated. 

Results similar to those described for alkyl- and halogen-substituted phenols have 
for many years bcen established also in thc chemistry of the naphthols76, and  thc 
availability of modern physical methods has led to rencwed interest in the scquences 
possible in thcir reactions77. Thus the Chlorination of 2,4-dichloro-l-naphthol in 
chloroform follows sequcnce (22). T h e  intervention of addition-elimination sequ- 
ences is shown in sequenccs (23). (24) and ( 2 9 ,  for which all intermcdiates shown 
havc been isolated and c h a r a c t e r i z ~ d ~ ~ . ~ ~ .  

The factors which determine whethcr attack occurs orfho o r  para t o  the hydroxy 
group in 1-naphthol a re  n o  bctter defined than thcy a rc  for phcnols. 

Interesting sequences of reaction a rc  known also for 2-naphthol. Thc compounds 
formed by successive uptakc of three molccular cquivalents of chlorine arc shown in 
sequence (26)79. The conversion of the ketodichloride (31) into 6- 
bromo-1-chloro-2-naphthol by hydrogcn bromide i n  acetic acid must follow thc path- 
way (27), which is mechanistically analogous with that taken in thc Orton rearrange- 
ment. Sincc the corresponding reaction with hydrogen chloride gives 1,4-dichloro-2- 
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CI 

CI 

CI 

naphthol, it has been suggested that the addition-elimination pathway (sequcncc 
28)8”.81 is taken in the latter reaction. 

D. Dienones Obtained by Bromination 

Many examples arc known of dienones formed by the bromination of highly substi- 
tuted phenols; but, as for their chloro analogues, differentiation between 4- 
bromo-2,5-dienones, 2-bromo-3,4-dienones and the as yet unknown aryl hypo- 
bromites proved difficult until modern spectroscopic techniques became available. 
Reviews by Ershov and coauthors’ and by Waring4 summarize the earlier literature. 
Compounds having the 2-bromo-3,5-dicnone structure wcrc prepared by Ershov and 
Volod’kinx2 from a number of 4-substituted 2,6-dialkylphcnols by reaction with 
bromine in ether containing water and pyridine at 0°C or  below (equation 29). 

In +Er2 €t20/Py/H20 -HBr - Me3c9: / 

““3c*c”’̂  R R 

(R = N02,C02H. CN. CHO. CI, Br. CH2CN) 

Many of these compounds were readily isomerized to give the corresponding 
4-bromo-2,5-dienones. 

Two factors may contribute to the formation of 2,4- (rather than 2 3 - )  dienones 
under these conditions. One  is that the presence of a base favours the formation of the 
phenolate anion, which may intrinsically be more reactive at the position adjacent to 
the negative charge. The other is that in most of the compounds the 4-substitucnt 
would deactivate the ips0 position for electrophilic attack, so that despite the bulkiness 
of the ortho substituent the ?-position might be the most activated. 

Kinetic investigations of the formation of bromodienones have been made in a few 
cases, in most of which it  was necessary to make allowance for subsequent decompo- 
sition o r  rearrangement. Grovensteinx3 interpreted the kinetics of bromination of 
3,5-dibromo-4-hydroxybenzoic acid in terms of reaction through the dienone 32. The 
effect of acidity o n  the rate showed that the substrate undergoing electrophilic attack 
was mainly the phenolate anion. Sin;ilarly, the intcrmcdiates 33 and 34 were con- 
sidered to be involved in the brominations of 3.5-dibromo-2-hydroxybenzoic acid and 
2,6-dibromophenol respectively. These results confirm the expected mechanistic simi- 
larity betwcen electrophilic attack on substituted and unsubstituted positions ortho 
and para to a hydroxy group. 
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In a similar investigation of b r o m o d e s u l p h o n a t i ~ n ~ ~ ,  Cannell showed kinetically and 
spectroscopically that the dicnones 35 and 36 were intermediates in the reactions of 
the appropriately substituted phcnolsulphonic acids. Effccts cf substituents were as  
expected for a reaction in which the reagent was electrophilic bromine. 

In all these experiments, carried ou t  as  they were in rather aqueous solvents, the 
aromatic species under attack was shown to be largely the phenolate ion. Study of the 
kinetics of bromination of 2,6-di-t-butylphenol in acetic acid and in slightly aqueous 
acetic acid, o n  the other hand, showed that the substrate under attack was the phenol 
molecule, yielding the dienone 37, the main reaction being that shown in equation 
(30)s5. Baciocchi and Illuminatix6 extended this work by comparing the rates of 

bromination of several substituted 2,6-di-r-butylphenols. The  results are summarized 
in Table 8. Increase in the ionizing power of the solvent results in an  increased rate, as  
is usual for conventional aromatic brominations. There appears to be a balance be- 
tween steric and inductive effects on the rate of reaction ips0 t o  a substituent, so that 

TABLE 8. Rates of bromination of  4-R-substituted 
2.6-di-I-butylphenols in acetic acid and in aqueous 
acetic acid at 25°C 

R 

k z .  I rno1-l s-', in solvent 

HOAc 98%) HOAC 

H 
Mc 
I-Bu 
Br 

4.8 25 
I .3 7 
1.3 6 

c 1 0 - 4  <lo-' 
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alkyl groups inhibit slightly the rate of attack, whilst the effect of bromine is vcry much 
I a rgc r. 

Neither of thesc investigations throws light on  the question of whether the loss of 
the phenolic proton can be concerted with clcctrophilic attack by bromine. We will 
rcturn to this questiodwhen dealing with the rates of bromination of phenols t o  give 
b rom o p he no1 s. 

Related polycyclic systems for which clectrophilic substitution with rearrangcmeni 
is a consequencc o f  bromination include thc reactions of the 2- 
naphthol-6,8-disulphonate anion to  give 38 (equation 3 1y7 and of 9- 
hydroxyanthracenc (equation 32)"". 

?H 0 

H' 'Br 

E. Intermediates Involved in lodination 

In comparison with fluoro-, chloro- and bromodienones, iododienones are very littlc 
known. Zollinger and coworkersx7 obtained evidence for the formation of a complex 
between I + and the 2-naphthol-6,8-disulphonatc ion having stoichciometry equivalent 
to that involved in the reaction of equation (31). Because of its 'H NMR spectrum, 
however, the authors formulatcd it as  having a diffcrcnt type of structure; they 
regarded it either as a n-complcx (39) o r  as a naphthyl hypoiodite (40). Even if this is 
the case, it is t o  be noted that the I-position in the 2-naphthol-6,8-disulphonatc ion is 
very crowded, and  the iodine cation is rclatively large. Less hindcrcd analogues might 
be found having the dienone structure, but as  far as  we arc aware none has been 
examined by definitive physical techniques. 
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Kinctic methods havc been usedx' to show that thc course of iodination of 4- 
nitrophenol involvcs an intermediate. T h e  dccomposition of this intermediate was 
found to be subject to a primary isotope effect. k " / k l ,  = 5.4 at high concentrations of 
iodide ions but lcss when the conccntration of iodide ions was rcduced a n d  the for- 
mation of the intermediate approached being rate-determining. The  results were held 
t o  suggest that the intermcdiatc should probably bc formulated a s  in structure 41. 

F. Halodienones Formed by Halogenation of Derivatives of Phenols 

Thc most usual electrophilic substitutions involve replacement o f  hydrogen as a 
cation by an electrophilc; but many cases a rc  known where groups other than  a proton 
are replaced. This being so, the possibility can be envisaged that phenol ethers o r  
phenol esters might sometimes react similarly, as is formalized in equation (33). Such 
proccsses will more easily be realizcd if R '  (42) is not easily displaced, if o ther  reactive 
positions in  the  nucleus a re  blocked, if R is stablc as a cation, and if  a further reagent is 
present to remove R as the cationic fragment. 

OR 0 

(R' = Alkyl , Acyl , etc.; E+ = an electrophile; R' = H ,  Alkyl. 

Acyl. C0,H. SO,H. etc.) 

Reactions o f  this kind have been reviewcd9'); they havc been studied only desultorily 
from a preparative point of view, and  almost ncgligibly from a mechanistic standpoint. 
It is becoming clear, however, that thcy a re  of more importance than has been gener- 
ally realizcd in determining the course taken in the reactions of some phenol ethers 
and cstcrs with reagents providing electrophilic halogen. Some examples have already 
been quoted; thus equation (20) ( R  = Me) represents a fluorodealkylation with re- 
arrangement, and  the first stage of sequence (25) must include a chlorodeacylation 
with rearrangement. Others a re  discussed in papers cited in other  connection^'^. T h e  
chemical consequences can be quite varied. They include the formation of unexpccted 
substitution products, as in sequence ( 2 5 ) ,  and  of products of addition. A number of 
very gencral uncertainties remain to be resolved, howevcr. One  is whether concerted 
processes involving an external nuclcophile can be realized. This possibility is formu- 
lated for  halogenation in 43. and evidencc which suggests thc availability of such a 
route has been prcscntcd"l. The  second is whether cyclic proccsses can occur (44). T h e  
third is whether the reaction can involve the formation of an  adduct ( e . g  45 o r  46) and 
its dcconiposition. All o f  thcsc points arc cqually relevant to thc chemistry of enol 
cthcrs and cnol esters. and  merit furthcr investigation. T h e  relative case of displacc- 
ment of diffcrcnt groups from oxygen is also n o t  known. Qualitatively, i t  can be 
deduced"' that the acctyl cation is more easily displaced than the bcnzoyl cation. but 
othcr comparisons are lacking. 
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(45) 

V. REACTIONS OF HALODIENONES 

A. Introduction 

Halodienones derived from phenols are reactive species which can undergo a variety 
of transformations depending on thcir structurcs and the conditions in which they find 
thcmsclvcs. In  thc present review, we are concerncd particularly with two types of 
process: first, those which could lcad to the normal product of clectrophilic replacc- 
mcnt; and secondly, those which could divert thc reaction towards products of other 
kinds. 

B. Conversion of Halodienones to Phenols; Loss of the ips0 Substituent 

1. ipso- Hydrogen 

When the ips0 substituent (e.g. R '  in 42) is hydrogen, decomposition of a halo- 
dicnone with loss of a proton is usually a facile reaction. In  a few cascs83.85.92~y3 the 
coursc of bromination of a phcnol has been followed spcctroscopically or kinetically, 
and the build-up of such a dienone and its decomposition have been obscrvcd separ- 
ately. The detailed mechanistic pathway for proton loss from the dienone has, how- 
ever, bcen studied only for the dienone 37 with acctic acid or slightly aqueous acctic 
acid as the solvent. The results reveal a complicatcd situation, which wc discuss in 
terms o f  Scheme 585.93. 

Undcr conditions of catalysis by acid, thc ratc in general follows the valuc of - H o  as 
measured by the cxtcnt of protonation of suitable indicator bascs, is faster in deutcrio- 
acetic acid than in acetic acid, and is subjcct to a modcratc primary deuterium isotopc 
effect (k4- , l /k4 -D -- 4) which varies sonicwhat with the solvent. Thcsc rcsults indicate 
that the first stage of the reaction path under these conditions involves a pre- 
cquilibrium protonation of thc dicnone 47 to givc protonatcd species, which will 
include the free ion 51 and ion pairs (c.g. 48.49 or 50) dcrivcd from it. These proton- 
ated forms then suffer ratc-dctcrmining proton loss to give the bromophcnol 53. 

Evidcncc for intervention of ion pairs as chemically significant intermediates comes 
from thc naturc and conscquences of the additional catalysis provided by broniidc 
ions. This catalysis reaches a limiting situation with sufficient increase in the conccn- 
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tration of bromide ions. Further addition of bromide ions thcn produccs no further 
incrcasc in  ratc. but addition of pcrchloratc ions reduccs thc ratc of the catalysed 
reaction. 

These results arc interprctcd as mcaning that thc limiting ratc had been reached 
when all the protonated intcrmediate had been convcrted through the equilibria 
shown in  Schcmc 5 t o  the ion pair 49. Reaction through this intcrnicdiate is appreci- 
ably diffcrent from reaction through other ion pairs. This is shown by a somewhat 
different primary deuterium isotope cffcct. k4-ll/k4-l, = 3;  and also by thc fact that 
undcr these conditions the intcrmcdiatc revcrts reversibly to the unbroniinatcd phenol 
52 and bromine to the cxtcnt of about 9% o f  the total reaction. 

Thc rearrangcmcnt of thc dicnonc 47 is catalyscd also by bascs such as sodium 
iicctate. Undcr thesc conditions the primary isotope effect. k 4 - , , / k 4 - , ,  is very large (c.. 
8). Kinetic arguments were adduccd t o  establish that reaction undcr these conditions is 
not of the ion pair 50. but instead of the free dicnone reacting with the coniplcs ion 

Thcsc results throw light not only on the rearrangcment of the dicnonc 47, but also 
on thc course of broniination of the phenol 52. Thrce significantly different pathways 
can be recognized. Thc first is prominent in  acetic acid at low concentrations of 
bromine and with high concentrations of pcrchloric acid. Thc phenol is converted in 
more than one stage but essentially irreversibly to thc ion pair 48. which then partitions 
to givc mostly thc dienone 47 with initially a small proportion of the bromophcnol 53. 
Furthcr reaction then results in rearrangenient of 47 to 53 via the samc inter- 
mediate 48. 

The second pathway beconics important in thc abscncc of added anions. and 
involvcs hydrogcn bromide produced in thc course of the reaction. Thc intcrmediate is 
now 49. and thc first stage of the reaction beconies partly rcvcrsed, but at the same 
time the formation o f  the bromophcnol from 49 is faster than that from 48 so that thc 
rate of conversion of the original phenol to the substituted phenol is catalyscd. 

Thc third pathway is dominant when bromination is carried out in the presence o f  
cxcess of sodium acetate. The dienone 47, thc formation of which is followed by its 
base-catalyscd rearrangcmcnt, beconics a rcal intermediate in thc ovcrall convcrsion 
of the phcnol 52 to the bromophenol 53. 

The decomposition of the related dicnone derived from 2,6-diniethylphcnol (47. 
R = Mc) was investigatcd only in outline. and was much niore rapid than that of its 
more hindered analogues8'. Other dienoncs which behave similarly, and have been 
shown to bc formed in the course o f  broniination of the corrcsponding phcnols, 
include thosc derivcd from 216-di-s-butyl. 2.6-di-isopropyl. 2-methyl-6-r-butyl. and 
2-r-butylphcnol. the last being thc niost unstable of those investigated". 

J. M. Brittain and P. B. D. dc la Marc 

[ Na(OAc)z]-. 

2. Other ipso-substituents 

Therc are many qualitative rcports of the displacement of substituents other than 
hydrogen acconipanying halogenation of substitutcd phcnols. and niost of these can be 
formulated as involving the intermediacy of a halodicnone. Sequences (34). (35), (36) 
and (37). illustrate respectively the displaccmcnt of the substituents t-Bu. CHzOH, 
CHO and Br by routcs o f  this kind"'-"'. Complcs pathways in :he course of which a 
methyl group can bccomc replaced have been reported alsoox; it is clcar. too, that in 
rather special cases a substituent can be replaced ortho to the hydroxyl group 
(scq ue n ce 3 8) "'I. 

I n  two othcr investigations. mechanistic details relating to the group displacemcnt 
have been providcd. For decarbosylation. Grovenstein and coworkersR3 showed that. 
undcr conditions in which the loss of the group was ratc determining. i t  was subject to 
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Me 

(34) 

- MezC = CH, 

Me 

CI 

OH 

($I +3 Ciz(a,: HCI. ciaci -CHzO ~ c'@c' (35) 

CH20H 
CH20H CI 

OH 

(36) - 
-3 HBr 

Br 
Br CHO CHO 

BrQBr 0 -  Me cI, :&Br I I  Me - - +H* Br' Me B r O B r  0 Me (37) 
Me 

CI Br Br 

or (38) 
/ 

in HOAc 

CI 
CI CI I 

a l2C/I3C isotope effect in the carbon dioxide liberated of 1.045, this value being near 
to the maximum expected for complete loss of thc zero-point energy of thc breaking 
bond in the transition statc. 

Cannell's study of broniodes~lphonat ion~~ enabled a comparison to be made of the 
relative rates of decomposition in water of a series of rclated bromodicnones, namely 

This is a useful qualitative comparison, but i: is not as yet clear whether the depcn- 
dencc of rate on acidity is thc samc for all thcsc compounds. 
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C. Conversion of Halodienones to Phenols; Halodienones as Sources of 
'Positive Halogen': 1,3-Migration 

51 1 

Chloro-, bronio- and iododienones arc potentially sources of positivc halogen. The 
reactions which can occur are of the form givcn for a 2,S-dienonc in cquation (39); 
they givc back the phenol from which the dienone is formally derived by halogenation. 

OH 

and liberatc an clectrophile. The reactions are rcvcrsible; thc position of equilibrium 
dcpcnds o n  the solvent, thc halogcn, and on  any subsidiary equilibria possible in the 
system. The  rate of attainmcnt of equilibrium is often measurably slow, but is subject 
to catalysis by acids. Since i t  is also catalysed by rcagents having nucleophilic power for 
halogen, the hydrogen halidcs arc particularly good reagcnts for establishing the 
equilibrium. Thcy help also to drive the reaction towards the phenol through for- 
mation of the trihalide anion. 

The availability of proccsscs of this kind leads in practice to instability of many 
dienones, particularly thosc in which onc ortho substituent is hydrogen. I n  somc 
discussions of the methods of preparation of dienones, therc appears to have been 
c o n f u ~ i o n ~ ~ ~ ~  bctween the effect of conditions on the rate and on the position of 
equilibrium. 

Thc more stable dienones can be used as hctcrolytic halogcnating agents analogous 
in their behaviour to thc N-halogcnoamides, anilides and imides, and to thc t-butyl 
hypohalitcs. Thus 2,4.4,6-tetrabromocyclohexa-2,5-dienone has been recommended 
as a reagent for the monobromination of aromatic amincsl"". for selectivc bromination 
of a,P-unsaturated kctoncs'"", and for the addition of BrOMc to olefinic com- 
poundsIo1. By the use of this type of method, chlorodienones by treatment with a 
hydrogen halide can become sources of electrophilic bromine through formation 
of bromine chloride, and of electrophilic iodine through formation of iodine chloride. 

Probably analogous is the 1,3-rearrangement which can lead to the formation of 2,5- 
from 2,4-dienones, as in the conversion of 25 to 26 (Scheme 3), or in the isomerization 
of 3,5-dienoncs. Waring4 has summarized the extensivc work by Denivcllc and his 
coworkcrs6y.102 and by Ershov and Volod'kin"" on thcsc rcactions, which can occur 
spontaneously or under the influcncc of a varicty of catalysts. It is apparent that 
intermolecular cationotropic pathways wovld be available; but other routes involving 
nucleophilic, homolytic o r  intramolecular migration of bromine are also possible. I t  
has been shown, for example, that 2-bromo-2,6-di-t-butyl-4-cyano- 
cyclohexa-3,5-dienone undergoes isomcrization in chloroform at 0°C (equation 40), 
since the IH NMR signals, attributable to the t-butyl groups and separately 
observable at lower temperatures, become ident i~al" '~ .  It was suggcsted that this 

I I 
CN CN 



512 

reaction adopts the pathway involving free radicals. Little is known, however, 
concerning the availability of these proccsses, some of which have bimolecular 
variants. Related also, but subject to cqual possible mcchanistic variability, arc the 
exchanges of halogcns and halidc ions with halophcnols and halodienoncs"". A sum- 
mary o f  this work is givcn by Ershov's group'. T h e  gcncral conclusion is that all three 
atoms of bromine in 2,4,6-tribromophenol can be brought into equilibrium with 
labelled hydrogen bromide, but that one exchanges more rapidly than the other two. The 
exchange is slow in ncutral solution. but becomes morc rapid in the prcscncc of 
hydrogen bromide and of pyridinc. 

J .  M. Brittain and P. B. D. de la Mare 

D. Conversion of Halodienones to Phenols; 1 ,a-MigraPion 

Thc  cationotropic processes lcading to  1.3-shifts or displacement of positivc halogen 
discusscd in the previous subscction are charactcristically catalysed by acids; the 
conditions which lead instead to 1,2-shifts of halogen gencrally, however, rcquire 
much higher aciditics, and then arc  quitc regioselective. 

I t  has  been known for many ycars that 4-bromo-2,5-dienones having a vacant 3- or 
5-position whcn treated with sulphuric acid at quitc low temperatures undcrgo a 
1 J-shift of bromine to give ring-substituted phenols in nearly quantitative yield. 
Examples are given in equations (41)-(43)53~s4~i0h~'"7. 

B r \ b : e  I I  In H2S0, ~ 

(R  = M e .  Br) (41 1 
M e  

R Br 
R 

M 

Related chlorodienones also undergo this reaction, for which trifluoromethanc- 
sulphonic acid has been uscd as a catalystIo8. The  reaction is regioselectivc; in the 
exarnplcs of equation (43). bromine m o w s  preferentially adjacent to brominc and 
consequently pam to the 2-methyl group53.54. I t  is evident, furthermore. that brominc 
and chlorine move to thc cxclusion of the accompanying migration of an alkyl group. 

The  acidity-dcpcndcncc of thc reaction has not been closely studied; hut a reagent 
at lcast similar in strength to 96% sulphuric acid is needed; the formation of chloro- 
or  brornodienoncs under the usually quite acidic conditions of bromination is not 
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(W 
normally accompanied by this typc of rcarrangement. I t  can be presumcd that the 
intcrniediate undcrgoing 1 ,?-shift is thc coiijugatc acid of the dicnonc (54, 
sequence 44). 

Littlc is known about thc details of the stagcs of reaction which follow protonation. 
Structurc 54 will, of coursc. be seen to be thc Wheland intcrmediate expected to be 
formed by clectrophilic attack pma to a hydroxy group in  a phenol. and there are 
various acid-catalyscd rcarrangements which appear to follow a similar c o u r ~ e ~ . ~ ~ ) ~ .  
The most extensively discussed example is the so-callcd 'dienone-phcnol rcarrange- 
ment'. important in the aromatization of steroidal ketones"". This also requires 
strongly acidic conditions, acetic anhydridc and sulphuric acid being commonly used. 
Because of thc obscrved relative migratory aptitudes of substituents" I> i t  is regardcd 
as a rearrangement involving a carbocation produced by protonation of a carbonyl 
group. Its intramolecularity has bccn demonstrated; and rcgioselectivity of group 
migration is known"?. 

Other reactions which appear to be analogous include thosc of 4-hydroxy- and 
4-acetoxy-2.5-dicnones; and those of thc related Wheland intcrmediates involved in 
nitration'13.114. Charactcristic of a number of these proccsscs is that they havc been 
documented for 2,2-substituted 3,5-dienones just as they  have for the isomeric 
2,j-dienones (equation 45)115.116. I t  is fully to bc cxpected that the 2-chloro and 

0 OAc 

2-bronio-3.5-dicnones would similarly undergo this type of transformation. As far as 
thc writcrs are awarc, thcre is as yet no direct experimental illustration of this point, 
though indircct cvidcncc has bccn adducedJ4. 

The sequence of migratory power of groups, Br' > CI' > Me+, derivable from thc 
results for 4-substituted 2,5-dienones, refers apparently to groups competing directly 
for a 1,2-shift to a carbocationic centre. The same sequence has been derived from 
comparisons of the products of acid-catalyscd reactions of 2-keto-l,2-dihydro- 
naphthaleness0-'16.1'7, where inter- rather than intramolecular movement of the 
group is involved, and further complications could arise through involvcrnent of a 
nucleophile' I7.I1'). 

It is uscful to notc that the corresponding reactions of nitrodienones can lcad to 
1,2-rearrangemcnt in competition with 1,3-rearrangement; but that for thesc com- 
pounds, radical-cation processes arc much more 1 7 .  

E. Conversion of Halodienones to Phenols; the 'Quinobenzylic 
Rearrangement' 

One of the most charactcristic rcactions of 4-niethyl-4-bromocyclohcxa-2,5- 
dienones is that they undergo the so-called 'quinobenzylic rearrangement', i n  which 
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the dienone is converted in to  a (b ro rn~methy l )pheno l~ .~ .  A simple example is shown 
in equation (46). 

J .  M. Brittain and P. B. D. d e  la Mare 

The  reaction can occur spontaneously in the solid phase, when it appears to be auto- 
catalytic, the rate often being dependent on the degree of purity of the sample. Rapid 
conversion can be effected by heat o r  by illurnination of the sample. In favourable 
cases almost quantitativc yield is obtained, and the reaction shows remarkable regio- 
specificity. T h u s  no 2-bromomethyl derivative accompanies the rearrangement of 
4,6-dibromo-2,4-dimethylcyclohexa-2,5-dienone (equation 47)12”. Similarly the 

B r o f V l e  - B r q f V l e  (47) 

rearrangement of 2,4.6-tribromo-3,4-diniethylcyclohexa-2,~-dienone (equation 48) 
occurs with n o  accompanying formation of the 3-bromomethyl A pre- 
liminary study”’ of this reaction in carbon tetrachloride showed that it was slow at 

CH 2Br 
Me Br 

0 

“QBr Me 

CH2Br 

room temperature, and was only modestly autocatalytic. Dissolved oxygen had little 
influence on the progress of thc reaction, which was also not affected dramatically by 
ordinary laboratory illumination. 

In an  earlier investigation of thc  kinetics of this type of reactionI2’, the quino- 
benzylic rearrangement of 4-bromo-2.6-di-r-butyl-4-methylcyclohexa-2,~-dienone 
(56 + 59, Scheme 6) was shown to  proceed with first-order kinetics, but more rapidly 
at higher initial concentration of substrate. I t  was suggested that this resulted from the 
solvent effect of the dienone in providing its own polar atmosphere, since the reaction 
was faster in  bromobcnzene than in benzene, and faster in benzene than in cyclo- 
hexane. Catalysis by traces of hydrogen bromide and of bases was noted, and it was 
recorded that during the rearrangement the compound is very sensitive to oxygen, 
becoming highly coloured and difficult to purify. 

I t  has become generally accepted’.’”.”’ that the rearrangement follows an cliniin- 
ation-addition pathway. with a quinone mcthide (e.g. 57) as a key intermediate 
formed by dehydrobromination of the dienone. Quinone methides are normally 
difficult t o  isolate. since they polymerize very rapidly: but Filar and Winstein”‘ 
showcd that they are rcasonably stable at low concentrations in inert media. More 
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Me3C@CMe3 e C M e 3  

Me3C\ 0 
Me 

(55) 

+ Br, 1 -HBr 

CH$r 

(59) 1 +HBr 

SCHEME 6. 
phenol. 

Pathways presumed t o  bc available for brornination of 2,6-di-r-butyl-4-methyl- 

recently, Volod’kin and coworkers”’ established that 4-bromo-2,6-di-r-butyl-4-cyano- 
methyl-2.5-dicnone when left as a solid for 20-30 days at room tempcrature loses 
hydrogcn bromide t o  give the quinonc methide (equation 49). In  this cxample, thc 



516 J. M. Brittain and P. B. D. d e  la Mare 

* ““‘73‘”” - HBr 

(solid phase. 
20 “ C .  20 - 30 d l  Me3c0cMe3 Br CH2CN CHCN 

(49) 

cyano group helps to  makc thc compound lcss subject t o  further reaction. Normally, 
howcvcr. 1 .6-addition t o  the unsaturated system leads t o  facile aromatization. Scheme 
6 shows thc varied pathways which havc bccn assunicd t o  be involved in reaction of 
2.6-di-r-butyl-4-mcthylphcnol with brominel”.”-’ to give the bromodicnonc 56 in 
aclucous acctic acid. the  nicthoxydienone 58 in methanol. the (acctoxymcthyl)phenol 
60 i n  glacial acctic acid. and thc aldchyde 63 in aqueous r-butanol. T h c  analogous 
convcrsion of 59 t o  63 has also bccn rcportcd””. 

Description of the bromination step (55 + 56) as an  electrophilic substitution with 
rcarrangcrncnt (.St:2’). and o f  thc aromatizations of the quinone methide (57 + 59, 
60, 61) as 1.6-conjugate additions can be supported by many good chemical analogies. 
The  methanolysis of the  broniodicnonc (56 + 58) can for the moment bc regarded as 
a conventional SN1 solvolysis. though i t  will be discussed separately in Section V.G. 
Since the dicnonc 56 is a doubly allylic tertiary bromide, i t  should easily lose bromide 
ion heterolytically. and  then by loss of a proton would give thc quinone methide (57). 
I f  this pathway is takcn. thc conversion of 56 to 57 is a heterolytic E l  reaction. Until 
recently. i t  sccms to havc bccn acccptcd by most writers5.i2’-i’’ that the  quinobenzylic 
rearrangement proceeds by this pathway, despite some indications of the involvement 
of free radicals. Ershov and coauthorsi’’ have, however. rcviewed extensive work 
(mainly. but not exclusively, by Russian authors) which leads thesc authors to the  view 
that the spontancous rearrangements of 4-bromo-2,5-dienones to p-hydroxybenzyl 
bromides involve the intermediate formation of phenoxy radicals. It is not clear exactly 
what sequence of stages is cnvisagcd. or even whether this mechanism is thought to 
apply both to spontaneous rcaction in the solid phase and  to spontaneous reaction in 
solution. Two negative points sccrn clear: first, atom chains involving free bromine 
atoms a re  not involved in the rearrangemcnts in solution. otherwise attack on the 
methyl groups would be less discriminating. Presumably a sequence of radical pro- 
cesses occurring within a solvent cagcIz8 would explain the marked rcgiospecificity. 
Secondly, these reactions are not analogous to the free-radical dchydrobrominations 
of p-bromoketones’29, in  which thc a-hydrogen a tom plays a vital rolc. 

Somc discussions’ of quinobenzylic rearrangements suggest that 4-bromo- and  
4-chloro-4-methyl-2.5-dicnoncs behave similarly; but the lattcr reactions appcar to 
have been much less extensively investigated. 

F. Halodienones a s  Sources of Halogen Atoms 

Although i t  \~ould  sccm that frce bromine atoms are  not concerned i n  the sequences 
that lead to the quinobcnzylic rcarrangcmcnt. suitable bromodienoncs can bccome 
sources o f  bromine atoms.  Kennedy and Ingold”” examined the reactions o f  2,4.6- 
tribromo-4-chlorocyclohexa-2,5-dienone (64) \vith a scrics of alkyl-substitutcd 
aromatic hydrocarbons in mcthylcne dichloride at 40°C. The  rates relative to that for 
cthylbenzenc were shown to rcscmble closely those determined for  other known 
sourcc‘s o f  bromine atonis such as N-bromosuccinimidc. It was concluded that the 
sccluciices involved must hc similar. and that chains were sustained by thc abstraction 
of hydrogen by free bromine atonis and not by thc phenoxy radical which is con- 
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currently produced. This conclusion was supported by a of structural effects 
on the bromination of XC(,H4CH20Mc by 4-bromo-2.4.6-tri-r-butylcyclohcxa-2,5- 
dienone (65) in carbon tetrachloride. Variation of thc substitucnt X gave a p* valuc of 
- 0.43, similar to that obtained in  other reactions involving known sources of brominc 
atoms. 

The irradiation of the dienonc 65 in various solvents is known13’ to give the  corres- 
ponding phenoxy radical 66 and hence 2.4.6-tri-r-butylphenol in good yield. In thc 
presence of oxygen, the radical is attackcd. and onc of thc final products is the quinone 
671 32.133 

G. Further Additions 

When dienoncs arc formed in the course of halogenation of phenols, it may happen 
that they will consume some of the reacting halogen to form products of further 
addition, particularly when excess of halogcn is used. Examples have been given 
already (sequcnces 23-25). These products of addition may then be unstable. when 
products of substitution will rcsult”. To understand the conditions likely to lead to 
thcsc side-reactions. the mechanisms of addition to a./?-unsaturatcd carbonyl com- 
pounds need to be consideredI3‘. The carbonyl group deactivates the double bond for 
electrophilic addition; but hydrogen halides are powerful catalysts for another 
mechanism which has been describcd as ‘nuclcophilic’, but almost certainly involves a 
pre-equilibrium protonation of thc carbonyl group. The sequences of reactions which 
may follow have not yet been fully elucidated. but halide ions clcarly play a very 
specific role. N o  4-bromo-2.5-dienones have been investigated with this specifically 
in  mind; but the availability of this  ‘nucleophilic’ mcchanism has been established for 
a range o f  cz,p-unsaturatcd aldehydes, ketones and q u i n o n ~ s ’ ~ ~ .  

The resd t  of the availability of this mechanism is that intcrmcdiatc dienones may 
bccome consumed by further addition when excess of molecular halogen is used, 
particularly in aprotic solvents. Anhydrous acctic acid is conducive to the mechanism 
of addition catalysed by hydrogen halides, but the addition of small proportions of 
water to the solvcnt profoundly reduces thc effective acidity o f  thc catalyst, and so 
disfavours reaction by this pathway. Halogenating reagents such as N-haloamides, 
alkyl hypohalites and acyl hypohalites are not expected to give reaction by this 
mechanism; it has been confirmcd for p-benzoquinone, for example. that chlorine 
acetate in acetic acid is unreactive. whereas addition of molecular chlorine proceeds 
rapidly with catalysis by the hydrogcn chloride formed””. 

Additions o f  hydrogcn chloride to ketodienoncs have also bcen reported. as in the 
csarnple givcn in scquencc (28).  

H. Nucleophilic Replacement of Halogen 

4-Bromo- and 4-chloro-2.5-dicnoncs are relatively stable at room temperaturc in  
aprotic solvents and solvents of lo\v nuclcophilic power. as is witnessed for example by 
the ease of thcir isolation from reactions in acetic acid and in aqueous acetic acid. 
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Their allylic character should, however, allow moderately rapid heterolysis of halogen, 
so permitting boih :he E 1 and the SN1 processes already referred to in relation to the 
conversion of the dienone 56 to 57 and 58 (Scheme 6). Other nucleophilic displacc- 
ments of such dienones have been effected by using weak acids in the presence of 
silvcr ions'", as is reprcscnted in sequence (50). Replacement reactions carried out 

J .  M. Brittain and P. B. D. de la Mare 

6 "";O":;ls - Mfi, +-;;c";." c 6 (50) 

Me Me Nu 

(Nu = OH, OMe. OAc) 

under basic conditions can have the same type of stoicheiometry, and a number of 
these processes have been described. Typical examples, which for want of mechanistic 
investigation would be assumed to  be SN reactions, are given in equations (5 1)13', 
(52) 13y and (53)14". Analogous reactions could be expected for 2-halo-2,5-dienones. 

0 

0 

Me3QcMe3 Br CMe3 

"cJ3cMe3 Me0 CMe3 

0 

C~H,,RIH Me3cGcMe3 CMe3 

OCeH,NH* 

Br 
(with  +PhNH2, NaOAc -HBr in EtOH) * &$&; Br - I*"* Br (53) 

Me Me NHPh 

Allylic rearrangements accompanying nucleophilic replacement of halogen should also 
bc possible. A reaction which could be a unimolecular example of this kind was 
rcportcd by Crozier and HcwittI4'. 3,5-Di-r-butyl-2,2-dichlorocyclohcxa-3,5-dienone 
reacted with sodium methoxide in methanol to give 3,5-di-r-butyl-2,4-dichlorophenol, 
and i t  was suggested that the pathway was as shown in sequence (54). These authors 
reported two other base-catalyscd rearrangements. one of which could involve a SN2' 
rearrangement (sequence 55) and one a rearrangement of the Favorskii type 
(sequence 56). 

Doubt has been thrown on convcntional dcscriptions c f  thcsc reactions through 
studies which suggcst that radical anions and radicals can be involved"'. Thc obser- 
vation13X that a bluc colour dcvclops during the reaction of the bromodienone 65 with 
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(54) 
Cl 

Cl 

c6/c1 CI CMe3 

+ O h -  

-ci- 
- 

0 

+ om- 
- a -  
- 

MeO 

m3cQc' 
cMe3 

OMe 

chle3 

mcthoxide ions in methanol (equation 51) prcvided a h in t  in this direction. Prokof'cv 
and coworkers142 showcd that this dicnone reacts with 2,4,6-tri-l-butyl phcnol to give 
hydrogen bromide and two molecular cquivalcnts of thc phcnoxide radical 
(equation 57) at a rate which was dependent on the concentration of base but nearly 
indcpendent of the solvcnt, over the range of bcnzcne. acetic acid, tctrahydrofuran, 
acetonc, nitrobcnzenc, diethyl cther and ethanol. I n  other studies. the effect of change 
o f  structurc of the aryloxidc anion was investigatcd, and the ratc was shown to bc 
enhanced by electron release from a prira substituent. The related reactions of the 
dicnone 56 (Scheme 6) with morpholinc, piperidine or  other secondary and tertiary 
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OH 0 

Me3c*cMe3 + M e 3 C 6 C M e 3  - 
Me3C 

CMe3 

CMe, 

HBr + 2 (57) 

CMe3 

amincs in bcnzcne havc similarly bccn interpreted ;is involving single-electron 
transfers. i n  this case from nitrogen to thc carbonyl oxygen atom t o  givc first a 
biradical complex which thcn decomposes to givc ultimately the product of nucleo- 
philic rcplaccment Reactions with triphcnylphosphine and with dimethyl sulphide 
havc becn interpreted similarly I”’. 

In summary. therefore. there is cvidencc that radical ions can be produced by 
single-clcctron transfers from nuclcophiles to 4-brornocyclohcxa-2.5-dienones. and 
that. accompanying thc formation of thcsc compounds. nuclcophilic displacements 
with and without rearrangemcnt can occur. There appears to be room for further 
mechanistic study t o  establish \vhethcr the formation of radical ions is esscntial to all, 
o r  sonic. o f  thcsc reactions. and whether thc displacements arc produced through the 
same type of chain as is involved in thc SRul mcchanism’4J-’46. 

1. Reactions of Bromodienones with Grignard Reagents 

These reactions often give complex mixtures of products. some of which can be 
regarded as formed by conventional processcs. Volod’kin and  co\vorkerslJ7 studied 
the reaction of 2.6-di-r-butyl-3-bro1nocycl~~liexa-3.5-dicn- 1 -onc-4-carboxylic acid 
(68) \vith nicthyl magnesium bromide at -70°C. The formation of 69 can be forniu- 
latcd as a normal Grignard coupling rcaction; and the phcnol 70 could be produced 
by coupling with allylic rcarrangenient followcd by decarboxylation with rearrange- 
n k n t .  The major product. howcver. is not that expected for addition of MeMgBr to 
the carbonyl group. o r  of similar conjugatc addition: instead it is thc MgBr salt of the 
phcnol 71. produced \vith loss of mcthyl bromide. Reactions of this kind havc also 

fle3C,@Br Me3C$$Me M e 3 C q C M e 3  OH Me3C,@CMe3 OH 

CMe3 cMe3 

C02H C02H Me CO2H 

(68) (69) (70) (71 1 

becn reviewxi cstcnsivcly by Ershov and collahoratorsl” and arc believed t o  involve 
radical anions produced by one-clcctron transfers: thcsc anions arc believed to react 
further. often wi th  o thcr  radicals formed u.ithin ;I solvent cage. 
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J. Diels-Alder Additions of Halodienones 

We havc already (in sequence 19) given an example o f  the easy dinicrization of a 
halogeno-3.5-dienonc by a Diels-Alder reaction. Somckawa and coworkers14x havc 
niadc an important study o f  the reactions typified by equation (58). The rcactionswerc 

f 

CI y)$:l CI 

X 

l)(" H - CI &o CI (58) 

CI 

IX = Y  = CI; X = H. Y = CI; X = Y = H; and Z = C02H.  C0,Et. CN. COCH3. OEt)  

stcrcospecific. and gave cxclusivcly thc product shown. in which the a-carbon atom 
has attached itself orrho to the carbonyl group in the dicne. and thc clcctron- 
withdrawing group ( Z )  i n  the original dicnophilc is etzdo to thc formed olefinic bond. 
The possible isomeric products 72. 73 and 74 were not formed in tictcctable amount 

I\ 

A Cl Cl CI 

(72) (73) (74) 

from any of the reactions studied. Simple molecular orbital and electrostatic theories 
wcrc applied t o  considcration of the transition statcs cxpectcd for thc formation of 
these isomers; possibility 74 was not considered explicitly. but would be highly dis- 
favoured by steric interaction between Z and a chlorine atom from the CCI, group. I t  
was concludcd that thc stcrcochcmical outcome of reaction (58) cannot be explained 
in this way. and must be determined cithcr by stcric factors or by unknown electronic 
factors. 

VI. SOME STRUCTURAL INFORMATION ON CYCLOHEXADIENONES 

Waring's rcvicw' provides a great deal of information on the spectroscopic and other 
physical properties of cyclohexadienoncs. and hcrc we refer only briefly to sonic 
pertinent later material. 

Conjugativc influences \vould encourage both 3.5-dienones and their 2.5-isomers 
to adopt planar conformations. but torsional and steric forces make it possible for 
both types of compound t o  exist in puckered forms. Studies by X-ray crystallography 
have shown that 2 .4 .4 .6- te t rachloro~yclohe~a-~ .~-d icnone~~"  and 2.3.4.4.5.6-hexa- 
chloro~yclohexa-2.5-dicnonc~~" have thc oxygen atom and the six carbon atonis o f  the 
ring approximately in one plane. In the solid phase. of course. crystal forces may 
impose planarity on an intrinsically non-planar molccule. but the rate of inter- 
conversion of hypothetical puckered fornis would probably be vcry rapid. I t  has bccn 
shown"" b y  using ' H  N M R  spectroscopy at low temperatures that 4-bromo-2.4.6-tri- 
r-butylcyclohcxa-2.5-~iieno1ic can exist in inorc than one form'"'. but the preferred 
interpretation of  this is that the r-butyl group becomes 'frozen' into a preferred con- 
form a t  ion havi ng non-cq u iva le n t m e  t h y l groups. 
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There have been desultory r e p ~ r t ~ j ~ . ~ ~ . ~ ~ . ~ ~ ) ~ . ~ ~ ~ . ~ ~ '  of chemical shifts and coupling 
constants in the ' H  and "C NMR spcctra of halogen-substituted cyclohexadienones, 
and most of thc information can bc intcrprctcd in convcntional ways. In general. i t  can 
be commcntcd that the spectra remove any  doubt as to the identity of the isolatcd 
compounds. which (particularly from the I3C spectra) can be assigned readily to the 
2.5 and 3.5-dicnonc scrics rcspcctivcly. Equilibria betwccn the two typcs of compound 
should also be recognizable easily and quickly. 

VII. HALOGENATION OF PHENOLS ro GIVE HALOPHENOLS 

A. Introduction 

I n  Section 4. wc dealt with the convcrsion of phenols to halodienoncs, and with the 
mechanistic aspects of reactions which haw been shown t o  proceed in this way. We 
n o w  turn t o  halogcnations of' phenols which result i n  the formation of halophenols. 
I t  is prcsumcd that most. i f  n o t  all. of these rcactions involve dicnoncs as inter- 
nicdiatcs which rapidly rearrange to give the described products. 

For most aromatic substrates undergoing halogcnation under conventional con- 
ditions. thc kineJic form of the reaction can be used to identify the nature of the 
clectrophilic reagent. With hydroxy derivatives, howcvcr. the phenoxidc ion derived 
from the phenol by rapid proton transfer is morc rcactive than the neutral molecule 
by many powers of ten. Kinetic mcasurements thcrcforc need to be applied in such a 
way that the identity of the effective substrate is resolved also; this problem becomes 
particularly important for the reactions o f  fairly acidic phenols in aqueous solvents. 

8. Kinetic Forms and Structural Effects in Chlorination 

The chlorination of phenol by molecular chlorine is very rapid; the few kinetic 
measurcnicnts that have been made relatc to  less reactive electrophilcs. Brown and 
S ~ p e r ' ? ~  examined chlorination by dicthylchloraininc (Et2NCI) in watcr. The ratc of 
reaction was found to be independent of pH over the range 3.5-7.5, and it was con- 
cluded that thc kinetic form should bc interpreted as reflecting reaction betwccn the 
phenoxide ion and the diethylchloroammonium cation (equation 59). 

-tl[EtlNCl]/dr = k[ArO-][EtlN 'HCI] (59) 

The rclativc rates o f  reaction of the phenols can then be calculated from their 
dissociation constants to follow the scqucncc 

4-McC,,H40H (9.9). C,,H@H (3.3). 2-ClChH40H (0.6). 4-CIC6H4OH (0.5). 

This sequence accords qualitativcly with that rccordcd for the corrcsponding reactions 
w i t h  hypochlorous acid. 

examined the chlorination o f  phenol with N-chloroniorpholinc 
(75) i n  niorc acidic solution. With this N-chloroaminc. unlike what has been found 

Carr and England 
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with other related compounds, catalysis b y  added chloride ion through the formation 
of free chlorine was not observed. The kinetic form w a s  that of equation (60). 

-d[R,NCl]/di = k,[ArOH][H '][R2NCIl (60) 
It was concluded that the effective reagent is the protonatcd N-cliloroamine. which at 
values of pH less than 2 o r  so attacks the phenol molecule. 

The chlorination of phenol by very dilute hypochlorous acid in aqueous solution 
with silver perchlorate present to remove chloride ions has the kinetic form shown in  
equation (6 1 )  1 5 > .  

-d[ClOH]/dr = kIICIOH] + k,[CIOH][H'] + k3[CIOH][Hf][ArH] (61) 
The interpretation of the  first two terms has been the subject of controversy which 
has been discussed Thesc terms make only a minor contribution and 
will be neglected in the present context. The final term requires a transition state 
involving the neutral aromatic molecule and the elements of CIOH,'. l h c  products of 
reaction under these conditions have not been studied, but results obtained by us and 
by Professor L. Melander"' suggest that the dicnone probably formed as an inter- 
mediate may become oxidized to p-benzoquinonc. Structural effects on the final term 
in  the rate equation (61) put the valu,: for the reactivity of phenol under these con- 
ditions as some four times that of anisole. This result is consistent with our view that 
the loss of a proton from phenolic oxygen is occurring in the transition state for 
chlorination, thus providing an extreme result of  H-0 hyperconjugation. 

C. Kinetic Forms and Structural Effects in Bromination 

Studies of the kinetics of the bromination of substituted phenols by bromine i n  
water show that the main reaction involves bromine and the aryloxide ion. Thus the 
rate of bromination of 3-nitrophcnol in water is rcduccd by increasing the  concen- 
tration of hydrogen ion and of bromide ion1j7. A significant but small proportion of 
the reaction could occur by way of the tribromide ion, despite its negative charge. Rate 
coefficients reported for a number of compounds are summarized in Table 9158. 

It appears that for the more reactive aryloxide ions, the rate of reaction approaches 
that expected for a reaction occurring at  every coIlisionli". 

TABLE 9. Second-order rate coefficients (k2, 1 mol-I s-I) for reactions of phenols. their anions 
and their 0-methyl derivativcs with bromine and with the tribrornide ion 

k 2 .  I m o ~ - ' s - I .  for  reaction 

ArOH or 
ArOMc + Brl ArO- + Brz ArO- + BrT Aromatic compound 

Phenol 1.8 x 10' 
4-Bromophcnol 3.2 x 103" 7.8 x 10' 
2,4-Di bromophcnol 5.5 x 10' 1.5 x 10' 5.0 x 10' 
3-Nitrophenol I .o x 10' 1.3 x 10" 2.8 x 10: 

1.0 x 10.' 2,6-Dinitrophcnol 

Anisole 
4-Bronioanisole 5.0 

5.4 x 1 0 ~  
2.4- Dinit rophcnol 1 .o x 1 0 "  1.3 x IOJ 

- 4 x 10' - 
- - 

"'l'he value 3.2 x 10' given in thc original papcr'58 and repeatcd in some rcviews3hb.15' is a 
misprint; wc show thc correct value. The authors arc indebtcd to Profcssor R. P. Bell for 
corrcspondcncc clarifying this point. 
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ChristCn and ZoIlinger8' extended thcsc findings by cxamining the bromination of 
the 2-naphthol-6,8-disulphonate ion in aqueous solution (equation 3 1) .  For this 
compound. the ratc was found to be independcnt o f  the acidity o f  the solution, and 
catalysis by acetate ion and by pyridine was observed. With hypobromous acid as the 
reagent, a primary isotope effect. ( k ,  -kl/k - I )  = 2.08) was found. Whcn molccular 
bromine was the reagent, the isotope effect varicd with the concentration of bromine, 
and was incrcascd by incrcasc in concentration of bromide ion. I t  was concluded that 
the formation o f  the intermediate broniodienonc was followed by rate-determining 
rcmoval of the aromatic proton. Changes in the isotope effect rcflcctcd changcs in thc 
relative rate o f  loss o f  a proton and  of bromidc ion from thc intcrmediatc. 

Rcaction in dilute aqueous solution would n o t  normally provide conditions o f  
choice for controllcd preparative broniination o f  phenols. There  havc been a number 
o f  studics o f  the rathcr rapid brornination o f  alkylphcnols in solvent acetic acid. Undcr 
thcsc conditions. even in  vcry dilutc solution. the rate is no t  reduced by the developing 
hydrogen ion or  by addcd sulphuric so thc ncutral molecule is the cffective 
substrate for molecular bromine. Relative rates of bromination of a number of substi- 
tuted phenols and  anisoles a re  summarized in Table 10. From these results it was 
deduced that. whereas steric inhibition of resonancc through interaction between the 
OMc group and an  orrho-mcthyl substituent has an  important influence in reducing 
the ratc of bromination. the  interaction between the OMe group and an orrho- 
hydrogen atom can havc only a small effect, and  does not provide a satisfactory 
explanation of the lesser reactivity of anisole than of phenol with molecular bromine. 
Significant contribution to the reactivity of the phenol molecule with clectrophiles was 
conscqucntly attributed to H-0 hyperconjugation. That this has the expected limiting 
rcsult o f  proton loss from oxygen seems to be confirmed by the finding of a significant 
isotope effect (kPhOH.HOAc/kPhOD.DoAc = 1.8-1.9) on  the rate of bromination of 
phenol ho. 

Thesc results \yere carried o u t  under conditions in which the kinctic form would be 
expected t o  bc first order in molecular bromine. For most aromatic compounds, 
incrcasc in the Concentration of brominc results in the incursion of a kinetic term of 
higher order  in bromineIh'.  This  term probably results from the assistance which can 
be given by an extra molecule of bromine to the breaking of the Br-Br bond. 
Yeddanapalli and  Gnanapragasani l h 2  havc reported that this tcrm does not contribute 

TABLE 10. Relative rates of bromination of substituted phenols and anisolcs in acetic acid at 
25°C 6 &Me OH M e b M e  OH &CMe3 

106 343 471 412 

OMe OMe OMe OMe 

M e 3 C $ y C M e 3  &Me 

88 1 .o 6.5  0.126 
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significantly to thc bromination o f  phenol in slightly aqueous acetic acid. though it is 
significant for anisole. This result is consistent with thc view that the rate-determining 
stcp in the bromination of phenol is different from that of anisolc in that proton loss 
has bcconie significant. Thc intermcdiate [ HOCf,H5-Br,] can thcrcfore losc a proton 
from oxygen rapidly rathcr than rcquirc the assistance of a further molecule of 
bromine to brcak the Br-Br bond. Significant differences bctwcen phenol and anisole 
wcre noted also in the iodine-catalyscd broniinations'"'. which were studied both in 
acetic acid and in carbon tetrachloride as solvents. The kinctic form for reaction in 
acctic acid was intcrprctcd in terms of equation (62). in which 1Br is the catalyst for 
breaking of thc Br-Br bond. 

-d[Br2]/dr = k,[PhOR][Br,][IRr] 

In carbon tetrachloride, the same kinctic form prevailed for phcnol. but for anisole the 
kinctic form was that of cquation (63). 

-d[Rr,]/dr = k7[PhOR][Br,][ IBr]' (63) 
A negative activation cncrgy \vas notcd for the hroniination of phcnol in  carbon tetra- 
chloride. interpretable as rcsulting from the diswciation of one or niorc of the inter- 
mediate coniplexcs concerned on the reaction path. 

Related results have been reported by Karpinskii and Lya~henkol"~  through corn- 
parison of the bromination of phcnols and anisolcs by 'dioxan dibromidc' in ben- Lene. 
Here the kinetic form was that of equation (64), and the tempcrature coefficient of 
reactivity (i.e. the apparent activation cncrgy) was positivc for anisolcs, but negative 
for phenols. 

-d[Br2]/dr = [ArOH][dioxan dibromide]' (64) 

Thc significance o f  0 - H  bond-brcaking in the reactions of phenols under these 
highly aprotic conditions is, however, not known, though at 25°C phenol was tcn times 
morc reactive than anisole. 

D. Kinetic Forms and Structural Effects in lodination 

Most of thc investigations of the iodination of phenols have been conccrned with 
reactions in aqueous solution, when the rcacting substrate is normally the aryloxide 
ion rather than the  neutral molecule. The literaturc has been surveyed in detail by 
Taylor3hb, and  some of the kinetic aspccts have becn discussed already (Section 1V.E). 
Berlincr164 cstablished the reactivity sequcncc PhO- (9.2 x 10") > PhNH2 
(3.7 x lo5) > PhOH (1). and thus illustrated that iodination under these conditions 
has a largc ncgative Harnnictt p value, in accordancc with its formulation as a proccss 
in which electron-rclcasc to the reacting centrc makes an important contribution to thc 
ratc. Morc recent studiesx'*l"j.'"" havc been concerncd with further comparisons of the 
kinetic behaviour of aryloxide ions with those of neutral, highly activated, aromatic 
substrates. It has bccn established through the study of primary isotope effects that thc 
stagc of proton loss from an  intermediate can becomc rate determining. Thus Groven- 
stein and coworkers89.165 showed by using the 2,4,6-tridcuteriophcnoxide ion that 
iodination can be subjcct to a kinetic isotope cffcct, k H / k D  = 4; and by using the 
4-nitrophenoxidc ion, that thc corresponding isotope effect decreased with thc con- 
centration of iodidc ion .  When proton loss is part of thc rate-determining stage, it is 
usually not kinetically important whether the source of elcctrophilic iodine is I-IzOI' o r  
I + .  1,. o r  some other iodinating species (ICI. IOAc. ctc.): distinction does, however, 
bcconie possible in principle when electrophilic attack becomes cxclusivcly ratc- 
de te rm in i ng . 
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E. Synthetic Aspects of the Formation of Halophenols by Halogenetion of 

J.  M. Brittain and P. B. D. de la Mare 

Phenols and Their Derivatives 

1. Introduction 

The mechanistic considerations described in the foregoing sections provide a guide 
to the methods which may be adopted towards the preparation of individual halo- 
phenols. They also indicatc some of the types of condition that should be avoided if 
particular halophenols are  required. 

Modern methods of spectroscopic examination, including particularly IH and I3C 
NMR spectroscopy, make the identification and establishment of purity of phenols 
much easier than it was when classical methods only were available. In particular, in 
the writers' experience, full 'single-rcsonance' I3C NMR spectra, with appropriate 
single-frequency decoupling where necessary, has proved to be very valuable. 

Comment is dcsirablc on the separation of isomeric halophenols. This is usually 
possiblc by using column chromatography. but thc separations are often very 
imperfect. 

The writers' personal experience covers only a limited range, and therein has been 
concerncd more extensively with bromo- and to a lesser extent with chlorophenols. 
The points which arc  discussed below are in part derived from our  own and cognate 
observations. 

2. Successive introduction of bromine and chlorine into the 'reactive' positions in 
substituted phenols 

Since halogens are  deactivating for electrophilic substitution, there is no great 
difficult in introducing halogen successively into any vacant positions orfho and para 
to the hydroxyl group. One  proviso is necessary; if the acidity through the course of 
the reaction is such that the starting material is not dissociated t o  allow reaction 
through the phenoxide ion, but the product of the reaction is sufficiently dissociated 
to compete with the starting material for further halogen, polyhalogcnation may occur 
even when a deficiency of halogen is used. This is evident from the early work of 
Francis and  c o w ~ r k c r s ~ " ~ .  who recorded the rates of the successive stages of bromin- 
ation of phenol and a number of its dcrivativcs in water by using Competition methods. 
Selected results are  given in Table 11. Under the standard conditions used by the 
investigators, it would seem that all the recorded stages of bromination of phenol 
and 4-methylphenol involve the neutral molecule; but that the sccond stage of 
bromination of 4-nitrophenol and the sccond and third stages of bromination of 
3-nitrophcnol are composite, involving in part the anion. 

Many solvents, including carbon tetrachloride. chloroform, carbon disulphidc and 
acetic acid, have been used successfully for prcparative halogenations, which for best 
results should be carried out with careful control of the relative amounts o f  phenol and 
halogen. To minimize side-reactions of dienone interniediatcs, it is generally better to 
add a solution o f  the halogcn slowly t o  a solution of the phenol. Wc have found that 

TABLE 1 1 .  Relative rates ( k l ,  k t ,  k3)  of successive stages of 
brornination o f  phenols in water at 25°C 

Compound x - l  x - ,  x-3 

Phcnol 34 0. I2 0.0083 
%Mcthylphcn<>l 28 0.036 - 
4-Nitrophenol 0 . 1  I 0.047 - 
3-Nitrophcnol 0.006 0.006 0.02 
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TABLE 12. Product proportions for chlorination of 3,4-dimethylphenol in acetic acid at 25°C 

Initial 
conccntrations Proportions of phenolic products" 

Reaction time Total cnone 
[ArH]. [Cl,]. prior to work-up and dicnone Starting 
M hl ( I ) ,  min adducts" niatcrial 2-CI 6-CI 2.6-Di-CI 

0. I 0.2 5 0.66 0.01 0 . 0 2  0.43 0.54 
0 . 1  0.2 5000 0.60 - 0.05 0.5 I 0.44 
0.15 0.15 2 0.28 0.38 0.1 7 0.43 0.02 
0.5 0.5 2 0.33 0.38 0.15 0.35 0.12 
0.5 0.5 I0 000 0.10 0.29 0.1 1 0.46 0.14 
0.25 0 . 1  1 4000 0.14 0.44 0.17 0.38 0.01 
0.25 0.1 I 1 0  000 0.09 0.44 0.17 0.38 0.01 

"Determined by integration of appropriatc signals in  the ' H  NMR spectrum of the crude product. 
bDetermined by gasliquid chromatography of the total product. 

the product of monobroniination of 4-methylphenol is isolated with particular ease 
when reaction is carried out  in carbon tetrachloride as solvent. When several reactive 
positions a re  available, and  a deficiency of halogen is used, mixtures of isomeric 
products a re  obtained, and the usefulness of the method in providing pure specimens 
of individual isomers depends  on  the ease of their separation from each other. In 
bromination. porn normally predominates over orrho substitution sufficiently that the 
product of the former reaction can usually be obtained quite easily. Steam-distillation 
can sometimes be  used168, especially to separate mono- from di- and  polychlorinated 
phenols. 

In halogenation of phenols with bulky substituents in the 2- and 6-positions, dienones 
may be obtained a s  intermediates which do  not rearrange to the phenol instan- 
taneously. If this is suspected, it is a s  well to give the kinetic product time to react 
further, since an attempt to force the reaction to its natural conclusion by working up  
the  reaction mixture may result in partial reversal of the original halogenation. Care 
is needed also in considering the results of gas-liquid chromatography of reaction 
mixtures, since intermediate dienones and  any adducts which have been formed from 
them will decompose in complex ways and  give an  unsatisfactory account of the actual 
coniposition of the  product. 

To illustrate some  of the problems, some results of chlorination of 3,4-dimethyl- 
phenol in acetic acid7* are recorded in Table 12. The  experiments show that, under 
the  conditions used for  these chlorinations, adducts were formed and were only partly 
stable after completion of the  reaction, which was very rapid. These adducts de- 
composed when the  crude reaction mixture was submitted to analysis by gas-liquid 
chromatography, and  reverted in part to the starting material. Since i t  is unlikely that 
t he  initial course of the reaction is much changed by the change in initial conccn- 
tration, the  variation in the product ratios appears to reflect complex changes in the 
behaviour of intermediates. Less marked changes have been recorded for bromina- 
tion, but this may reflect greater instability of intermediates and adducts rather than 
less complexity of the pathways taken. 

3. Halogenation carried out by reaction of halogen with the phenol without solvent or 
catalyst 

Positions tmwi to the hydroxyl group in phenol and even more s o  in halophenols 
should b e  heavily deactivated for further substitution; and  so the facile reactions 
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which lead to ortho-para substitution and to  the formation of dienones easily take 
their expected preccdcncc. Yct there are many known examples of the preparation 
of heavily brominated phcnols by treatment of the phenol with the theoretical amount, 
or with excess of bromine without solvent. These reactions proceed at relatively low 
tcmperaturc. Where two isomers are  possiblc, rcgiosclectivity is found, as in the for- 
mation of different amounts of the two possibilities whcn 2,4-dimcthylphenol is 
b rom i na t ed (sequence 65) ?O. 

OH OH OH OH 
I I I I 

I I I 

Me (65) Me 
I 

Me Me 

TiessensIs has used a similar method for the preparation of 2,3,4,6-tctrachloro- 
phenol from 2.4,6-trichlorophenol (equation 66). The mechanisms of these halogen- 
ations arc not  known, but it can be speculated that a dienone is formed and rearranges 
under the influence of the hydrogen halide formed. Addition-elimination sequences 
are  also possible. 

OH OH 
I 

CI CI 

4. Protodehalogenation 

The fact that bromine can bc introduccd into positions I ~ ~ C I  to a hydroxyl group/ in 
the abovc way is of additional synthetic importance because bromine or iodine in 
ortho and para positions can then be rcmoved. Two reagents have been recommended 
for this purpose: benzene with aluminium chloride, and aqueous hydrogen iodide. In 
the writers' expericnce, bcttcr yields can usually be obtained by the latter method than 
havc been reported for the former. Scquencc (67) gives an example5j. The principle 

OH OH OH 

Br 

Me Me M e  

of the method could be applied in many ways that have not so far been tried; for 
example. by introducing iodine as a blocking group which would easily be removed, 
o r  chlorine as  a group which would not. 

5. Bromination and chlorination by rearrangement of intermediate dienones 

Synthetic sequences similar t o  those discussed in the last two subsections can bc 
dcvelopcd by thc isolation of intermediate dienones which thcn are rearranged by 
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treating them with acid. A number of cxamples have already becn referred to, and it 
has bcen noted that the regioselcctivity of this type of bromination somctimcs, though 
not always, is different from that which prcvails when bromine is introduced into the 
nzem position by reaction of thc phenol with excess of bromine (sequence 68)j4. Use 
of this method to introduce halogen into a position mera to a hydroxyl group has been 
rccorded for chlorine alsoio8. 

Br\,@Me OH + Br*Me 

/ Br Br 

Br Br 

&Me ',","; ~ 

in H2S0, ~ 

Br Br 

(68) 

Some phenols whcn treated with brominc in supcracid solvents give the product of 
t?iera substitution d i r ~ c t l y ~ ~ . ~ " .  One interpretation of this result is that it involvcs 
reaction of the product of 0-protonation (c.g. 4-McC6H40H2". formed from 
4-methylphenol). Alternatively, rcaction through a protonated dienone may be the 
pathway adopted". The rather specific methods of acid-catalysed rearrangcments of 
bromophcnols (Scction 1II.D) are related, and also have synthetic possibilities. 

6. Selective ortho-halogenation 

have developed a method for nearly specific halogenation 
orrlzo t o  a hydroxyl group. This involves thc use of bromine, r-butylamine, and 
tolucnc at  low tcmperatures. Their procedure has becn applicd successfully by other 
~ o r k c r s " . ' ~ ~ ,  modification being possible in thc choice of amine. Examples are given 
in scqucnces (69) and (70). It  seems likely that the function of the base is to ensure 

Pcarson and 

(69) - 
Me +Br2 .-HEr 

with M e 2 C H N H 2  
In CH2CI2 /PhMe Br' 

OH 

Br ' & 
OH 

the formation of aryloxide ion, which then gives an orrho-dicnone as a kinetic inter- 
mediate formed at a tcmperature low enough that it aromatizcs more rapidly than it 
rearranges otherwise. The 0- substituent would favour attachment of an electrophilc 
at the adjacent position. The involvement of an unstable aryl hypohalite has been 
suggested bct has not been e~tablishedl~".  The principle of the method has been 
applied also in chlorinationl7" and in iodination17'. 

7. Side-chain halogenation 

In Section V.E we discusscd the 'quinobenzylic' rcarrangement, which provides a 
routc for the conversion of 4-methylphenols via 4-bromo-4-methyl-2,5-dienones to 
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4-bromomcthylphcnols, and for the analogous rcactions of phenols appropriately 
branchcd or  substitutcd in a 4-alkyl sidc-chain. Thc corresponding reactions of chloro- 
dienoncs arc probably available. Convcrsion of a 4-methyl group to a 4-aldehyde 
substitucnt in  good yield is also possiblc by using this type of pathway. 

There arc many reports of thc bromination of alkylphcnols formed by heating the 
phcnol with cxccss of bromine, sometimcs in a sealed tube. Examples are given in 
equations (71) and (72)173.174. 

J.  M. Brittain and P. B. D. de la Mare 

OH OH 

CH3 CH2Br 

Reactions of this kind have generally been treated as mechanistically analogous to 
the ‘quinobenzylic’ brominations, but our own studies suggest that this is probably not 
the case. Side-chain bromination of alkylphcnols will occur under much milder 
conditions than has been supposed generally; ordinary laboratory daylight at room 
temperature allows the reaction to proceed slowly in solvents like carbon tetra- 
chloride. Very rapid reaction occurs when the rcaction mixture is illuminated strongly. 
When only one alkyl group is available for substitution, the reaction can be carried to 
the required degree of substitution by using thc calculatcd proportion of bromine. For 
modestly deactivatcd phenols, reaction in the side-chain can compete with nuclear 
substitution. as in the examplc shown in sequcnce (73). When more than one alkyl 

group is availablc. as with 2,4- or 3,4-dimethylphcnol, reaction under these conditions 
is non-specific; substitution in both alkyl groups, and disubstitution, is evident from 
the ‘ H  N M R  spectra of thc products of attcmpted monosubstitution. Where brornin- 
ation by this typc of method has been preparatively successful, therefore, this has been 
the rcsult of thc easy isolation of a particular product becausc of its spccific propcrties. 
Thus i t  has bccn confirmed”” that 6-bromo-2,4-di(bromomcthyl)phenol can be 
obtained from the complcx rcaction mixture resulting from bromination of 2,4- 
dimethylphcnol in carbon tctrachloridc under powerful illumination. Crystallization 
from ti-hexanc gavc the rcquired product. 
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8. Miscellaneous reagents and conditions for chlorination 

In many investigations. molecular chlorinc has bccn the reagent chosen for chlori- 
nation of phcnols, and classical modifications o f  thc conditions havc bcen uscd whcn 
the position to bc chlorinated has bcen unrcactive. Thus has been uscd as a 
catalyst for the chlorination of 2.4.6-trichlorophenol a: 40°C. and aluminium 

has becn similarly rcconiniended for  thc preparation o f  pentachlorophcnol 
from phenol. Othcr spccial conditions alrcady referrcd to include the usc of antimony 
pentachloride as  a chlorinating agent for the preparation of dienoncs’”. The influence 
of solvent on thc ratio o f  ortho to purr1 chlorination has bccn discussed with particular 
reference to thc influcncc of h y d r o g e n - b o n d i ~ i g ’ ~ ~ . ” ~ .  For phenol, thc orrho :para ratio 
is highest for reaction in non-polar aprotic solvents at high dilution, but becomes 
relatively low in dipolar aprotic and in hydroxylic solvcnts. A similar effect has been 
noted in  brominat i~n’~’ .  I t  secrns likcly. too. that hydrogen-bonding is conccrncd in 
detcrmining thc orrho:para ratio in chlorination in the solid phase, whcn i t  varies with 
the crystal face presented to thc Polychlorination accompanying mono- 
chlorination is also a fcaturc of chlorination of phenols in the solid phasels’. 

Sulphuryl chloride can be a homolytic chlorinating agent, but i t  can also react 
electrophilically, especially with reactive aromatic compounds. I t  has been uscd for thc 
chlorination o f  phenols’77. whcn it tcnds to give relatively low orrho :para ratios. A 
particularly good yield of 4-chloro-2-methylphcnol was obtained from 2-mcthylphenol 
and sulphuryl chloride with aluniinium chloridc and diphenyl sulphide as co- 
catalysts’x3. 

Kosowcr and coworkers1x4 includcd phenol in their study of halogenation using 
copper(I1) halides as sourcc of halogen. Rather low ortho:para ratios were obtained 
both with cupric chloride and with cupric bromide. 

9. Classical (‘indirect’) procedures for obtaining halophenols 

This review has concerned itself chiefly with mcthods of halogenation in which the 
hydroxyl function is already present in the molecule, and halogen is introduced into a 
vacant position by using a source of electrophilic halogen. Variants o n  this procedure 
include protection of thc alkoxy group by the formation of ethcrs and cstcrs. By this 
means the reactivity with electrophilcs at positions ortho or  parrr to the oxygcn 
function is reduced, and orlho substitution is usually somewhat disfavoured with 
rcspect to para substitution. Proccdures bascd on this principle are useful in somc 
special applications (see also Section IV.F), but limitation of space prevents our  
considering them in detail. 

Thc  othcr type of usc of protecting groups. in which an otherwise rcactivc aromatic 
position is first blocked by a substituent which can later bc removed, has on the face 
of it bccn used quite extensively in the synthcsis of particular phenols. Thus a pro- 
ccdure for preparing o-chlorophenol free from its isomers involvcs sulphonation, 
chlorination and protodcsulphonation (sequence 74)18j. 

It should be notcd, however. that some early descriptions of syntheses carried out  
by using proccdures of this kind are  incorrect”. Much remains to be donc towards 
elucidating pathways in brominations and chlorinations of phenols in sulphuric acid of 
different strengths, where halodeprotonation, sulphodeprotonation and halo- 
desulphonation may be in competition. 

Use of the different orientational pattcrns proniotcd by intcrconvertible groups. onc 
or both of which can bc rcmovcd or  rcplaced whcn ncccssary (e.g. NO,, NH2), 
provides practicable routes for thc laboratory synthcscs of many aromatic compounds. 
Consultation of Bcilstein’s Handbook. or of Huntress’s compendium of organic 
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OH OH 

I distillation) 

S03H S03H 
OH 

chlorine conipoundsIH(' provides a plcthora of examples in the field of halophenols, 
one of which is set out in sequcncc (75)2s. In  another method, a particular halogen in 
a polyhalogcno compound is removed by nucleophilic displacement. One example, 
structurally favourable and industrially important, involves first the preparation of 
1,2,4,5-tetrachlorobcnzene and then its treatment with base (sequence 76). 

?H CI 
I 

Fe catalyst CIZ *gcl KOH_ clq" (76) 

CI CI 

CI 

VIII. INDUSTRIAL APPLICATIONS OF HALOPHENOLS AND HALODIENONES 

Phenols. halophenols and their derivatives have found application in many diverse 
areas'*' but their main exploitation has been as aids to agriculturc, and in the ficlds 
of polymers and drugs. 
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A. Applications to Agriculture 

I'hc utility of phcnols in  agriculture has bccn cxtcnsivcly studicd. In thc carly 1900s 
phcnols and alkylphenols (primarily crcsols) were first employed as agents for soil 
stcrilization. The discovcry of the increase i n  herbicidal and fungicidal activity. when 
the phenols arc substituted with nitro and (or) chloro groups. was sonicwhat latcrIKX. 
The halogen may also be incorporated in the form of a trifluorornethyl groupIX'). 
Examples of a numbcr of the simple chlorophenols. which conimonly havc been uscd 
as pcsticides, are illustrated (Table 13). 

Thc annual world production of chlorinatcd phcnols alonc has been cstimated at 
150 000 tons'"'. Thc mcthod niost widely used for their preparation is the direct 
chlorination of thc appropriate chlorobcnzcnc l'll. followcd by alkaline hydrolysis of 
the product. The selection of the mcthod. however. depends upon the isomer required; 
a number of technically important compounds. including 2,4-dichloro-. 2,4,6-tri- 
chloro-, 2,3,4,6-tetrachloro- and pentachlorophenol. niay also be manufactured by the 
dircct chlorination of phcnol. 

Pcntachlorophenol (PCP) continucs to receive widespread application in diversc 
fields as a wood prcscrvativc I g 2 .  agricultural fungicide, defoliant and general herbicide. 
Until 1971 it constituted more than half thc amount of hcrbicidcs used in Japan. 
Restrictions on its usc were imposed at that time becausc its application to paddy fields 
led to advcrsc cffects in other scctors. I t  has been used also as an aquatic weed-killer, 
and thus finds its way into thc aquatic cnvironnient, espccially in  run-off waters and 
wood-treatment plant effluents. Studics on the photolysis of PCP by sunlight in 
aqueous solution were consequently undcrtakcn to investigate the decomposition 
products formcd. Scqucnccs to explain thc products formed have been prcscntcd 
(Schcmc 7)I". The schcme providcs a general illustration of pathways available for 
dccomposition of chlorophenols. 

Aromatic chlorine atoms arc replaced by hydroxyl groups. and this process is 
followcd by thc well known oxidation by air to yicld quinones. in a manner which is 
analogous to the formation of huniic acids from 2.4-dichlorophcnoxyacetic acid. 

Thc levels of pentachlorophcnol and other organochlorine insecticidcs and their 
decomposition products have been studied in rclation to ii nunibcr of 
and the toxicity to inarinc life has been quantificd. Lethal threshold amounts of penta- 
chlorophenol and of 2.4- and 2.5-dichlorophenols in shrimps and clams have reccntly 
bccn 

Not only the chlorophcnols themselves but also thc contaminants of the commer- 
cially available products givc risc to environniental conccrn. Besides other chloro- 
phenols, they may contain sevcral pcrccnt of polychlorinated phenoxylphcnols 
(predoxins). Polychlorinated dibenzo-p-dioxins (PCDDS), dibenzofurans (PCDFs) 
and diphenyl cthcrs often are prcscrit in  the range of tcns to hundreds of parts per 
million19o. Somc of the isomers of thcse cornpounds have biological properties which 
make thcm very hazardous")". Their 'concentration'. and consequcntly their dangers 
as pollutants. may also bc increased by the burning of vegctation which has bccn 
treatcd with thc chlorophenols or their derivativcsl". 

Various phcnolic compounds occurring i!i soil, either as the dircct pesticide or a 
product therefrom, havc been found to be incorporated into humus complexcs by 
microbial activity. In a reccnt experiments were carried out in which a phenol 
oxidasc isolated from a fungus was incubated with humus constituents and in the 
prcsencc of 2,4-dichlorophenol. Oligonieric products, dimers to pcntamers, were 
formed by  oxidative coupling. I'hc combined incubation of naturally occurring phenols 
and 2,4-dichlorophenol. a main product of various herbicidcs. resulted in thc for- 
mation of cross-coupling products. I t  was proposed that enzymic proccsscs lead to thc 



TABLE 13. Structures of some phenols and their derivatives commonly employed in agricultural 
chemistry 
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incorporation of thesc compounds into soil organic matter and thus prolong their 
persistence in soil. 

Thc mcchanism of action of most of thc currently used pcsticidcs incorporating 
phenolic and halogcn substituents has becn thought to involve interfcrcnce with 
reversible oxidativc phosphorylation. which is an  esscntial part of thc biological 
degradation of foodstuffs. Scvcral ways in which this interfcrcnce could occur have 
been suggcstcd, and thcse are not niutually cxclusivc since different functions might 
opcrate for different types of compound. Wilson and havc suggested that 
compounds such as halosalicylariilides rnay act by gcricral acid o r  general basc catalysis 
of the hydrolytic dcstruction of interniediatcs conccrncd i n  phosphorylation. Many of 
the pesticides in current use. including 2.4-dichlorophenoxyacctic acid and bromoxy- 
nil, disrupt photosynthctic oxidativc phosphorylation in  another way. however. namely 
by inhibiting the initial photosynthetic electron transfer""'. The pesticides wcre them- 
selves rapidly photo-oxidized. and thc results obtaincd provided additional support for 
thc hypothesis that dcplction of the sourcc of reducing potential is responsible for 
chloroplast p h o t o-o x i d a t ion a n d p I a n t death . fo I low i  n g t rc a t m e n t with photosynthesis- 
inhibiting hcrbicidcs. 

Yet another way in  which metabolic proccsscs could bc intcrfcred with can be 
dcscribed as ii cheniiosmotic hypothesis. in which i t  is considered that lipid-soluble 
acids will readily carry protons and will uncouple mitochondria by conducting protons 
across the lipid-containing mitochondria1 nienibranc. thcrcfore destroying thc proton 
differential which is produced by electron transfer. and is required for thc formation of 
ATP'"' . 

Various of the halophenol dcrivatives have bccn used internally to control infcc- 
tions of shccp and cattlc by liver flukes. Thc usc of thcsc compounds to cradicate the 
p a k i t e s  without daniage to the host requires careful attention to the dosage; thc 
therapeutic dosagc in  sheep rnay bc onc-third or morc of thc maximum toleratcd 
dosezo2. A recent study of the  cfficacy of rafoxanide against Fascioln gigaritica adult 
flukes in the liver of cattle showcd reductions of the fluke numbers to less than 1% of the 
original value at a trcatment lcvcl of 1.5 mg kg-' ?(I3 .  Toxicity and efficacy studies for 
thc use of nitroxynil in dromedaries showed good tolcrance and successful trcatmcnt 
of various infestations at a dosagc of 20% of that which is lethal20J. 

The niodc of action of these compounds has bccn a subject for considcrablc dis- 
cussion because the adult flukes live in virtually anaerobic conditions in  the bile duct, 
so that the possibility of normal oxidative phosphorylation is eliminatcd. I t  has been 
found205, howcvcr. that funiarate niay act as a terminal clectron-acccptor in  liver 
flukcs. and phosphorylation occurs with the formation of succinate rather than water. 
In treatment of flukes with bromoxynil or with a number of other compounds, this 
process of elcctron transport is interfered with. and detcrniination of the concen- 
trations requircd t o  kill the isolated flukes suggests that intcrfcrence with phosphoryl- 
ation in the fluke is thc causc of death?"". 

2.4-Dichlorophcnoxyacctic acid and its analogucs havc been found to be particu- 
larly beneficial for the control of infections of plants by niitcs and by powdery mildew. 
These infections occur superficially on thc plant. and i t  is prcsumed that the aryloxy- 
acetic acids niay bc niore lipophilic than the phcnols and hence may concentrate in the 
csternal fatty laycrs of the leaf on which niitcs and pondcry milde\v thrive. Once thc 
compound has been takcn up by thc pcst. i t  is presumed to gcncrate the phcnol. Some 
of the established pathways o f  nictabolisni of 2.3-dichlorophenoxyacctic acid in living 
organisms arc summarized i n  Schcnic S2'". 

l 'hc  design and development of pesticides has been rcviewcd2"s. In the area of 
phenols. interest has focusctl on ;i number of thcir derivatives. including the diphenyl 
ethers (76) which are prepared by the reaction o f  thc appropriate nitrobenzcnc and thc 
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halopheno1209. Halogenated phenol-4-sulphonamides (e.g. 77) are rcported to be 
useful for the complctc control of wild oats in fields of grains, sugar beet or  flax with 
little or no damage to the crop210. Heterocycles with halogenatcd phenolic substitu- 

R', R2. for example, = H .  OMe 
respectively 

ents are also prominent in the current litcraturc concerning pesticides. These includc 
the isoxazolyl phenols (78)211, all of which show fungicidal properties and improve the 
germination percentage and seedling vigour of many crops in soil infested with 
Pythium and Fusariutn. Similar potential is exhibited by a rangc of chlorophenoxy- 
mcthyloxadiazoles and triazoles?". 

X = H. C1-3 alkyl, CI or Br 

Y = H, CI or Br 

R = H or C1-3 alkyl 

VH I T  0' 

(78) 
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Dienoncs havc bccn employed more often a s  intcrmediates in the formation of 
insecticidcs and  fungicides, than as pesticides themsclvcs. An exception to this has 
been r ~ p o r t c d " ~ .  in which a number of halocyclohexadienones, including 79, were 
found to have fungicidal and  insecticidal properties. T h e  dicnoncs were prepared from 
cyclohcxcnones o r  alkylphenols. 

(79) 

The  fluorination of phenols and the formation of fluorodienoncs was employed in 
the prcparation of 7-fluoro-7-dechlorogriseofulvin~14, which is a mould metabolite 
with antifungal activity. Herbicides have also been derived from hexachlorocyclohexa- 
2,4- o r  2,5-dienonc, irradiation of which in an inert solvent yields dimers, which a rc  
stable herbicides and have the advantage that they a re  harmless to fish2I5. 

9. Applications to Polymers 

T h e  phenol-formaldehyde rcsins (Bakclite, and related products) a rc  among the 
oldest synthetic polymers, and are still very important. Thus the reaction of phenol 
with formaldchyde, in thc presence of alkali o r  acid, affords a polymer of high 
molecular weight in which the many phenol rings a re  linkcd by -CH2- groups ( S O ) .  
The formation of these materials involves electrophilic polycondensation in which the 
stcps involved in building up  and  branching the chains are of similar rates2I6. 

OH eH ?H 

Halophenols h a w  been utilizcd in thc formation of another type of polymer. which 
does not involvc the incorporation of an  additional carbon unit, but instead the for- 
mation o f  c ther  linkages. Oxidation of 4-bromo-2,6-dimcthylphenol, converted to the 
phenolate ion. with an oxidizing agent such as ferricyanidc o r  iodine"' results in the 
formation o f  polymcrs with a molecular weight in the range 2000-10 000 daltons. 
A radical mcchanism is proposed, involving a propagation s tep  in  which thc aryloxy 
radical displaces bromide from thc phcnolate ion. T h e  polymer is found t o  be of the 
lincar type (81); analysis indicates the presencc of one bromine atom and one hydroxy 
group pcr chain. 
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Formation of similar polyrncrs from othcr halogenophcnols ( e .g .  from 2,6-dimcthyl- 
4-chlorophenol) has been exploitcd using 2,4.4.6-tetrabromocyclohexa-2,5-dienone as 
thc catalyst for polymerization. The polymcrs obtained arc reported to be of high 
molecular weight and cxhibit good thcrmal and mechanical resistance in the  prcscncc 
of oxygcn21X. 

Some 2-halogenosubstituted phenols (e.g. 2-chloro-6-methylphenol), howcvcr, havc 
been polymcrizcd by using oxygcn and an aminc complex of Cu(I), and yicld polymcrs 
of higher molecular weight (up to 71 000 daltons) which from studies of their intrinsic 
viscosities arc apparently somcwhat branched”‘. Elemcntal analyses confirm that up 
to 15% of the chlorine present in  the original phenol is lost during oxidation. Thus 
2-chloro-6-methylphenol is acting in part as a trifunctional mononicr by reaction 
through the 2-position with climination of chlorinc. This would give rise to a unit  of 
type 82 being incorporated into the structure of the polymer. 

f 

Oxidation of 2.6-dihalophenols also givcs branched polymers, but these polymers 
are of lower molecular weight””. It  seems likely that a numbcr of thcsc reactions 
involve radicals o r  radical ions, and it has been shown that as a conscquencc the inter- 
mediates produced in  their course can interfere with other radical chains. For cxample, 
the auto-oxidation of 4-vinylcyclohexcnc and of cumene under catalysis by salts of 
cobalt or manganese to give polymcrs was inhibited by phenols containing onc or morc 
chlorine atoms ortlzo or pnra to the hydroxyl group”’. The chlorophenols probably 
acted as free-radical chain-breakers, thus giving chlorocyclohexadicnoncs which thcm- 
sclvcs would interfcrc with catalysis by metal ions. 

A linear poly(phcny1cnc oxidc) in which the R groups are bromine (81c, tz = 50) has 
been rcported. This polymer is obtained quantitatively from 2,4,4,6-tetrabromo-2,5- 
cyclohexadienone and rncrcury bis(phenylacctylide), and evidence was produced to 
suggest that free-radicals arc not likcly to be intermediates. Instead, i t  was notcd that 
polymerization starts only when rcagcnts capable of providing acceptors for both 
positive and negative bromine are present. Thc proposed pathway involves a carbene 
as the polymcrizing entity (Schcrnc 9)???. 

The halogenated phenol polymcrs have found many diverse uscs in recent years. For 
cxample, bromo-substituted polyoxyphcnylenc polymers (particulnrly thc polymer 
from 2,4.6-tribromophcnol) have been incorporatcd into nylons to the extcnt of up to 
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20%) by weight by dry blending and injection moulding, and the resulting products 
have flame-retardant proper tie^"^. 

The  property of flame retardation has also been applied to PVC where the addition 
of either bromo-poly(alkenylpheno1) or  -poly(p-hydroxystyrene) is found to increase 
fire reSiStanCe274.225 . Polyester foams, comprising a polyester resin. a halogenated 
bisphenol polycarbonate, a fibrous filler, and a minor amount of a blowing agent, 
exhibit similar rcsistancc to flammability726. 

Brominated phcnol monopolymer exhibits good properties as an elcctrical 
insulator2", and such polymers. which contain cross-linking potential, may be 
employed as curing accelerators for fast-drying epoxy-varnishes72's. The gel time of 
epoxy-resins which incorporate a halogenated poly(alkenylpheno1) and triphenyl- 
phosphite is extended by approximately a factor of seven at 140°C22?'. 

C. Applications to Drugs 

Bacteriology and the use of disinfectants has developed rapidly, since Robert Koch 
in 1876 described a living germ as the cause of a human disease. Even prior to this 
time, Lister had recommended the usc of phenol as a disinfcctant. 

A grcat number of phenols and derivatives. mostly halogcnated (e.g. 83-88), are still 
in current use. The  destructive effect of phenol on the human skin was found to be 
moderated by the introduction of lipophilic (alkyl or chloro) groups into the molecule; 
a change initiated by Bechhold and Ehrlich in 1 906230. Because these groups are lipo- 
philic, i t  is held that these phenols, which arc lcast harmful to the skin, are the most 
strongly antagonized by serum, becausc, having higher partition coefficients between 
oil and water, they enter the albumin core. 

Studies to find the best conditions in relation to selective toxicity of the phenols as 
disinfectants have involved the investigation of equilibria between monomers and 
micelles in aqucous solution. The use of soaps to solubilize phenols in water, for use as 
disinfectants. depends on  the formation of mixed micelles of the soap and phcnol. 
Variation of the proportion of soap to phenol can lead to thrcc different  situation^^^'. 

The  first zone exists up to a figure which is identical with the critical micelle con- 
centration for the soap, where the maximum bactericidal effect is obtained. I t  was 
concluded that the bactericidal action in this first zone is a combined attack of the 
phenol (mainly) and the soap on the protoplasmic mcmbranc. As the soap concen- 
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tration increascs beyond that of the critical micelle conccntration a second zonc of 
greatly diminished bactericidal effect is obscrved. This has bccn interpreted in terms 
of the phenol having entered the micelles, many more of which must have formed, and 
thus little of it is available for disinfection. Eventually, as thc soap conccntration is 
increased still further, a third zone is observed in which vigorous disinfection occurs, 
due to the toxicity of the soap itsclf. All phenols commonly used as disinfcctants, 
including p-chloro-rn-xylenoi, exhibit ihese zones. 

Haloprogin, which is important in drug therapy. was shown by -Xmrison and 
coworkers232 to have activity against dermatophytes Candidda c!bicans a d  rdaicd 
yeasts, and certain gram-positive bacteria. Its fungicidal activity has been attributed to 
disruption of the cell membrane, as shown by the loss of intracellular potassium ions. 

As mentioned in Section VII1.A many phcnols and derivatives can bc cmployed 
as anthelmintics. Although thcsc have in  the past bccn used in treatment of hookworm 
infestations in man, they have bccn superseded by compounds somewhat less toxic to 
the host. 

Compounds containing phenolic and halo substituents find extcnsive utility in treat- 
ment of hypofunction of the thyroid gland233. The compounds most commonly used 
are thyroxine (89a) and tri-iodothyronine (89b). 

Other drugs containing both phenolic and halo substituents are the quinoline 
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derivatives (9Oa-c). Chinifon (9Oa), previously called Yatren, was, o n  discovery in 
1892, prescribed as a cure against all illness. However, its efficacy is now recognized 
along with (9Ob) and (90c) for treatment of a r n o e b i a ~ i s ~ ~ ~ .  
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1. INTRODUCTION 

a-Halogenated imino compounds (1) are  the nitrogen homologues of a-halogenated 
ketones (2). While the latter class of cornpounds has been studied extensively in thc 
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X = halogen X = halogen 

litcraturc, a-halo imines have only rcccntly come to be used regularly in organic 
synthesis dcspite the fact that thcy wcre proven carlier to be valuable synthetic 
reagents. 

Information rcgarding thc use of a-halogenated imino compounds (1) in organic 
synthcsis rcmained scattercd until very recently whcn this matter was compiled in a 
review covering the synthesis' and reactivity' of t hew compounds. It is t o  focus 
attention o n  the vcrsatility a n d  potential of these reagents that this information has 
been brought together. Thc literaturc has been rcvicwed u p  to  early 1980. Only 
a-halogenated imino compounds having a structural similarity with a-halogenated 
carbonyl compounds will be treated in this  review. Howcver, when necessary, some 
leading references to the chemistry of a-halo imidatcs, a-halo amidines and  a-halo 
irnidoyl cyanides will be provided. In general. a-halogcnated imino compounds ( l ) ,  
having at least one a-hydrogen, d o  not tautomerize into thc corresponding cnarnines, 
exccpt when conjugation in the molccule with such substituents as CN, COOR, NO?, 
etc. is possible. Such /?-halo enarnines arc not subject t o  discussion here. 

Somc novel aspects of  the chcrnistry of a-halo ketoncs will be discussed in another 
chapter in this volumc. Throughout thc tcxt some comparisons will be made between 
the reactivities of a-halo carbonyl cornpounds and a-halo imincs. 

II. SYNTHESIS OF a-HALOGENATED IMINES 

Comprehensivc studies in the arca of the synthcsis of a-halo imines arc of rather recent 
origin. The  growing success of the use of thesc rcagents in synthetic organic chemistry 
is predominantly duc to the development of readily available syntheses of the title 
compounds. Indced, early investigations in the field of a-halo imines met with 
difficulties, since no suitable conditions could be found for halogenation of imino 
compounds. Additionally, several a-halo imines werc found to be unstable, espccially 
towards hydrolytic and thermal reaction conditions. Two niain stratcgies for the 
synthcsis of a-halo imincs (1) may be considcred. Thc first one is the condensation of 
an a-halogcnatcd carbonyl compound (2) with a primary aniine undcr suitable reaction 
conditions, similar to the usual synthcsis of imincs starting from carbonyl compounds 
and primary a m i n e ~ ~ . ~ .  Thc second approach involves the halogenation of irnines (4). 
In both cases, carbonyl compounds (3) are thc starting materials for such syntheses. 
The  first method gives rise to  the desired a-halo imines (1) only in special cases. Most 
often, a variety of side reactions is encountered. among othcrs nucleophilic 
a - s u b ~ t i t u t i o n ~ . ~ ,  elimination o f  hydrogen halide7, haloform-type Favorskii 
rc a r ra n ge m e n t 9-i a n d re arrange m e n t via in t e rm e d i a t e e PO x id e s 3-1 6207. In m a n y 
cascs. intermediately formed a-halo imino compounds were further transformed undcr 
thc given rcaction conditions to various final  product^'^-^'. 

Thc second approach to a-halo imincs via halogcnation of irnines also met with 
major difficultics. cspeciallv in the oldcr literature, because unstablc immoniuni-typc 
compounds rcsulted from this reaction. The  latter were usually transformed into 
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"$R3 / Halogenation X (2) \ R j  ,$:3 

R* 

R *  R2 
(3) X 

/ Halogenation 

cr-halo carbonyl compounds by aqueous work-up. The medium in which the imine is 
halogenated plays a predominant role, as will be demonstrated in the following 
sections. 

Attention will bc given now to the two aforementioned synthetic methods leading to 
a-halo imines, while the halogenation of cnamines giving risc to the title compounds 
will also be discussed. Additionally, some miscellaneous methods for the synthesis of 
a-halogenated imines will be treated. 

A. Condensation of a-Halogenated Carbonyl Compounds with Primary Amines 

The reaction of a-fluoro carbonyl compounds with primary amines usually gives no 
difficulties in synthesizing the a-fluoro imines. 1 , I  , I  -Trifluoroacetone (7) reacted with 
aniline in benzene for 2 days to give N - (  1 , l  ,l-trifluoro-2-propylidene)aniline (9) in 
25% yield3', while 2,2-difluorononanal ( 5 )  condensed smoothly with t-butylamine at 
room temperature to give the a,a-difluoro aldimine (6)Io5. In similar way, aromatic 

(7) R = Me 

(8) R = Ph 

(1 0 )  
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a-fluorinated ketones such a s  2,2,2-trifluoroacetophenone (8) condensed with 
a-mcthylbcnzylamine to afford a,a,a-trifluoroketiminc ( 

Iminophosphorancs can also bc uscd in such iminations of a-fluorinated ketonesIo5, 
as excmplified by the  synthcsis of 9 from 7 by using 11”. When 
N-trialkylstannyltriphenylphosphonimines (13) were uscd a s  rcagents. 
hcxafluoroacctonc (12) was converted into the N-trialkylstannyl-substitutcd perfluoro 
ketiminc (14)”. Whcn applicd to  trimcthylsilyltriphenylphosphoniminc, the 

N/ SnRi 

A (7)  R 7.- Me 
(12) R : C F ~  4- (C6H5)3P=NSnRj - F& CF3 

corresponding N-trimethylsilylimine could only bc isolated in 1 % yield39. Oximation 
of a - f l u o r ~ k e t o n e s ~ ~ ~  with hydroxylarninc in ethanol in the  presence of sodium 
acetate gives n o  side reactions, as exemplified by the synthesis of 
5a-fluoro-6-oximinocholestanc-3~-ol acctate ( 16)42H. The  same is truc for the synthesis 
of a-fluoro hydrazones4”. 

(1 3) (1 4) 

3 .  NH20H. HCI 

AcO @ ’ 7  0 
NaOAc. EtOH - AcO e H 1 7  NOH 

(1 5 )  (1 6) 
Less rcactive amino compounds,  e.g. thiobcnzamidc derivatives (17), can also be 

used for direct condensation with hexafluoroacctone (12). Initially, howcver, 
2,2.6.6- tetra k i s( t ri fl uo ro me t hyl)-6 H -  I ,3.5 -oxa t h iazi n es ( 18) we rc formed, which 
could be pyrolysed into 2 H -  1,3-thiazetes (19), existing in thcrmal equilibrium with 
N-(pcrfluoroisopropy1idenc)thiocarboxamidcs (20)4(H2. It will be dcmonstrated (vide 
i t i f r t r )  that thc activated perfluoroketimines (20) show a fascinating reactive behaviour 
toward a variety of reagents with which they can undergo cycloadditions. Besides thc 
dircct imination of a-fluorinated carbonyl compounds, the dircct condensation of 
a-halogenated ketones with aliphatic or aromatic primary amincs t o  give 
a-halogcnated ketimines has never been described*. Only less sterically hindered 
carbonyl compounds such as a-chloro- and  a-bronioaldehydes (21 and 22) react in a 
straightfor\vard manner Lvith aliphatic primary amines in ethercal medium at -30°C in 
the presrncc o f  molecular sicves t o  afford a-chloro- and a-bromoaldimines (23,24) in 
27-73?6 yicld4”4J. Compounds 23 and 24 are rather unstable and sensitive to moisture, 
the N-r-butyl derivatives being the most stablc ones. In thc presence of excess primary 
aniinc. a-halo imines 23 and 24 are slowly converted i n t o  a-:.ilkylaniino aldimines (25). 
The lattcr compounds (25) are  also obtained in  a more rapid reaction from a-halo 

‘ N o w  addcd in proof (pagc 601) 
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Ar 

5 5 3  

Nf' 

F3C j - s  
w 

A 

F3C lAr CF3 

- 
CF3 

0 R$: .+,, + R,NH, Dry ether.  --3O"C R $ l  
Molecular sieves R"NH2 

X X NHR" 

aldehydes and primary amines, indicating that the a-halo aldimines 23 and 24 are not 
intermediates in thesc reactionsJ3. In more drastic conditions. chloral condensed with 
primary arnines under catalytic influencc of zinc chloride and undcr azeotropic water 
removal to give trichloroethylideneamine~~~~-~~~. 

The usual carbonyl identification reagents such as 2,4-dinitrophenylhydrazinc, 
hydroxylamine, semicarbazide, etc., also react with a-halo carbonyl compounds to 
afford the corresponding a-halo imino derivatives. Care should be taken. however. as 
regards the reaction conditions employed, since side reactions such 3s elimination. 
nitrosoolefin formation, etc., may take placc. 

NNH-2.4-DMP 
0 N 

2.4-DNPNHNH2 

aq MeOH. H 2 S 0 4  
RT = 5-10min 

(26) X = CI, Br (27) X = CI,Br 

The Brady reagentJ5, i.c. an aqueous methanolic solution of 
2.4-dinitrophenylhydrazine sulphate containing excess sulphuric a ~ i d ? ~ . ~ "  could bc 
successfully applied for the synthesis of a-hafocyclohexanone 2.4-dinitro- 
phenylhydrazones (27). The reaction of a-bromocycloalkanones (28; tz = 3S.9) 
with tosylhydrazine in ether produced crystalline a-bromo tosylhydrazoncs (29; 
t7 = 3.5,9)47.48.50. In  a similar way, a-halogenated aldehydes gave the corresponding 
a-halogenated dinitrophenylhydrazones'"-"''. This method was also applied for the 
synthesis of aliphatic a-bromo tosylhydrazones".~".'". The conversion into a-bromo 
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(28; n = 3, 5. 9) (29; n = 3,5.9) 

tosylhydrazoncs sccms to  be a general reaction, occurring also with complex molecules 
like 14-bromodaunoniycine (30)j'. 

TosNHNHQ 

HOAc (trace) 

(30) (31 ) 
I n  a similar way again, a-halo semicarbazoncs and related compounds were isolated 

undcr appropriate reaction conditions5'-59'"'9 but these compounds wcre subject t o  
further t ran s fo r m a t i o n s I ' into hc t c roc y c 1 i c corn po u n d s * . 

Oximation of a-halo carbonyl compounds (32) requires controlled reaction 
conditions because of the possibility of sidc reactions of the initially formcd a-halo 
oxinie. Basc-induced 1.4-climination of hydrogen halide from a-halo oximes (33) 
yields nitrosoolcfins (34) which are apt to undergo a variety of 

The intermediacy of these nitrosoolefins (34) was demonstrated by their isolation under 
appropriate reaction conditions (see for example compound 3563-6s.218). In order to 
avoid nitrosotilefin formation. it is recommcndcd that oximations be performed in a 
slighily acid medium. such as i n  an aqueous calcium chloride o r  with 
cquimolecular amounts of sodium acetate in acetic acid".6y. Oximations of a-halo 
ketones can also be performed under milder conditions (such as 
N H ?O H/ nict hanol/THF/ rooni tcmpcrature. 18 h) ' .i6."7.'06.210.26~. 

6. Halogenation of lmino CGmpounds 

Scveral halogenating agents have been found to convert imino compounds (4) into 
a-halo iniines (1). However. most of thcni wcrc not  proven to be of general synthetic 
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NNR 

" +R3 Halogenating agenr - R ' > r R 3  

'* H R 2  x 

interest and in many cases the a-halo imine formed could not be isolated, making 
hydrolysis to the more stable a-halo carbonyl compounds necessary. For example. 
halogenation with chlorine or bromine met  with major difficulties by virtue of the 
instability of transient a-halogenated immonium h a l i d ~ s ~ ' ~ ~ ~ .  

Brominated acetophenone azincs (37; X = Br) and (38; X = H) could be 
synthesized from the parent azine (36) with bromine in dichlorornethan~~' or 

(37; X = Br) 
(38; X =  H )  

methanol (0-5°C)74, respectively. 2-Alkyloxazolines were halogenated with chlorine 
or while 2-pyrazolin-5-ones and 2-isoxazolin-5-ones (and related 
compounds) were also reported to be chlorinated at the active methylenc function at 

Probably due to their unstable nature, a-iodo ketimines have not been isolated 
hitherto. Recently, it was reported that a transient a-iodo ketimine (40) was used to 
transform methylketimines (39) into symmetric 1,4-diones (41) via lithiation (using 
lithium diisopropylamide = LDA), iodination, coupling of a-iodo ketimine (40) with 
the lithiated ketimine (anion of 39) and acidic hydrolysis of the 1,bdiimine thus 
formed78. 

the 4_position7"77.208.~86. 

( 1 1  Coupling 

(39) (40) (41 1 

Among the halogenating agents of imines, N-halosuccinimide has been found to be 
the superior reagent for the synthesis of aliphatic and aromatic a-halogenated imino 
compounds. Ketimines are chlorinated at  the less substituted a-position with 
N-chlorosuccinimidc (NCS). The reaction is more rcgiospecific in carbon 
t e t r a c h l ~ r i d e ~ + ~ ~  than in ether84. The steroidal N-(2-hydroxyethyl)ketimines (42) 
were conveniently monochlorinated in ether, the resulting chloromethylketimine being 
hydrolysed in acidic medium to the corresponding a-chloroketone (43)84. 
N-Cyclohcxyl and N-aryl methylketimines (44 and 45) were regiospecifically 
dichlorinated at the methyl function to produce dichloromethylketimines (46 and 
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, N CH 2CH ,OH v 

(42) R = H . A c  (43) 

2 NCS 

CCI,/O "C 
R 

CI 

(44) R' = cyclohexyl (46) R' = cyclohexyl 
(6) R ' =  aryl (47) R ' =  aryl 

47)7'83, together with negligible amounts of 1,3-dichlorornethylketimines 2nd 
1 , l  ,I-trichloromethylketimines. The mechanism proceeds via chlorination of the less 
substituted enamine (48) in a non-radical manner. Steric interactions play an 

NHR' I N C S  + NHR' -n* Eel - La- R 1' - A 
R R R (50) 

li (44) R'=cyclohexyl (48) (49) 
(45) R'=aryl 

+ NHR' NHR 

R q . 1  J-n* .K, CI c-- I N C S  &cl 

CI CI 

(46) R'= cyclohexyl (52) (51 1 
(47) R'= aryl 

important role in these halogenations and determine the regiospecific dichlorination of 
methylketimines. Even when the R-group in 44 or 45 is tertiary (R = t-Bu), the 
reaction proceeds to dihalogenation, but N-alkyl imines of diisopropy1 ketone (53) did 
not suffer chlorination with N-chlorosuccinimide in carbon tetrachloride. LT,LT.CI- 

Trichlorination of acetophenone imines (45; R = Ar) proceeds rapidly and 
quantitatively a t  reflux with NCS in carbon tetrachloride ( 5  min), while imines derived 
from dichloropinacolone (46, 47; R = t-Bu) could not be further chlorinated under 
drastic conditions". 
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T h e  reaction of irnines with N-halosuccinimidc requires an initiation period, after 
which the reaction proceeds smoothly to completion. As expected, and concordant 
with the proposed reaction mechanism, secondary enamincs, i.e. enamines in which 
stabilizing groups such a s  a nitrile moiety force tautomerizable substrates to occur 
exclusively a s  enamines, react instantaneously with N-halosuccinimide (vide 
i n f i ~ ) ~ ~ ~ , ~ ~ " .  Irnines having no a'-hydrogen atoms, such as  54, 55 and 58, are easily 
chlorinated with NCS in CC14R5-y". Substitution of all available a-hydrogen atoms by 
chlorine atoms is accomplished without problems. However, rnethylketimines (44 and 
45) or irnines having an  a-CH2 function, e.g. 54 and 55, cannot be converted by this 
method into a-monochloro imines, because the rate of introduction of the first and the 
second halogen are of the same magnitude. This seems to be a general observation and 
points t o  the major limitation of the chlorination procedure of imines with 
N-chlorosuccinimide. 

R ' L  

R' Jw 2 NCS - 
CCl, 

R\  
N 

R' + c1 CI 

(54; R' = H)  (56; R ' =  H )  
(55; R' = Ar) (57; R '  = Ar) 

R. R, 

k 2  
I I ,  

CI 

(W (59) 

The  same comments as  given for the a-chlorination of imines using NCS are 
applicable for N-bromosuccinimide (NBS). Brornination of imincs 44. 54 and 55 with 
NBS in CCI4 yielded a-bromo iniines 60", 61" and 6288 in good yield. In many cases 

k Q 
Br R)$" Br Br Br Br 

(60) (61 1 (62) 

the use of NBS required the aid of benzoyl peroxide, irradiation or acid ~atalysis '~,  o r  
the combined action of these influences. A variety of classes of imino compounds have 
been a-brorninated with N-brornosuccinimide, including oximine benzoates (63)94, 
nitrones (65)95-y7, 2-rnethoxycarbonyl-1 -pyrrolines'*, cyclic imino ethers (imidates) 
(67)'9.100, hydrazone-typc compounds (69) 101-103, amidines 

Other  sources of positive chlorine, which have been used for a-chlorination of 
amines. are  sadium hypochlorite 106.107 and r-butyl hypochlorite 107.10x. These reagents 
converted steroidal methylketimincs (71) into mixtures of a-halogenated imines, while 

and 1 - p y r r o l i n e ~ ' ~ ~ .  
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d 

NBS/CCI, 

BPO 

d B r  

(65; R = CN. Ph, t-Bu) (66) 

Br 

NBS 
A 

RO 
(68) 

RO 
(67; R = Me, E t )  

only the a,a,a-trichloromethyl derivative (72) was obtainable in a synthetically useful 
manner'"'. Monobromination of kctimines can be performed with 
2,4,4,6-tetrabromocyclohexadienone, as exemplified for the N-t-butyl imine of 
3,3,5,5-tetramethylcyclohexanone, but the rnonobromo compound existed in 
equilibrium with its enarnino formg3. 

A superior reagent for thc a-bromination of hydrazones (73) seemed to be 
phenyltrimethylamrnoniurn perbromide (PTAB) in tetrahydrofuran10'.103~111.11z.453. 
With two equivalents of the brorninating rcagcnt a.a'-dibromination occurredll'.ll2. 

(73) Z = 2. 4-(NO2),C,H3 (74) 

Z = Tosyl 

(75) 
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C. Synthesis of a-Halogenated lmino Compounds by Halogenation of 
Enamines 

Only those cases in which secondary enamines (76), i.e. enamines having one 
hydrogen bonded to nitrogen, are converted into a-halo imines will be discussed in this 
section. Halogenation of other enamines to produce &halogenated enamines will be 
discussed elsewhere1'3. 

/R 

Halogenation, RIAR3 

R2 x 
(76) (1 1 

Halogenation of enamines with chlorine or bromine to give a-haloimines has not 
been amply docum~ntcd"~- ' " ,  whilc thc halogenation with N-halosuccinimide has 
been mainly applied to enamines carrying clectron-withdrawing groups' 
a-Cyanoenamines (77) were halogenated to producc a-halo imidoyl cyanides (78; 
X = C1, Br)"5.'16, whilc indoles were converted into 3-bromoindolenines by reaction 

(77) (78) X = CI.  Br 

with NBS in carbon tetrachloride12".12'. Similarly, the conversion of a-cyanoenamines 
(77) into 78 (X = Cl) was accomplished with aqueous sodium hypochlorite''5. On the 
other hand, indoles (79) were transformed into 3-chloroindolcnines (81) with sodium 
h y p ~ c h l o r i t e ' ~ ~ . ~ ~ ~ ,  but it was shown that the reaction proceedcd via intermediately 
formed N-chloroindoles (80) I 2 j .  

(79) (80) (81 1 
r-Butyl hypochlorite has been proven to bc a very cfficicnt reagent for the 

conversion of indoles into chloroindolenines"y.'25-'3', and this mcthod found 
widcspread application in the alkaloid field. In the latter field. various indolc-type 
alkaloids have bcen chlorinated to chloroindolenines such as  y0himbine~~'.'~-7 
ib0gaincl3~, cleavamine (82)'3s, 14,l  5-d~hydroquebrachamine'~~, ~ o a p h y l l i n e ' ~ ~ ,  
~ a c u b i n e ' ~ ~ ,  t e t r a ~ h y l l i n e ' ~ ~ ,  hirsutine N-oxide'", pseudoyohimbinc N - ~ x i d e ' ~ ~ ,  
catharanthine4sS and several other examples138~139~1s3~21s~270~271~373~417~426. It was 
recently shown that the chloroindolenines derived from cleavaminc. 14,15-dehydro- 
quebrachamine, voaphylline and some related derivatives have their chloro 
substituent (C-7 position) in a /?-orientation, a conclusion which was drawn from 
detailed investigation of their I3C-NMR spectra'". 

Another source of positive chlorine which was found to be cfficient for the 
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H 

(82) 

C leavamine 

conversion of indolc alkaloids into chloroindolenines was 
N-chlorobenzotria~ole"~~'~~),  as  reported for deserpine, yohimbine, catharanthine and  
(+)-dihydrocorynantheal 14". 

D. Miscellaneous Methods 

a-Halo imines carrying electron-withdrawing groups, e.g. alkoxycarbonyl, 
sulphonyl, acyl, aroyl, etc., a t  the nitrogen atom have a very electrophilic imino 
carbon, suitable for various reactions, including cycloadditions. 

So-called 'anhydrochloralurethanes' (86) were synthesized from carbamate adducts 
of chloral (84) via conversion into the chlorides (85) and subsequent dehydro- 
~ h l o r i n a t i o n ' ~ ~ .  A similar methodology was applied to the synthesis of other  related 

,COOR ,COOR ,COOR 

A H  CI3C 1 OH CI3C CI c13c 

___.) SOClp 1 -  Ei3N 

(84) (85) (86) 

classes of N-activated a-halogenated aldimines like a,a,P-trichloroimines (87 and 88)14?, 
N-acetyl-a,a,a-trichloroacetaldimines (YO)'46, a,a-dichloroaldimines (89)143, and 
N-sulphonyl-a,a,a-trihaloacetaldimines (91, 92 and 93)144.'45. 

w ,, 
+H 

x x  
X . . r H  X 

(87) R = CH2CI; X = CI. R ' =  Me, Et. n-Pr, Ph 

(89) R = alkyl; R ' =  Me, Ph; X = CI 
(9Q) R = X =  CI; R ' =  Me 

(91) X = CI; R' = p-MeC,H, 

(93) X = CI; R ' =  NMe2 
(88) R = CH2CI; X = CI; R ' =  OEt (92) X = F; R'=p-MeCgH4 

Several other papers have reported the synthesis of N-activated 
a,a,a-trihaloacetaldimines, some of which are shown a b o ~ e ' ~ ~ - ~ ~ ~ * ' ~ ~ .  

The reaction of 1,2.2.2-tetrachlorocthyl isocyanate (94) with alkyl orthoformates, 
N-silylamines o r  sulphur trioxide led to compounds 86, 96 and 97. r e s p e ~ t i v e l y ' ~ ~ - l ~ ~ .  
I n  many instanccs, thcsc N-activated a-halogenated aldimincs were postulatcd as 
i n t e r m e d i a t e s ' d ~ ' ~ d .  For instance. sulphinate elimination from 98 undcr the influence 
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(971 z = S0,CI 
CI,C 

of vinylmagnesium bromide produced the intermediate imine, to which the Grignard 
reagent added to give adduct 

(98) (99) (1 00) 

a-Halogenated oxirnes are available by the direct oximation of a-halo carbonyl 
compounds (vide supra), but can be obtained by two other general routes, namely the 
addition of nitrosyl halides to alkenes and the reduction of nitroalkcnes. 

The Markovnikov addition of nitrosyl chloride to olefins (101) yields 
jl-chloronitroso compounds (102) which isomerize into a-chloro oximes (provided that 
a t  least one olefinic hydrogen is present in the starting a l k e n ~ ) ' ~ ~ ' ~ ' .  Dimerization of 
the intermediate p-chloronitroso compound (102) is frequently observed, but thermal 
dissociation or acid-catalysed conversion of the dirner (104) into the monomer can 
generate a-ehloro oximes ( 103)1633-'M.435. The addition of nitrosyl chloride to  olefins is 
acid catalysed or  can be p h ~ t o - i n d u c e d ' ~ ~ .  Simple alkenes166.167,216.217.449, 
endoeyclie'~s~16H~170~429~435 and exocyclic alkeneslb6 or functionalized alkenes (e.g. 
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a c r y l ~ n i t r i l e ) ' ~ ~ . ~ ~ ~  react with nitrosyl chloride in a general mode to produce a-halo 
oximes. Nitrosyl chloride adds preferentially to the more substituted olefin as 
illustrated by the  reaction of NOCI with a 4: 1 mixture of 2-butene (105) and 1-butene 
(106) i n  decalin in the presence of dry hydrogen chloride, to afford the hydrochloride 
of the oxime of 3-chloro-2-butanone (107)167. 1-Butene (106) remained unaffected 
under these conditions. Nitrosyl sulphate, in the presence of hydrogen chloride, also 
converts alkenes into a-chloro ~ x i m e s ' ~ ~ .  

!OH. HCI 

Nitrosyl fluoride has been reported to add to alkenes to give unstable 
a - f luo roo~ imes~ '~ ,  while steroidal olefins (steroid 5-enes) are known to react with 
excess NOF at 0°C in dichloromethane or carbon tetrachloride to furnish 
5a-fluoro-6-nitrimines (i.e. N-nitro-a-fluoro imine~)~".  Another valuable route to  
a-halo oximes, mainly a-chloro derivatives, entails the reduction of nitroalkenes with 
stannous chloride in ether in the presence of hydrogen ~ h l o r i d e ' ~ ? . ' ~ ~ . ~ ~ ~ .  Sterically 
hindered a-chloro oximes are accessible by this method""", but a recent report 

NOH 

claimed an unexpected reduction of 
tetrahydrofuran, containing hydrogen 
(11 I)? 

yo2 

(1 09) 

nitroolefin (110) with stannous chloride in 
chloride, to give the non-halogenated oxime 

J N O H  
SnC12. 2 aq 

H C I / T H F .  75% 

An important route to N-unsubstituted a-halo imino compounds, c.g. iniidoyl 
cyanides (116), amidines (113) and imidatcs (123), involves the addition of 
nuclcophilic reagents (amines, cyanide, methoxide) t o  a-halogenated nitriles. Even 
sulphur nucleophilcs added to the carbon-nitrogen triple bond, as exemplified by the 
reaction of phosphorus dithioacids with a-chlorinated a ~ e t o n i t r i l e s ~ ~ ~ .  

All kinds of aniines (ammonia. primary and secondary amines) have been shown to 
add to a-halo nitrilcs' 7 5 - 1 8 1 ~ 1 ' " ) ~ 1 " 1 ~ ~ 0 3 ~ 2 0 4 ~ 4 0 8 .  An equilibrium between isomeric amidincs 
can exist when tautomerism is possible1". Alkylations of amidincs (1 13) with methyl 
fluorosulphonatelXO or trimethyloxoniurn tetrafluoroboratc179 are easily accomplished. 

Other approaches to a-haloamidines involved the reaction of P-halogenated 
a-chlorocnamines (1  18) 103.1"J or P-halogenated a-cyanoenamines (I 19)14s.'77 with 
primary amincs. 
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Y X,C-C N 

(1 12) 
X ,Y = halogen. 

H, alkvl, 
phenyl 

R"NH2 

W N R R '  9 

ci Z 

(118) Z = CI 
(119) Z = CN 

The base-catalyscd addition of hydrogen cyanide to a-halo nitriles provides a-halo 
imidoyl cyanides (116)1837184, which tautomerize to the more stable a-cyanocnaminc 
(117) when an hydrogen atom a to the imino function is available'84. 

Similarly, base-induced addition of alcohols183.187.188, including allylic1x7.192.425 and 
propargylic alcohols'8y~205*425 to a-halo nitriles (mainly trichloroacetonitrile) to produce 
a-halogenated imidates (123) is a well known reaction. A cyclic functionalizcd imidate 
(122) was obtained from the reaction of sulphur trioxide with trichloroacetonitrile'". 

The condensation of a-bromo imidoyl chlorides (125), prepared from a-bromo 
carboxylic amides (124), with Grignard reagents in ether at low temperature yielded 
a-bromo ketimines (126) in 50-90% yield'y5-'yx 

Some sophisticated a-halo imines in the small ring series have been synthesized by 
elegant strategies. Dichlorocarbcnc addition to azidoalkenes (127) gave 
l-azido-2,2-dichlorocyclopropanes (129), which rearranged thermally under nitrogen 
expulsion to give 3,3-dichloro- 1-azetines (13Q)"O'. The azidocyclopropanes (129) were 
also synthesized from aminocyclopropanes (128) via magnesium salt formation and 
treatment with tosyl azidc (Anselme reaction210)2'', and their pyrolysis furnished the 
four-membered heterocycles 13Q2". 

3-Chloroazirines (133 and 134) are available from photolysis of /I-chlorovinyl azides 
(132), the latter being obtained by iodine azide addition to vinyl chlorides (131) and 
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so, x=c1 I 

R' 

(1 27) 

CI CI 

L - N2 gR2 
CI 

R3 CI 
(1 30) 

(1 28) 

subsequent base t r e a t m ~ n t ~ ' ~ . ~ * ~ .  Compound 132 (R = Ph) is photolysed to a 5 : l  ratio 
of 133 and 134, respectively, in carbon tetrachloride while a 3.3: 1 ratio was observed in 
a~etonitri le"~. However, low temperature (-40°C) photolysis of 132 (R = Ph) 

(1 31 1 (1 32) (1 33) (5 34) 

produced 3-chloro-3-methyl-2-phenylazirine (133, R = Ph) exclusively. The 
equilibrium mixture of 133 and 134 can be explained by interconversion via the 
azacyclopropenyl cation (139, but it was reasoned that an alternative mechanism 
involving a polar bridged transition state (136) cannot be excluded. 

Many other reports dealing with the synthesis of less general types of a-halogenated 
imino compounds exist in the literature, some of which are reported in a recent 
review'. 
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111. REACTIVITY OF a-HALOGENATED IMINES 

As discussed in the forcgoing scctions, a great varicty of synthetic methods for the 
synthesis of a-halo imines have bccome available, espccially as a result of efforts in thc 
last decade. Bccausc of these efforts, many useful transformations of a-halo imines 
have bccn perfoiliicd and it will be demonstrated here that thcir reactivity constitutes, 
among other things, a broadening of thc possibilities for the widely used chcmistry of 
a-halo carbonyl compounds. Indeed. a-halo iinines can be rcgarded as  maskcd a-halo 
carbonyl compounds and hencc very specific transformations of a-halo iniines, which 
cannot be cxccuted with a-halo carbonyl dcrivativcs, may bc carried out. Simple 
hydrolysis of the resulting imincs provides thc carbonyl compounds. This stratcgy is 
outlined in thc following schcme by means of an example. Dehydrohalogcnation of 
a-halo aldehydcs (137) to form a,P-unsaturatcd aldehydes (138) is not applicable in a 
synthetically useful manner4’-‘, but this transformation is easily accomplished via thc 
corresponding a-bromo N,N-dimcthylhydrazonc 139, which is subscquently 
dehydrohalogcnated in the same reaction; finally, acidic hydrolysis affords the dcsired 
unsaturated aldchydes (138)”’. Many other  applications will follow in the forthcoming 
text. 

Me2NNH2 I 

(1 39) (1 40) 

a-Halogenated imino compounds and a-halogenated carbonyl compounds are  
related substances in which thc hetcroatom determines thc difference in reactivity. 
Also allylic halides can be compared in this context, in that the hetcroatom is replaced 
by carbon. The differcnce in reactivity bctween compounds 141, 142 and 143 is mainly 
based on the diffcrence in elcctroncgativity betwecn oxygcn, nitrogen and carbon. 
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(141) Z = O  
(142) Z = NR & X 
(143) z = CR'R~ 

X = halogen 

Nitrogcn holds an intermediate position in this series and it is therefore cxpccted that 
its reactivity will be situated between the reactivity of a-halo carbonyl compounds and 
allylic halides. Many reactions will demonstrate the intermediate Character of a-halo 
iniines (vide iiifia). 

Thc reactivity of a-halo carbonyl compounds has already received considerable 
attention i n  the litcraturc and, in an accompanying chapter in this book, some general 
trends and novel developments in this field will be discussed. Allylic halides (143; 
Z = CR1R2)  can be considered as the carbon analogues of a-halo imines and a-halo 
carbonyl derivatives and their chemistry is well known, mainly because of its various 
nucleophilic substitutions, e.g. SN1, SN2, &2', etc.222,223. 

When combining an irnino function and a halide into an a-halo imino system, one 
can expect a reactivity which depends on one or othcr of these functional groups or 
one can expect a greater versatility of the system by the combined interaction of the 
halide and the imine. In several aspects, the reactivity of a-halo imines parallels the 
reactivity of a-halo carbonyl compounds. Reactions such as rearrangements via 
three-membered heterocycles, elimination, nucleophilic substitution, addition to the 
carbon-heteroatom bond, Favorskii-type rearrangements, elimination-addition, etc., 
are frequently encountered. These possibilities have recently been treated in detail2. 
The decreased electronegativity of nitrogen as compared to oxygen lowers the 
electrophilic character of the imino carbon atom and reduces the acidity of the 
a-protons. These two fundamental characteristics account for a substantial decrease in 
reactivity of a-halo imines with respect to a-halo carbonyl compounds. The drop in 
reactivity permits other reactions to become more important. As already discussed 
above, the infrequently encountered elimination reaction of a-halo carbonyl 
derivatives will be shown to be an important characteristic of a-halogenated imines. In 
the a-halo carbonyl series, this reaction can usually not compete with other reactions 
such as a-deprotonations and following reactions, substitutions, rearrangements via 
epoxides, ctc. 

The discussion of the reactivity of a-halo imincs will be divided into several sections, 
each one dealing with different pertinent reaction types. 

A. Nucleophilic Substitutions 

Many nucleophilic substitutions of a-halo carbonyl compounds have been reported 
in the literature, but this reaction cannot be regarded as a general feature of these 
substrates as the substitution pattern in  thc starting material is determinative in these 
cases. For example, the well known nucleophilic substitutions of phenacyl 
halides224.22' by a variety of nucleophilic reagents, including nitrogen226, 
~ x y g e n * ~ ~ . * ~ * ,  s ~ l p h u r ~ * ~ ~ ~ ~ ~ )  and carbon nu~ leoph i l c s~~ ' ,  is not applicable that much 
to a-substituted and a , a - d i s ~ b s t i t u t e d ~ ~ ~ . ~ ~ ~  phenacyl halides (secondary and tertiary 
derivatives) as only good nucleophiles (e.g. azidc) were found to substitute the latter 
tertiary a-halo ketones. Other nucleophiles, such as methoxide in methanol, were 
reported to react with aromatic secondary and tertiary a-halogenated kctones, such as 
1 -aryl-2-halo- 1 - a l k a n ~ n e s ' ~ ( ~ . ? ~ '  and 1 -aryl-2,2-dichloro- 1 - a l k a n o n e ~ ~ ~ ~ ,  via an 
epoxidc rearrangement. Several mechanistic propositions concerning the pronounced 
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SN2 reactivity of phenacyl halides havc bccn formulated in thc literature 22*.234-237. 

Introduction o f  one or two a-alkyl substituents in phcnacyl halides drastically reduced 
the SN2 rca~ t iv i ty~~* .  It seemcd that steric factors determine this behaviour. although it 
was rcported that nucleophilic substitutions of a-halo carbonyl compounds are almost 
unaffected for steric reasons23y. All these arguments can be considered when 
overlooking the chemical behaviour of a-halo imines towards nuclcophilic substitution. 
The reduced electronegativity of nitrogen as compared to oxygen is rcsponsible for a 
less positively induced imino carbon, thus resulting in a decreased rcpulsivc effect of 
the latter with the adjacent positively induced halocarbon atom. Due to the latter 
feature, a-halo imincs show a reasonable tendency to give a-substitution, despite its 
decreased general reactivity. Since no mechanistic details for substitutions of a-halo 
imines are available, distinction between a classical SNz-type displacement243, o r  cases 
in which considerable positive charge develops in the transition state247, or  
displacement on an izr? Fair icwmediate,  is, at present, difficult24'. 

Strong nucleophiles, c.g. thiolates, gave a-substitution of a-halogenated imines (144) 
to afford 14587.'16*246.247, but with other nuclcophiles competition with othcr rcactions 
frequently occurred. 

NNR 

(144) X = C I . B r  (145) R' = H ,  CN 

R ' = H ,  CN R"= alkyl. Ph 

Alkoxides in the corresponding alcohol often yield a-alkoxy imines. N-Cyclohexyl 
a,a-dichloromethylketimines (46) gave a,a-dimethoxymethylketimines (146) 
exclusively when refluxed with concentrated methanolic sodium methoxide solution 
for a prolonged periods0. Similarly, N-aryl a,a-dimethoxyketimines (147) were obtained 
but a Favorskii-type rearrangement to a$-unsaturated imidates was a competing 
reaction (vide ir1fiu)823248. 

(46) R' = C6H1, (146) R' = C6H1, (1 48) 
(47) R' = aryl (147) R' = aryl 

Haloindolenines (149) are readily converted into a-alkoxyindolenines (150) by 
treatment with alkoxides, because of the stabilizing effect of thc aryl substituent on the 
halogenated carbon atom; the aryl group participates in the resonance stabilization of 
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the developing carbonium ions during nucleophilic substitution. When treated with 
cold base, the products are alkoxyindolenines (150)’“.’”.’” while at  elevated 

spiro compound (see Section 1II.E). 
Alcoholysis of the bromo- or  chloroindolenines derived from tetrahydrocarbazole 

or 2,3-diniethylindole produced the alkoxyindolenine 1501“.’”, but the fact that 
a-brornoindolenines did not react with methanol in the presence of triethylamine 
strongly suggested that the niethanolysis of the haloindolenines is an acid-catalysed 
process and thus probably proceeded via a transient N-protonated bromoindolenine 

- R’OH (H.1 R,,&R, - R’OH R,,&Rt 0 R’ 

~ ~ m p e r a ~ u r ~ ~ ~ l . ~ ~ ~ . l ~ ~ . 1 3 ~ . ~ 3 ~ . l ~ ~  or with mild acidl”).?j‘>.?”) the product is a rearranged 

(1  51) I 1‘). 

R“ dR, 0 
N N+ H ’ t# 

(1 49) (1 51 ) (1 52) I-.- 

(1 50) (1 54) (1 53) 
SN2 displacement of halide ion from the a-bromo immonium derivative (151) is 

unlikely for steric reasons. Additionally, the immonium moiety in the molecule would 
strongly disfavour development of additional positive charge. as  would be required in 
a transition state for nucleophilic displacement (either SN1 o r  SN2). The enhanced 
electrophilic character of the imino function after protonation will favour nucleophilic 
addition to give 152 and subsequent loss of the halide anion affords the 
resonance-stabilized compound 153. The latter will be substituted by the alcohol and 
expelling of the elements of thc alcohol from the adduct would generate the 
alkoxyindoleninc (150). Support for this mechanism was found in the isolation of 
dimethoxyindoline 156 from the bromination-methanolysis of 2,3-cyclopentanoindole 

OMe 

OTI 4%- Q-B 
H H OMe 

(1 55) (1 56) 

Silver trifluoroacetate in methanol gave an instantaneous reaction with 
3-chlor0-2,3-dimcthylindole‘~~, but i t  was recently shown that the reaction also 
proceeded without the aid of silver salts’”. 

When an a’-hydrogen is present in a-ha!o imino systems, tautomerism to allylic 
halidcs (158) is possible and thcse substances produce a delocalizcd carbonium ion 
(159). which is trapped by thc solvcnt. Depending on the stabilizing effect of the 
substituents in 159. the solvolysis leads to one or other (or both) of the two a-methoxy 
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X 
(1 57) (1 59) 

ketimines. Many papers about chloroindolenines have dealt with this 

1,l-dichloromethylketimines (162) with sodium methoxide in methanol 
under reflux into N-phcnyl-l,3-dimethoxymethylketimines (164) was explained by a 
solvolysis mechanism (additionally, nucleophilic substitution and Favorskii-type 
rearrangement occurred) via an enamine allylic halide24H. The intermediacy of 
a-chloro-a’-methoxyketimine (163) was substantiated by spectral evidence24x. 

topic ~22.~2.5.1?8.I30.132.~4Y-252.373 The conversion of secondary N-phenyl- 

Similarly to the solvolyses in the chloroindolcnine series (vide supra), the prescnce 
of an a-phcnyl substituent in a-chloro aldimincs (165) is of major irnportancc in 
determining thc course of thc reaction. With methoxide in methanol, a-chloro 
aldimines (165) afforded a-methoxy aldimincs (166) exclusivcly, while 
a-methoxyacetals (167) werc produced in methanol, indicating mcthanolysis via 
a-methoxy aldimincs ( 166)87. Silver ion-assisted alcoholysis of thc a-bromo 
tosylhydrazone of 14-bromodaunomycine (31) proceeded smoothly at room 
temperature, giving rise to a-alkoxy tosylhydrazonesj’ (168; R = Me, Et, i-Pr). 

Of course, questions arise here conccrning the structurc and the stability of  a 
carbonium ion at  the a-carbon of imines. N o  mechanistic studies have been directcd 
hitherto towards the identity of a-imidoyl carbonium ions. The terminology ‘a-imino 
carboniurn ion’ is incorrect as positional labelling in carbonium ions assigns a to thc 
charge-centre carbon atom. Analogously, in the oxygen series, the well-known species 
a-keto carbonium ions are bettcr rcferrcd t o  a a-acyl carbonium As 
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d 'Cl 

(165) R = CHB, Ph 

OMe 

(1 66) 

0 OH NNHTos wBr CH2CI2/ether. ROH ~ 

CF,SO,Ag. 
R T =  l h  

M e 0  0 OH OH 

OMe 

(1 66) 

OMe 

(1 67) 

NNHTos 

Me0 0 OH OH 

(168) R = Me. Et, i-Pr 

discussed above, electronic effects reduce markedly the stability of a-imidoyl 
carbonium ions, but, similar to thc case of a-acyl carbonium ions427, the electronic 
configuration of an imino group is capable of stabilizing thc positive charge on the 
adjacent carbon by overlapping of the vacant orbital of the carbonium ion with either 
the occupied lone pair orbital of nitrogen or the n-orbital of the imino function. 
Accordingly, the intermediacy of an azirinium species, formed by intramolecular 
nucleophilic halidc displacement, seems to be attractive and warrants serious 
consideration in  mechanistic explanations. Quantitative data of a-acyl carbonium ions 
only very recently became a ~ a i l a b l e ~ ~ ~ ~ ~ ~ ~ ,  but the corresponding nitrogen analogues 
have only been postulated as intermediates (vide supra). 

Other examples of nucleo hilic substitutions using oxygen nucleophiles entailed 
sodium acetate in acetic acid2&, intramolecular substitution of a.a-dichloroimidatcs by 
a r y l o ~ i d c s ~ ~ ~ . * ~ j .  a-substitutions with silver r~itrate~~- ') ' . ' '~,  sodium nitriteY6-'l6, 
hydroxideY8, bicarbonatey6 or phenoxidcyx. The bromination in acetic acid and 

NaNO, R 1 f l C N  

z R' R 2  +N or AgNO2 R 2  
IDMSO or MeCN) X 

(78) X =  CI. Br (169) Z = ONO, ON02 

subsequent hydrolysis of tetrahydrocarbazole also provided an example of 
a-hydroxylat ion ?j6. 
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a-Substitutions with amino compounds are not frcqucntly reported. Ordinary 
aliphatic a-halo imines show a complete lack o f  reactivity towards amines. 
Chloromethyl imino compounds seem to be the substrates of choice for a-aminations, 
as demonstrated by reactions of a-brominatcd diazines ( 170)7J.”8, a-chloro 
amidines2j7 and a-bromo hydrazoncs2s9.200 

A r r B r  

* * t Y A r  N Ph-NH2 

E1jNIC6H6 

I Ph 
Ar K B r  

(1 70) (171 1 
The  introduction of an amino substituent a to an oxime can be accomplished by 

substituting an a-bromo oxime (172) with potassium phtalimide in acetonitrilc in the 
presence of crown-18 ethcr, after which the a-phtalimido oxime (173) is subjected to 
hydrazinolysis in ethanol, thc resulting a-amino oxime (174) being used as a key 
intermediate for the construction o f  1 1-oxahomofolic acid, a potential antitumour 
agent I j6. 

0 

0 

MeCN. crown-18 ether. 4 h/2S0C 
* 

Azide ion, usually in acetone, acetonitrile or acctic acid, converts a-halogenated 
imino derivatives into unstablc a-azido imi r~es~~ .”” ’~ ’ .  Phosphorus-containing 
nuclcophiles like trialkyl phosphitcs do not rcact with a-chloro aldimines (59), but arc 
known to  sLbstitutc trichloroacetimidatcs and trichloroacctarnidines at thc 
a-position262 (or a t  thc imino-nitrogen in analogy t o  thc Arbuzov o r  Perkow 
reaction of a-halo carbonyl compounds’64). 

Triphenylphosphinc easily substituted the protected a-bromo oximes (175). thc 
a-substituted dcrivatives (176) subsequently yielding oximes ( 177)Is7. The  latter 
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underwent ring closure under basic conditions to give five-membered heterocycles 
(178) which were converted into azirines (179) by thermolysis'". When the group 
replacing the halogen is sensitive to nucleophilic reagents, intramolecular nucleophilic 

NOH - Ph3P N / ' x o M e  H30'(trace) - R  L 7 P h 3  Br- 
CHC13. 

R s N 2  R L 7 P h 3  RT = 20 min 

attack by the oxime oxygen can take place to afford 0.N-heterocyclic compounds. 
According to this principle, a-chloromethylkctoximcs (180) reacted with phosphines 
or dimethylsulphoxonium niethylidc to give a-substituted oximes 181 or 183 and 
further heterocycles 182 or  184, It has not been stated whether these 
reactions involved direct nucleophilic displacement or elimination of hydrogen 
chloride and subsequent addition of the nucleophile to the nitrosoolefin thus formed 
(vide ir7fra). 

7 R = Ar 

Base 

- HCI 
- 

CI- 

- DMSO 

OR3 

Finally. some displacements by direct attack of the nucleophile (iodide, 
thiophenolate, triphenylphosphine) at the halogen in chloroindolcnines were reported 
to yield the parent indoles2s3. Nuclcophilic substitutions involving carbon nucleophiles 
are included in the next section. 

As pointed out above, a-halogenated oximcs (187) are known to react with 
nuclcophiles to yield the corresponding a-substituted oximes (191), but the reaction 
involves elimination to a nitrosoiilefin (189) and Michael-type addition of the 
nucleophile to the latter intermediate (189). A similar type of elimination-addition is 
known for a-halogenated hydrazones (188), which are transformed by nucleophiles 
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(187) Z = O  

(188) z = NR” 

Nu 
(1 93) (191) z = 0 (189) Z = 0 

(192) Z = NR” (190) Z = NR” 

into a-substituted hydrazones (192) via the intermediacy of azoalkenes (190). As 
outlined in the accompanying scheme, carbonyl compounds (185) are  transformed into 
a-substituted derivatives (193) by a sequence involving (a) halogenation, (b) oximation 
or  hydrazone formation. (c) elimination of hydrogen halide to form a nitrosoolefin 
(189) o r  an  azoalkene ( I N ) ,  (d) addition of the nucleophile and (e) hydrolysis. Steps (c) 
and (d) are usually performed in one treatment when the nucleophile displays basic 
properties. 

Secondary amines have been widely used to  substitute a-halo 

a-amino oximes. a-Alkoxylations, usually a-methoxylations, proceed smoothly for 
oxim~s94.165.168,172.287-289,409 but also primary amines287.290.449 and ammonia287 gave 3 

(1 95) (1 87) (1 94) 

certain substrates with  alcohol^^^^^'^^^^^'^, but arc facilitated when bases, c.g. 
t r i e t h ~ l a r n i n e ’ ~ ~  or a l k o ~ i d e s ~ ~ ~ ~ ~ “ ~ ~ ~ ~ ,  are used. 

Other  nucleophilic reagents such as sulphur n u c l e o p h i l e ~ ’ ~ ~ ~ ~ ~ ~ ,  cyanide ion”’, 
sodium b ~ r o h y d r i d e ” ~ ,  sodium nitrite287, sodium nitratezg7 and sodium azidcZR7 also 
provided elimination-addition reactions o f  a-halo oximes to generate a-substituted 
oximcs (191). Carbon-carbon bond formation447 was accomplished using carbanions 
derived from ethyl acetoacetatc2y.5, 3-phcnyl-2-isoxazolin-5-one”’. dicthyl 
m a l ~ n a t e ’ ~ ~  and 2 ,4 -pen tan~d ione ’~~ ,  while Grignard reagents gave the a-alkylated 
oximes287,’95 . The  generality of such reactions was shown by the reaction of a-bromo 
oximc (196) with the lithium enolate 197, upon which cyclization resulted”’, and by the 
substitution of an  a-bromo cyclohexanonc oxime derivative with 1-lithio- 1 -butyne, 
which furnished the a-( 1 -butynyl)oximehx. In similar fashion, a-bromo oxinies were 
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alkylatcd by enamines2y6. a-Halo oximcs (187) are in  fact useful synthons for the 
base-induced gencration of nitrosoolefins (189), which are apt to undergo a variety of 
cycloadditions. Either the carbon-carbon double bond or the nitroso function can 
participatc as a dienophilc in cycloaddition, but examplcs are also known in which the 
niirosoolcfin acts as a heterodienc. 

MeO 

OH 

45 min THF 
- 7 0  'C 

R 

Applications of cycloadditions in which transient nitrosoolefins operate as dieno- 
philes are the reaction of a-chloro oximes (180) with cyclopentadiene in the presence 
of sodium carbonate, the initial adducts (202) being transformed spontaneously into 
cis-fused oxazine derivatives (203)292. 

(1 80) (202) (203) 

Thc nitroso function of nitrosoolcfin (205), generatcd from chloral oxime (204) and 
sodium bicarbonate, underwent cycloaddition with cyclopentadiene to give oxazine 
derivative 206, which rearranged to the tricyclic compound 2072y2.297. An example in 
which the intermediate nitrosoalkenc acts as a heterodiene in cycloadditions was 
found rcccntly with a-chloro oxinies (208), carrying an elcctron-withdrawing 
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eo (206) 

(204) 1 CI? (205) ] p 
CI,C 

R 

0 

C I q R  + 
0 

(208) R = Me, H (209) 
(210) R = Me, H 

s u b s t i t ~ e n t ' ~ ~ ~ ~ ~ ' .  Related reactions are the cyclocondensations of 
a -ch l~roni t rones~"-~~)~ ,  e.g. 211, with cycloalkenes (212) and alkenes4" to give bicyclic 
adducts (213). This reaction was recently shown to be applicable also with ketones and 
a-chloro nitrones to generate 4H-1,5,2-dioxazinium salts4''. 

AeW, 
c 

CICH2CH2CI. 

0-40 "C 

According to the general principle of base-promoted elimination-addition of a-halo 
hydrazones (XSS), a wide variety of a-substituted hydrazones (192) are obtainable. 
Azoalkenes (190) have been isolated in many cases8-10.47.48.1 1~306~307-309~3'7-3'y~334 and 
their stereochemistry was investigated to some extent308.3'7.434. However, the in siru 
preparation of azoalkenes is most often applied18.'3.46,310. Addition of nucleophiles, 
e.g. a ~ e t a t e ~ ~ . ~ ~ ,  amines23,46.307, organocopper  reagent^^^^^^.^"', Grignard reagen ts325-327 
or carbanions'12 to azoalkenes (isolated or  prepared in sinr) provided a-substituted 
hydrazones (192) but also cycloaddition products, in which azoalkenes act as diene or 
dienophile, have been reported (see, for instance, 218)3"x-311.312. a-Halogenated 
hydrazone-type compounds (219), contained in a ring system, have been used for the 
synthesis of a-vinylcarboxylic acids (220) lo',  a,D-unsaturated carboxylic acids77*313-3'h 
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COOMe COOMe 
i 

ArNH2 

Ether R = Et 

I 
N//N - NNNH 

"HCooMe N a H C 0 3 I H 2 0  

q C O O R  &coo,, 
Cl 

(29 4) 

COOMe 

(21 8)  

and 1,5-diazabicyclo[ 3.3.0loctadienediones (221 and 222)76*286. Additionally, 
tosylazoalkcnes derived from aldehydes have been used to generate alkylidene 
c a r b e n ~ s ~ ~ ~ .  

B. Carbon-Carbon Bond Formation 

Because of the importance of carbon-carbon bond formation in synthetic organic 
chemistry, emphasis to this topic is given in a separate section covering reactions of 
a-halogenated imino compounds with carbanions, cyanide ion and organometallic 
reagents. 
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1. Reactions of a-halogenated imino compounds with carbanions 

Few reports have been published on  the reaction of a-halo imines with carbanions. 
Tertiary a-chloro aldimines (59) are  completely rcsistcnt to reaction with carbanions 
derived from active methylene functionss7, but a-halomethyl imino derivatives proved 
to be more successful in nucleophilic substitutions. Chloroacetone seniicarbazone gave 
a-substitution with the active methylenc compound 224 and the resulting product was 
subjected to ring closure with hydrogen chloride in alcoholic medium to  afford 
functionalized pyrroles (226) I"'). 

0 

0 

- 
NaOR 

ROH nci I 
y COOR' 

R 

0 

(226) 

In a similar way, a-bromoacctophcnone azinc (170) gave two fold nucleophilic 
substitution with diethyl malonate (227), t o  provide 5,5-bis(ethoxy- 
carbonyl)-5,6-dihydro-3,7-diaryl-4H- 1,2-diazepines (228)269. T h e  thallium salt 

NaoEt ~ A r v A r  

N q B r  

Ar + (OoEt COOEt EtOH 

Ar 

COOEt 8r 

COOEt 

4 
(1 70) (227) (228) 

of diethyl malonate in benzene reacted with the chloroindolenine derived from 
tetrahydrocarbazole (229) to produce the nucleophilic addition product (230), 
which rearranged into compound 2312". Such a rearrangement was applied t o  a 
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COOEt 

COOEt COOEt 

synthesis leading to  the alkaloid v i n c a d i f f o r n ~ i n e ” ~ ~ ~ ~ ~ .  The aforcmentioned 
base-induced coupling reaction of a-iodomethylketimines (40)7H was similarly 
observed with 2-bromornethyl- 1.3-oxazine  derivative^^^". 

2. Reactions of a-halogenated imino compounds with cyanide ion 

Although nuclcophilic displacement of a-halogens by cyanide ion are knownz7’, the 
preferred reaction of cyanide is addition to  the inlino f u n c t i ~ n ’ ~ ~ . ’ ~ ~ ,  and  eventually 
further reaction of intcrmediately formed a d d u ~ t s ” ~ . ’ ~ ~ .  a-Chloro aldimines (59), 
a,a-dichloro aldimines (232) and a,a,a-trichloro aldimines (233) react with potassium 
cyanide in methanol t o  give a-cyanoenamines 235,236 and 237, respectively’7G278. T h e  
last-mentioned compound (237), however, is accompanied by several by-products, 

(59) R’. R 2  = alkyl (234) (235) R’ = R 2  = alkyl 

(232) R 2  = CI (236) R 2  = CI 

(233) R’ = R 2  = CI; R = t-BU (237) R’ = R 2  = CI ; R = t-Bu 

originating from further reaction of this reactive a-cyanoenamine with methanol278. 
T h e  reaction involves addition of cyanide to the imino function and  subsequent 
dehydrochlorination of the  transient adduct (234). a-Cyanoenamines (235) were found 
to be valuable synthons a s  they can be  transformed into t r i a lky lke ten iminc~’~~  and 
carboxylic a m i d ~ s ’ ~ ~ . ~ ~ ’ .  

T h e  preferred addition of cyanide to a n  iminc was demonstrated by incorporation of 
14C-labelled cyanide into a-chloro imidoyl cyanide (78; X = Cl) on reflux with K14CN 
in methanol*’6. 

Wi th  potassium cyanide in dimethyl sulphoxide, a,a-dichloro aldimines (238) gave 
2-amino-5-cyanopyrrolcs (241) by a scquence involving elimination of hydrogen 

I 

H2N*cN 
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chloride, Michael addition, a-cyanoenamine formation and ring closure’*(’. When 
non-displaceable halogens were incorporated in the starting a-halo imine, e.g. 
N-activated trifluroacetaldimines (242), the adduct 243 was easily isolated and could 
be hydrolysed into trifluoroalanine (244)28’. 

0 0 

(242) z = C,H,CO (243) (244) 
Z = PhCH2CO 

The behaviour of cyanide ion towards a-halo imines parallels the reactivity of this 
nucleophile towards a-halo carbonyl compounds as the latter are also known t o  give 
nucleophilic addition to the carbonyl function, but the adduct is dehydrohalogenated 
in a different way. namely by intramolecular nuclcophilic substitution to produce 
a-cyano e p o ~ i d e s ~ ~ ~ . ~ ~ ~ - ~ ~ ~ .  All the above-mentioned examples in the imine series 
belong to the class of a-halo aldimines and give rise to 1,2-dehydrohalogenation, but 
aliphatic a-halo ketimines behave like a-halo ketones in that they undergo 
1,3-dehydrohaIogenation, generating a-cyano aziridinesyl. 

3. Reaction of a-halogenated imino compounds with organometallic reagents 

Grignard reagents usually add to the carbon-nitrogen double bond of N-activated 
a-halogenated imines (245 and 246)’46.1s4*320. Aliphatic a-bromo aldimincs (247) with 

R’ $H 

R 2  x 
~2 5% (245) R1 = R 2  = X = CI 

R = Cost 
Ether 

R’ (246) R1 = R2 = X = CI 

(247) R 2  =H; X =Br 
(59) 

R = C,H,CO 

R1. R2 = alkyl; X 
vR1 

I 
R 

(251 1 

R = COOEt 
(249) R’ = R 2  = X = CI 

or F; R=C,H&O 

isopropylmagnesium chloride produced 1,2,4-trisubstituted pyrroles (250), while 
1,3,4-trisubstituted pyrroles (251) wcre obtained with lithium in ether321.323. On the 
other hand, coupling reactions to produce 1.4-diimines (252) were observed when 
secondary and tertiary a-haloimines reacted with sodium in liquid ammonia or with 
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mcthylmagnesium i o d i d ~ ~ ~ . ~ ” .  Metallation of a,a-dibromoaldimines (253) with 
butyllithium in tetrahydrofuran produced lithiatcd a-bromo aldimincs (254), which 
underwent protolysis with mcthanol at low temperature to givc thc first 
non-conjugated secondary P-halo cnamincs (255), while a-alkylation of anions (254) 
was accomplished with ally1 

Li+ /I< 
N 

x 
N 

(256) (257) 

As mcntioncd abovc organometallic reagents, e.g. organocopper com- 

substitute halogens a with respect to an oximc o r  an  hydrazone moiety. but thc 
reaction proceeds through intermediacy of nitrosoolcfins o r  azoalkenes. 

poundsJ‘9.50.309. alkyllithium compoundsh‘9 and Grignard reagcnts10”103.287.2YS.3’5-3’7 

C. Elimination Reactions of a-Halo lmino Compounds 
T h c  elimination of hydrogen halide from simple a-halogcnated imines is one of their 

basic rcactions, as recently demonstrated. a-Chloro aldimincs (258) were converted 
into a,/?-unsaturated aldimines (259) by reaction with sodium mcthoxidc in methanol, 
but a competitivc rcarrangement via an a-methoxyaziridine was noticed for 
isobutyraldimines (258; R1 = H; R2 = Me) by which a-aminoacctals (260) resulteds7. 

R 2  CI 

(27 
OMe 

(260) R’ = H. R 2 = M e  

Scvcral simple a-halogenated imincs wcrc reported to react with alkoxides in the 
corresponding alcohol to givc initial elimination of hydrogcn halide“““’. a-Bromo 
hydrazonc-type compounds (261) suffcrcd elimination of hydrogcn 
b r ~ m i d e ” ~ ’ ~ . “ ” . ~ ? ~ ~ ” ’  when hcatcd in acctic acid. and this method was proposed to  
introduce a doublc bond at C4-C5 in 3 -ke to~ te ro ids”~” .  

Finally, 3-bromo-2-cyano- 1 -pyrroline 1-oxides (65; R = CN)Y5-’7 and 
a-halogcnatcd imidoyl cyanidcs (78)’“ readily underwent basc-induccd elimination 
rcactions to afford thc corrcsponding a./?-unsaturated imino compounds. 
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Br 

(261) Z = Ar, CONH2 (262) 

D. Nucleophilic Additions to N-Activated a-Halogenated lmino Compounds 

I m in o co m pounds (263). e s pc c i a I I y a Id i m i n cs , having a n e I cc t ro n - w i t h draw i n g 
N-substitucnt and a-perhalogenation, add nucleophiles at the imino function undcr 
very mild The high clectrophilic charactcr of the imino 

(263) X = halogen (264) (265) 
R = halogen or alkyl 
R ' =  usually H 

Nu = OR'. OAr. NR'R2, NHR'. 
SR. SAr. OH. OOCR' . 

Z = COOR". COR". SO.$" NHCOR'. NHNHR' 

carbon originates from the inductive effcct of thc or-halogens and the mesomeric effect 
of the N-activating group. The extrcme form o f  the polarization in, for example, 
N-acyl a-halo imines (266) can be expressed as dipolar structure (267). clearly 
indicating the tendency to give A4ichael-type additions to such heteroenones. Various 

-0 0 -A 
R" A R" 

a 
= R2.". - RJR, R" 

x x  x x  
R$R* 

x x  
(266) (267) (268) 

kinds of nucleophiles, have been reported to give stable adducts (265; R' = H), among 
others alcohols 141.143.1 54.337 amines I4 I .  143.1 45.335.336 thiols 143.335.336, hydrogen 
s ~ l p h i d ~ 3 3 j .  water33j, phenols33j.3366, carboxylic acids143.335.336, amides143."5.336 and 
h y d r a ~ i n e s ' ~ ~ . ~ ~ " .  This tendency for nucleophilic addition to the imino function is at 
maximum for a-halogenated aldimines (266; R' = H) and originated from the 
decreased steric hindrance as  compared to the ketirnine case (266; R' # H). An 
analogous aptitude for nucleophilic addition is well known for a-halogenated 
aldehydes, which practically always react by such an initial addition r c a ~ t i o n ~ " ~ ~ ~ " .  
Similarly, several examples with a-halo ketimines37.117-11X.247.338-341 or imidate 
derivatives452 have been found, Howcver, the nucleophilic addition can be followed by 
an elimination of hydrogen halide (270)27x.333.343, an expelling of a leaving group (R') 
connected to the imino carbon (269)"? or  a haloform-type reaction (271)333. 

Of major importance is thc reaction of or-halogenated imino compounds with mixed 
metal hydrides (usually lithium aluminium hydride), which add to the imino function 
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in a very general way. When the halogen is displaceable (X = CI, Br), the reaction 
proceeds further by intramolecular nucleophilic attack giving 
aziridinesH5.143.321.344.345.347. If the reaction is performed with a,a-dihalogenated imines 
(272; R2 = X = C1)85.143J45J46, the intermediate a-haloaziridine (274; R2 = Cl) is 
transformed into the final aziridines (276) by expelling of a halide anion to generate an 
azirinium halide (275), which is stereospecifically attacked from the less hindered side 
(most remote from substituent R3) to give c i s - a ~ i r i d i n e s ~ ~ ~ .  Ring opening, however, of 
transient a-haloaziridines by hydrides has also been e n c ~ u n t e r e d ’ ~ ~ * ~ ~ ~ . ~ ~ ~ .  

These results are in sharp contrast to the reactivity of a-halo carbonyl compounds 
towards mixed hydrides, from which only P-halohydrins and/or alcohols result. 

(272) X = CI,  Br 

-X- R2 = halogen X I 
9 9 x- 

(276) (275) 

When a-fluorinated imino compounds (227) react with mixed metal hydrides, the 
exclusive addition reaction leads to  jl-fluorinated amino compounds (278)37*38*349-35’ , a  

N R  NH R 

R 1 F R 2  H- R1+R2 

F F 
( 2 m  (278) 
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reaction which was also observed with some a-chloro- or a-bromo imino 
compounds?~ I.278.351.352 

E. Rearrangement of a-Halogenated lmino Compounds 

Three types of more o r  less frequently encountered rearrangements of a-halo imines 
will be discussed here, namely the Favorskii-typc rcarrangement. the rearrangement 
via activated aziridincs and the Wagner-Meerwcin-type rearrangement of 
chloroindolenincs. Finally, a single case of the Beckmann rearrangemcnt of an 
a-bromo oxime will be discussed. 

1. The Favorskii-type rearrangement 

The base-induced skeletal rearrangement of a-halo ketones to afford carboxylic acid 
derivatives, known as the Favorskii r e a r r a n g e r n e r ~ t ~ ~ ~ - ' ~ ~ ,  has also been encountered 
with a-halo imines. Quast and coworkers performed the first transformation of an 
a-halo ketimine (279) into a carboxylic amide (281) via a two-step sequence, which 
could be accounted for in terms of the Favorskii rearrangement 1ys.361. 

1,3-Dehydrobromination of a-bromo ketimine (279) was obtained with potassium 
t-butoxide to generate cyclopropylidene amines (280), which underwent 
hydroxide-induced opening to give amidc (281). The opening of the nitrogen 
analogues of cyclopropanones (280) is directed by the stability of the intermediate 
anion. Accordingly, 280 is opened via path a, giving rise to the more branched 
carboxylic amide (281). N o  trace of the alternative route b was observed. Another 

.;"' KOBU-f THF . AR aq.  KOH dioxane . 
Br 
(279) (280) (281 1 

\ 
R 

\ 

(285) (284) (282) (283) 

Favorskii-typc rearrangement was observed by reaction of N-aryl 
a,a-dichloromethylketimines (286) with sodium rnethoxidc in methanol, affording 
a$-unsaturated imidates (289) via transient cyclopropylidcnearnines (287)8'.248. Thc 
reaction of primary derivatives (286; R' = H) was shown to be stereospecific and gave 
rise to  a rcgiospecific opening of the chlorocyclopropylidenzamine (287)82.248. 
Secondary derivatives (286; R2 # H) also afforded a regiospecific opening of the 
transient cyclopropylideneamine (287) because of the directive aid of the chloride 
anion expulsion. The latter reaction was not stereospecific in  that a mixture of E- and 
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(286) (287) (288) (289) 

Z-imidates (289) was produced248. Side reactions, e.g. nucleophilic substitution and 
solvolysis of 286 with sodium methoxide in methanol could be avoided by working in 
ethereal medium2j8. 

2. Rearrangement of a-halo imines via activated aziridine intermediates 

As exemplified for mixcd rnctal hydrides (vide supru), the addition of nucleophiles 
t o  the imino function of a-halo imines can be followed by intramolecular attack with 
halide expulsion, by which aziridincs result. In the case of nucleophiles other than 
hydride, but most often with alkoxides (or alcohol), the aziridine thus formed is a very 
reactive species and undergoes alcoholysis when the reaction is carried out in an 
alcchol. a-Chloro isobutyraldimines (290), when treated with sodium methoxide in 
methanol, are converted into a-alkylaminoacetals (292) and a$-unsaturated 
aldimines8'. The latter competitive elimination reaction was removed by working in 
methanol only. The  in:ermediacy of a-rnethoxyaziridines (291) was established by 
trapping these transient species (see dipolarophilic form 293) with the ambident 
thiocyanatc or cyanate resulting in 2-imidazolidincthiones (294) and 
2-Functionalized 3-chloroindolenines (303) rearranged in protic solvents into 

(293) (294) z = s 
(295) z = o  

nitrogen atom were observed with a,a-dichloroaldiniines (56)86, 
a-monochloroaldimine~*~ and a-halo immonium  halide^"^.^^^^"'. These transpositions 
arc  completely cornparable to the alkoxide-induccd rcarrangcmcnts of a-halo carbonyl 
compounds (186) to a-hydroxyacetals (297) via intermediate alkoxycpoxides 
( 296)4'y424. 

R"0 OR" 

-OR" R.,&R, R P R ,  

OH '$R'= X OR" 

(1 86) (296) (297) 
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3. Rearrangement of chloroindolenine derivatives 

Chloroindolcnines, obtained by reaction of indoles with r-butyl hypochlorite. yield 
rearranged irninoethcrs, e.g. 299 (and/or oxindoles), upon treatmcnt with base 
(mcthoxidc, hydroxidc) at elcvatcd tcmperature, while a-substitutions were noticed 
whcn treated with cold base. This gcneral rearrangement was applied to simple 

. 

indolenine derivatives, likc the chloroindolenine derivcd from tetrahydrocarbazole, 

mechanistic point of view, the rearrangcment of chloroindolenincs (300) was 
cxplaincd by initial nuclcophilic addition of methoxide at thc C = N  double bond, 
followed by Wagner-Meenvein-type rearrangcment to givc 302. This transformation 
requires cis disposition of the chlorine atom and thc methoxy group in adduct 301. 

and mOrc cornp~cx indolc-type alkaloidsI?j-Iz8.i 3?.133.13H.249.2jO.?70.271.370. From the 

(300) (301 1 (302) 

Not only undcr basic conditions but also undcr neutral conditions were 
rearrangements of chloroindolcnine and related alkaloids observed2j0. 
2-Functionalized 3-chloroindoenine (303) rearrangcd in protic solvents into 

(303) R' = OEt . NH,, NEt2. NHEt 
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oxindoles with migration of the functional group from the 2-position to  the 
3-position’”’. In  this case a carbonium ion (305), mcsomeric with chloronium ion 304, 
is involved and migration of the carbonyl group furnishes imidoyl chloride (306), 
which leads to 307 upon hydrolysis. 

Many other migrations of substitucnts from the 2-position to  the 3-position, starting 
from 3-chloroindolenines by treatment in acidic medium, are known8H.’21.’53.37’.372; 

CI Ph 

(308) (309) 
one example is given here. namely the spontaneous rearrangcment of 
chloroindolenine (308) in acetic acid solution into oxindole (309). 

4. Beckmann rearrangement of a-bromo oximes 

The reaction of para-substituted phenacyl bromide oximes (310) with 
triphenylphosphine in acetonitrile at room temperature produced imidoyl bromides 
(31 1 )  and triphenylphosphinc oxide2”j. The  rearrangement is explained by addition of 
the phosphine to the imino function after which debrominated oxime derivative (314) 
is formed via a series of tranformations, visualized by the arrows in the accompanying 
scheme. Compound 314 is then susceptible to the well known Beckmann 

PhJP 

CH3CN 
- N JaR 

.A 
Br CH3 

b 
Br- + 

/PPh3 

61 

(31 2) (31 3) (31 4) 

rearrangement to  give 311. It is important to notice that in the presence of slight 
amounts of base (e.g. a few drops of an aqueous potassium cyanide solution), the 
course of the reaction is changed in favour of oximino phosphonium salt (315)266, 
indicating the importance of the nitrosoolefin route (vide supra). 
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F. Cycloadditions 
Numerous cycloadditions have been reported with a-halo imines, practically all of 

them a-perhalogenatcd and having an activating N-substituent, e.g. alkoxycarbonyl, 
tosyl, benzoyl, etc. a-Halo imines having a carbonyl substituent directly bonded to 
nitrogen can act as dienophile or as heterodiene in Diels-Alder reactions. 
N-Alkoxycarbonyl and N-tosyl chloralimines (86 and 91) gave cycloadducts with 
dienes, e.g. acyclic and cyclic 1,3-dienes, functionalized 1,3-dicncs, etc.144.396-39Y.437. 
The N-acetyl analogue 316 reacted with 2,3-dimethylbutadicne as dienophilc to give 
adduct 319, but adduct 320 was also isolated, indicating that 316 acted as a 
heterodiene3". O n  the other hand, N-alkoxycarbonyl chloralimines (86) behaved 
exclusively as heterodienes towards electron-rich alkenes, e.g. ketcne acetals, resulting 
in an oxazinc derivative (321), which was hydrolyscd to carbamate derivative 322400. 

a-Perfluorinated ketimines such as hexafluoroacetone imines especially have bccn 
found to give a variety of cycloadditions, but these reactions are not dealt with here in 
detail because of lack of space. 

CCI, 
H 

(86) R = COOR' 
(91) R =  Tos (31 7 )  (31 8)  

Cl,C R = Tos 
Cl,C 

(316) R = CH&O 

R'O 

(322) (321 1 (31 9) (320) 

Only some examples of the various possible types of cycloadditions of 
a-perfluorinated imincs arc reported in the following scheme, together with somc 
leading referenccs in this arca~~41.42.1sn~374-3'~.5~4"1.~sx. Among thc reagents found to give 
cycloadditions to a-perfluorinated imines are included nitriles, nitroncs, enol ethers, 
carbcncs, ketenes, alkenes, kctoncs, ynamines and isonitriles. 
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CH2=C=O 
c 

Ref. 390 

@OEt 

Ref. 369 TosPoEt F3C - 
F3C 

(331 1 (329) 

G. Miscellaneous Reactions of a-Halogenated lmino Compounds 

A large number of a-halogenated imivo compounds have been used for the synthesis 
of various heterocyclic compounds. A detailed description has been given in a recent 
review2. This survey will be limited to mentioning some particular examples. 
a-Halogenated thiosemicarbazones, e.g. 331 and 332, and related compounds are 
known to give intramolecular cyclizations to p y r a z o l e ~ ~ ~ * ~ ~ ~ ,  2-iminothia~olines~~.~~~~~ 

S 
II 
A - 

R 

,NH NH2 
EtOH 

and thiadiazines (333)s2-ss.4”3, while a-halo oximes produced thiazoles (335) and 
thiadiazines on reaction with thiourea and dithiocarbazic acid, re~pect ively”~.~”.  

As pointed out already in the section describing cyeloadditions, perfluoroacetone 
imines (336,323,326) are versatile substrates for syntheses o f  nitrogen heterocycles as 
they are known to give rise to imidazoles (337)4”4, oxazoles (338)404, thiazoles (339)404, 
di thiazolines. thiaselenazolines and diselenaz~l ines~~’~~’’ .~j‘ .  

This section will be closed by discussing briefly the acidic hydrolysis of a-halo imines 
as a path in the specific a-halogenation of certain ketones. The acid-catalysed 
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Z 

I 
R 

(335) 

(336) 2 = NR’ 

(323) Z = 0 
(326) Z = S 

(337) Z = NR‘ 

(338) z = 0 
(339) z = s 

hydrolysis of a-halo imincs affords a-halo carbonyl compounds. Direct halogcnation of 
carbonyl compounds can bc problematic from the viewpoint of rcgioselectivity. but in  
some cases the halogcnation of carbonyl compounds via imination, subsequent halo- 
genation and hydrolysis offers a complementary method. Via this three-step sequence, 
the regiospecific mono- and dihalogenation of methyl ketones (340) has been 
a c c ~ m p l i s h e d ~ ’ . ~ ~ ,  but in cases wherc no competitive a’-halogenation can take place, 

(3) HCI-MeOH-H20  CI 

(340) (341 1 
this method has been developcd as the synthesis of choice for a,a-dichloroaldchydes 
(344)y2, a,a-dibromoaldehydes (345)‘2 and a,a-dichloroalkyl aryl ketones (346)88. 
However, the direct chlorination of aldehydes (342) or  alkyl aryl ketones (343) with 

0 0 

( 3 )  HgO’ x x  
(342) R = H (344) R = H ;  X = C I  
(343) R = A r  (345) R = H ;  X =  Br 

(346) R = A r ;  X = C I  

chlorine in dimethylformamide has been shown very recently to be an improved 
synthetic method for the preparation of a,a-dichlorocarbonyl derivatives 344 and 
346445.44“ 

IV. PROPERTIES AND APPLICATIONS OF a-HALOGENATED IMINO 
COMPOUNDS 

Several a-halo imino compounds have bccn found to have pharmaceutical and 
phytopharmaceutical propertics. whilc they have also becn used for the synthcsis of 
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medical products. a-Halo oxime derivatives e.g. 17P-acetoxy- 
2a-chloro-3-(p-nitrophenoxy)imino-5ar-androstane (347)220,431 and 1,3-dichloro- 
acetone oxime acetate (348)414, displayed postimplantive antifertility activity 
and slimicide activity, respectively. The contact acaricide Tranid (350) belongs 
to the important class of oxime carbamates, which were recently successfully applied in 
various pest ~ o n t r o l s ~ ~ ~ - ~ ~ ~ .  The fungicidal activity of the 2,4-dinitrophenylhydrazone 
of chloroacetaldehyde (351) is well known, the compound being referred to as 
'Fungicide 1 763' in pesticide science442. Very recently, a great variety of a-halogenated 
hydrazones (352) have been found to display fungicidal activity4". 

1 

- CI&Cl 

cl/& /O 1 
O 2 N o O - N  H 

(347) 

0 

Cl$ K, 
(349) R = alkyl 

(204) R = O H  
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The insecticidal activity of a largc number of trifluoroacetophenone oxime 
carbarnates (353) a n d  trifluoroacetophenone oxime thiophosphatcs (354) was recently 
evaluated441. Some of these compounds were good aphicides and some wcrc strong 
cholinesterase  inhibitor^^^'. 

Trichloroacetarnidines (113; X = Y = C1) showed enzyme inhibitory activity 
besides bactcrial mutagenic and  inotropic a~ t iv i ty '~" . " "~ .  a-Brornoacetimidatc acted a s  
cross-linking agent for  proteins415, while choral imines (349) were found to  be useful as 
compounding agents for  r u b b e P 2 .  Imino derivatives of chloral, e.g. 349, and oxime 
(204), have been proposed as  insecticide^^^^.^^^. Besides these industrial uses, a-halo 
imines have bcen used fo r  the  synthesis of medicinal products, among others 
antispasmodics"', vasodilators246, convuisants''6, glycine antagonists12h, 
radioprotective agents204 and products having gastric antisecretory activitylgl. A n  area 
of major importance is the transformation of various indole-type alkaloids via their 
chloroindolenines'32-13g~153.2*5~27'~z72~417, but also their application as intermediates in 
the total synthesis of steroidsh9 and  antitumour agents, e.g. 1 1-oxahomofolic acidI5' 
and anthracyclinesjl, deserves attention. 

V. REFERENCES 
1. N. Dc Kimpe and N. Schamp. Org. Prep. Proced. In!., 1 1 .  115 (1979). 
2. N.  De Kimpc, R. VcrhC, L. De Buyck and N. Schanip, Org. Prep. Proced. I n r . ,  12, 49 

3. R. W. Laycr, Cheni. Rev., 63, 489 (1963). 
4. The Chemisrry of the Carbon-Nitrogen Double Bond (Ed. S .  Patai), Interscience, London 

5. E. F. Janetzky and P. E. Verkadc, Rec. Trav. Chim. Pays-Bas, 65, 691 (1946). 
6. Y. A. Shaikh, Org. Prep. Proced. Int.,  8, 293 (1976). 
7. J. Wolinsky, R. 0. Hutchins and T. W. Gibson,J. Org. Chetn., 33. 407 (1968). 
8. I.  Migaichuk and 1. Khaskin, Zh. Prikl. Khim. (Leningrad), 52, 946 (1 976); Chenz. Abstr., 

9. H. Pauly and I .  Rossback, Ber., 32. 2000 (1899). 

(1980). 

(1 970). 

91, 39092 (1979). 

10. H. Pauly and C. Bochm, Ber.,  33, 919 (1900). 
1 1. J. G .  Aston and R. B.  Greenburg, J .  Anzer. Chenz. Soc., 62, 2590 (1 940). 
12. J .  Wolinsky, J .  J. Hamsher and R. 0. Hutchins, J .  Org. Chenz., 35, 207 (1970). 
13. C. L. Stevens, P. Blumbergs and M. Munk, J .  Org. Chetn., 28, 331 (1963). 
14. M. Miocque, C. Combet-Farnoux, J.-F. Givardeau and H. Galons, Compt. Rend. C. 282, 

15. P. Catsoulacos and A. Hassner, J .  Org. Chem., 32, 3723 (1967). 
16. P. Catsoulacos, Bull. SOC. Chim. Fr., 642 ( 1976). 
17. J. Van Alphen, Rec. Trav. Chitn. Pays-Bas, 64, 109 (1945). 
18. B. T. Gillis an J. D. Hagcrty, J .  Anzer. Cherii. Soc., 87, 4576 (1 965). 
19. L. Caglioti, G. Rossini and F. Rossi, J .  Anzer. Cheni. Soc., 88, 3865 (1966). 
20. V. R. Mattox and E. C. Kcndall, J. Anzer. Chenz. SOC. ,  70, 882 ( 1  948). 
21. C .  Djcrassi, J .  Anzer. Chem. Soc., 71, 1003 (1949). 
22. V. R. Mattox and E. C. Kendall, J. Amer. Chern. SOC., 72, 2290 (1 950). 
23. F. Ramirez and A. F. Kirby, J .  Amer. Chem Soc., 74, 4331 (1952). 
24. 0. Hess, Ann. ,  232. 234 ( 1  886). 
25. J. Culman, Ann. ,  258, 235 (1890). 
26. S. Bodforss. Ber., 52, 1762 (1919). 
27. S. Bodforss, Ber., 72, 468 (1939). 
28. D. Y. Curtin and E. W. Tristam, J. Amer. Chern. SOC., 72, 5238 (1950). 
29. K. H. Ongania and J. Schantl, Monars. Chem.,  107, 481 (1976). 
30. J .  Schantl, Monars. Cheni., 108, 599 (1977). 
3 1. J. Schantl, Monars. Chenz., 108, 325 (1 977). 
32. P. A. Rcddy. S. Singh and V. R. Srinivasan, Indian J. Chenz.. B ,  14, 793 (1976). 
33. L. Duhamel and J .  Y. Valnot, Conzpr. Rend. C. 286, 47 (1978). 

469 (1976). 



592 N. De Kimpc and R. Verh6 

34. T. Kametani and 0. Umezawa, Chem. Pharm. Bull. (Tokyo), 14, 369 (1966). 
35. T .  Kamctani and 0. Umezawa, Yakugaku Zasshi, 85, 5 14, 5 18 (1 965); Chem. Absrr., 63, 

36. A. Roedig, F. Hagedorn and G. Markl, Chem. Ber., 97, 3322 (1964). 
37. Y. Zeifman, N. Gambaryan and I. Knunyants, Izv. Akad. Nauk SSSR, Ser. Khim., 450 

38. W. Pirkle and J .  Hanske, J. Org. Chem., 42, 2436 (1977). 
39. E. W. Abcl and C. A. Burton, J. Fluorine Chem., 14, 105 (1979). 
40. K. Burger, J. Albanbauer and M. Eggersdorfer, Angew. Chem., 87, 816 (1975). 
41. K. Burger, J .  Albanbauer and W. Foag,Angew. Chem., 87, 816 (1975). 
42. K. Burger, R. Ottlinger and J. Albanbauer, Chem. Ber., 110, 21 14 (1977). 
43. L. Duhamel, P. Duhamel and J .  Y. Valnot, Compt. Rend. C. 271, 1471 (1970). 
44. L. Duhamel and J.-C. Plaquevent, Tc.truhedron Lett., 2285 ( 1  977). 
45. 0. L. Brady, J. Chem. Soc., 757 (1931). 
46. F. Ramirez and A.  F. Kirby, J. Amer. Chem. Soc., 75, 6026 (1953). 
47. A. Dondoni, G. Rossini. G.  Mossa and L. Caglioti, J. Chem. Soc. B ,  1404 (1968). 
48. L. Caglioti, P. Grasselli, F. Morlacchi and G. Rossini, Chem. Itid., 25 (1968). 
49. C. A. Bunnell and P. L. Fuchs, J. Org. Chetn., 42, 26!4 (1977). 
50. W. E. Fristad, Y.-K. Han and L. A.  Paquettc, J. Organomernl. Chem.,  174, 27 (1979). 
51. P. Masi, A. Suarato. P. Giardino, L. Bernardi and F. Arcamone, I1 Farmnco, Ed.  Sci., 34, 

907 (1979). 
52. H. Beyer, W. LBssig and E. Bulka, Chem. Ber., 87, 1385 (1954). 
53. H. Beycr, W. Lassig, E. Bulka and D. Behrens, Chem. Ber., 87, 1392 (1954). 
54. H. Beycr, W. Lassig and U. Schultz, Chem. Ber., 87, 1301 (1954). 
55. H. Beyer and G.  Wolter, Chern. Ber., 89, 1652 (1956). 
56. H. Beyer and T. Pyl, Chem. Ber., 89, 2556 (1956). 
57. H. Beyer and G.  Badicke, Chem. Ber., 93, 826 (1 960). 
58. S. C. De, J. Indiatz Chem. Soc., 3, 30 (1926). 
59. S. C. De and P. C. Rakshit, J. Indian Chem. SOC.,  13, 509 (1936). 
60. A. Hantzsch and W. Wild, Ann.,  289, 285 (1896). 
61. R. Scholl and G. Matthaiopoulos, Ber., 29, 1550 (1 896). 
62. N. Tokuro and R. Oda, Bull. Inr. Phys. Chem. Res. (Tokyo), 22, 844 (1943). 
63. P. Ciattoni and L. Rivolta, Chim. Ind. (Rome), 49. 1186 (1967). 
64. K. Wieser and A.  Berndt, Angew. Chem., 87, 73 (1976). 
65. W. Ahrens, K. Wieser and A. Berndt, Tetrahedron, 31, 2829 (1975). 
66. D. Bcrtin, J. Pcronnct and J. Caumartin, French Patent 2,029.890, Appl. 30 Jan 1969; 

Chem. Absrr., 75, 35134 (1971). 
67. H. Brintzinger and R. Titzmann, Chem. Ber., 85, 344 (1952). 
68. E. J. Corey, M. Petrzilka and Y. Ueda, Tetrahedron Leu., 4343 (1975). 
69. W. Oppolzer, M. Petrzilka and K. Battig, Helv. Chim. Acra, 60, 2964 (1977). 
70. J. Turcan, Bull. Soc. Chim. Fr., 486 ( 1  932). 
71. M. A. Berg. Bull. Soc. Chim. Fr., 637 (1925). 
72. J. Turcan, Bull. Soc. Chiin. Fr., 283 (1936). 
73. D. S. Malament and N. Levi, J. Org. Chem., 40, 3285 (1975). 
74. 0. Tsuge, M. Tashiro, K. Kamata and K. Hokama, Org. Prep. Proced. lnr., 3, 289 (1971). 
75. E. Aufderhaar and W. Seelinger, Jusrus Liebigs Ann.  Chem., 701, 166 (1967). 
76. E. M. Kosower, B. Pazhenchevsky and E. Hcrshkowitz, J. Amer. Chem. Soc., 100, 6516 

77. A. Silveira, Jr, Y.  R. Mehra and M. A. Atwcll. J. Org. Chefn., 42, 3892 (1977). 
78. M. Larchevequc. G.  Valette. 1'. Cuvigny and H. Normant, Synthesis, 256 (1975). 
79. W. Coppens and N.  Schamp, Bull. SOC. Chim. Belg., 81, 643 (1972). 
80. N. D c  Kimpe and N.  Schamp. Bull. Soc. Chim. Belg., 83, 507 (1974). 
8 1. N. De Kimpc, N. Schamp and W. Coppens. Bull. Soc. Chim. Bclg.. 84, 227 (1 974). 
82. N. Dc Kiinpe and N. Schamp. Tctrcihedron Lert.. 3779 (1974). 
83. N. Ile Kimpe and N. Schanip, Bull. Soc. Chim. Belg.. 84. 235 (1975). 
84. J. F. W. Kcana and R. R. Schumaker. Tetrahedron. 26. 5191 (1970). 
85. N. De Kimpe, R. VerhC, L. De Buyck and N.  Schamp, Synrhetic Cotntnun., 5, 269 (1975'). 
86. N. Dc Kimpe. R. VerhC, L. D e  Buyck and N. Schamp, Bull. Soc. Chim. Belg., 84, 417 

685 1 d, 6959h (1  965). 

( 1965). 

(1978). 

(1 975). 



13. a-Halogenated  imines 593 

87. N .  D c  Kimpc, R. VerhC. L. De Buyck, H. Hasma and N.  Schamp, Tetrahedron, 32, 2457 
( 1  976). 

88. N. De'Kimpc, R. VcrhC, L. De Buyck and N.  Schamp, Synthetic Commun.. 8. 75 ( 1  978). 
89. N. D c  Kimpe, R. Verh6, L. Dc Buyck and N. Schamp, J .  Org. Chem.. 43. 2933 (1978). 
90. N.  Dc Kimpe, R. VerhC, L. Dc Buyck, Sunari Tukiman and N. Schamp. Tetruhedron. 35, 

789 ( 1  979). 
91. N. D e  Kimpe, Unpublished results. 
92. R. Vcrhk, N. D e  Kimpe, L. Dc Buyck and N.  Schamp. Synthesis, 455 (197s). 
93. H. Quast and A. Hcublein, Tetruhedron Lett., 331 7 (1975). 
94. H. P. Fischcr and C. A. Grob. Helv. Chim. Actu, 45, 2528 (1962). 
95. D. S. C.  Black, N .  A.  Blackman and R. F. Brown, Termhedrori Lett., 3423 (1975). 
96. D. S. C. Black, N. A.  Blackman and R. F. Brown, Aust. J .  Chem., 32, 1785 (1979). 
97. D. S. C. Black and N. A. Blackman, Aust. J .  Chem., 32, 1795 (1979). 
98. J. Hausler and U. Schmidt, Justus Liebigs Ann. Chetn., 1881 (1979). 
99. T. Yarnazaki, K. Matoba, S. Irnoto and M. Tcrashima, Chetn. Phnrtn. Bull. (Tokyo), 24, 

3011 (1976). 
100. Y .  Yamada, T. Emori, S. Kinoshita and H. Okada, Agr. Biol. Chem., 37, 649 (1977). 
101. L. A.  Carpino and G. S. Rundberg, Jr ,J .  Org. Chern., 34, 1717 (1969). 
102. M. Flammang, Compt. Rend. C. 283, 593 (1976). 
103. M. Flammang, Compt. Rend. C. 286, 671 (1978). 
104. M. Z. Kirmani and S. R. Ahmed, Indian J .  Chem. B ,  15, 892 (1977). 
105. B. Erni and H. G. Khorana, J .  Anier. Chetn. SOC.,  102, 3888 (1980). 
106. A. Picot and X. Lusinchi, Tetrahedron Leu., 679 (1974). 
107. A. Picot, M. Dendane and X. Lusinchi, Tetrahedrori, 32. 2899 (1976). 
108. M. Poutsma and P. Ibarbia,J. Org. Chem., 34, 2849 (1969). 
109. 0. Migliara, S. Petruso and V. Spiro, J .  Heterocyclic Chem., 16, 833 (1979). 
110. N. I. Korotkikh, A. Y. Chervinskii, S. N. Baranov, L. M. Kapkan and 0. P. Shvaika, Zh. 

11 1. G. Rosini and G. Baccolino, J .  Org. Chem., 39, 826 (1 974). 
112. S. Cacchi, D. Misiti and M. Felici, Synthesis, 147 (1980). 
113. N. De Kimpe and N. Scharnp, Org. Prep. Proced. lnt. ,  13 241 (1981). 
114. A. I .  Fetcll and H. Feuer, J .  Org. Chetn., 43. 1238 (1978). 
115. N. D e  Kimpe, R. VerhC, L. De Buyck, J. Chys and N. Schamp, Synthetic Commun., 9,901 

116. N. D e  Kimpe, R. VerhC, L. Dc Buyck, J. Chys and N.  Schamp, Bull. Soc. Chim. Belg., 88, 

117. C. Shin, Y. Sato and J .  Yoshimura, Bull. Chem. Soc. Jupan, 49, 1909 (1976). 
11 8. C. Shin, Y. Sato, H. Sugiyama, K. Nanjo and J. Yashimura, Bull. Chenz. SOC. Japan, 50, 

1788 (1977). 
119. G. I.  Dmitrienko, E. A. Gross and S .  F. Vice, Cnnad. J. Chem.. 58, 808 (1980). 
120. H. Tohru, E. Mamoru, T. Masakatsu and N. Masako, Hererocycles, 2 .  565 ( 1  974). 
121. T. Hino, M. Endo, M. Tonozuka, Y. Hashirnoto and M. Nakagawa, Chem. Pharm. BuN. 

122. P. G. Gassman. G. A.  Campbell and G. Metha. Tetrahedron, 28, 2749 (1972). 
123. M. D e  Roza, Chern. Cornmuri., 482 (1975). 
124. M. D e  Roza and J. L. T Alonso, J .  Org. Chem.,  43, 2639 ( 1978) and rcfercnces citcd 

125. R. J. Owellen, J .  Org. Chern.. 39, 69 (1 974). 
126. F. M. Hershenson, K. A. Prodan, R. L. Kochman, J.  L. Bloss and C. R. Mackcrer,J. Med. 

127. F. M. Hershenson, L. Swenton and K. A. Prodan, Tetruhedron Left., 2617 (1980). 
128. R. J. Owcllen and C. A. Hartke, J .  Org. Chem., 41, 102 (1976). 
129. A. Walser. J.-F. Blount and R. I .  Fryer. J .  Org. Chem. .. 38, 3077 (1 973). 
130. S. Sakai, E. Yamanaka and L. Dolby. J .  Phnnn. Soc. Jclpan, 97, 309 (1977). 
131. J.  Y. Laronze, J. Laronie, D. Roycr. J .  LCvy and J .  Lc Men, Bull. Soc. Chim. Fr., 1215 

132. N .  Finch and W. Tay1or.J. Atner. Chetn. Soc. .  84, 1310 (1962). 
133. N. Finch and W. Tay1or.J. Amer. Chem. SOC., 84, 3871 (1962). 
134. G. Biichi and R. E. Manning, J .  Amer. Chem. Soc.. 88, 2532 (1 966). 

Org. Khitn., 15, 962 (1979); Chem. Abstr.. 91, 74124 (1979). 

(1 979). 

695 (1979). 

(Tokyo), 25, 2350 (1977). 

therein. 

Chetn., 20, 1448 (1 977). 

( 1  977). 



5 94 N. De Kirnpe and R. Verht 

135. E. Wenkcrt, E. W. Hagaman, N. Wang and N. Kunesch, Heterocycles, 12, 1439 (1979). 
136. F. Titcux, L. Le Men-Olivier and J. Le Men. Bull. SOC. Chitti. Fr., 1473 (1976). 
137. N. Aimi, E. Yamanaka, M. Ogawa, T. Kohmoto, K. Mogi and S. Sakai, Hererocycles, 10,73 

( I  978). 
138. E. Wenkcrt, J .  S. Bindra, C.-J. Chang, D. W. Cochram and D. E. Rearick,J. Org. Chetn., 

39, 1662 (1974). 
139. D. Hcrlem and F. Khuong-Huu, Tetrahedron, 35, 633 (1979). 
140. K.  V. Lichman, J .  Chetn. SOC. C. 2539 (1971). 
141. H. Ulrich, B. Tucker and A. A. R. Sayigh. J. Org. Chetn., 33, 2887 (1968). 
142. H. Zinner, W. Siems, D. Kuhlman and G. Erfurt, J. Prakl. Cheni., 316, 54 (1974). 
143. N. De Kimpe, R. VerhC, L. De Buyck, W. Dejonghe and N. Schamp, Bull. SOC. Chirn. Belg., 

85. 763 (1976). 
144. G. Kreszc and R. Albrecht, Chetn. Ber., 97, 490 (1964). 
145. B. Drach, A. Martynyuk, G. Miskcvich and 0. Lobanov. Zh. Org. Khitri., 13, 1404 (1 977). 
146. 1-1. E. Zaugg. Synrhesis, 49 ( 1  970). 
147. F. Wcygand, W. Steglich and F. Fraunbcrger, Atigew. Chetn., 79, 822 (1967). 
148. A.  D. Sinitsa, N. A.  Parkhomenko and E. A. Stukalo, Zh. Obshch. Khitn., 47,2077 (1977). 
149. A. 11. Sinitsa, S. V. Bonadyk and L. N. Markovskii, Zh. Org. Khbn., 15, 2003 (1979). 
150. A. I ) .  Sinitsa, N. A. Parkhomenko and S. V. Bonadyk, Zh. Org. Khini., 12, 974 (1976). 
151. A. D. Sinitsa. S. V. Bonadyk and L. N. Markovskii, Zh. Org. Khim., 13, 721 (1977). 
152. F. Weygand, W. Steglich. I .  Lengyel, F. Fraunberger, A. Maicrhofer and W. Oettmeier, 

Cheni. Ber., 99, 1944 ( 1966). 
153. ivl. E. Kuchne, U S  Patent 4.154,943 (CI. 546-51; C07D487/16), 15 May 1979, Appl. 

865.657, 29 Dec. 1977; Chetn. Absrr.. 91, 91816 (1979). 
154. F. Weygand and W. Steglich, Chcni. Ber., 98, 487 (1965). 
155. E. Schmidt and K. Kuehlcin, Ger .  Offen., 2,645,280 (CI. C07C145/00) 13 Apr. 1978, 

156. M. G.  Nair, C .  Saunders, S.-Y. Chen, R. L. Kisliuk and Y .  Gaurnont,J. Med. Chem., 23.59 

157. A. Hassner and V. Alexanian, J. Org. Chetn.. 44, 3861 (1979). 
158. Houbeti-Weyl's Merhodeti der Orgatiischeti Chetnie. Vol. X/4, p. 92. G. Thicmc, Stuttgart 

Appl. 7 Oct 1976; Cheni. Ahstr., 89. 5908 (1978). 

( 1  980). 

(1968). 
159. 0. V. Schickh and H. Mctzger. Ger. Offen. 1,082,253, 25 May, 1960 (C1.120); Chem.. - 

Absrr., 55,  17547~ (1961). 
160. J .  Schmidt, Ber., 35, 3729 ( 1  902). 
161. N. Thorne,J .  Chetn. SOC., 2587 (1956). 
162. N. Thorne, J. Chetn. Soc., 4271 (1956). 
163. M. Ohno, M. Okamoto and K. Nukada, Tefrahedroti Lerr., 4047 ( 1  965). 
164. S. N. Danilov and K. A.  Ogloblin. J .  Gen. Chetn. USSR, 22, 2167 (1952). 
165. M. Ohno, N. Naruse. S. Torimitsu and I. Terasawa,J. Anier. Chetn. Soc., 88,3 168 ( 1  966). 
166. 0. Wallach, Ann., 306, 278 ( 1899); 332,305 (1 904): 360, 26 (1 908); 374, 198 ( 1  910); 389, 

185 (1912);414, 257 (1918). 
167. M. Nishi. T. Komukai and K. Oikawa, Japan Kokai Tokyo Koho, 79, 24,809 

(Cl.C07C131/00). 24 Fcb. 1979, Appl. 77/89,789, 28 Jul. 1977; Chem. Ahstr.. 91, 38928 . .  
( 1  979). 

(1966). 
168. IM. Ohno, N.  Naruse, S. Torimitsu and M. Okamoto. Bull. Chem. Soc. Japan, 39, 1 1  19 

169. K. A.  Ogloblin and V. P. Semenov. Zh. Org. Khini., 1, I361 ( 1  965); Chetn. Ahsrr., 64, 588a - 
( I  966). 

170. P. Ciattoni, L. Rivolta and C. Divo. Chini. [rid. (Rome). 46. 875 (1964). 
171. A. Ncnz, Belg. Patent. 627932 (1962); Chetn. Abstr., 60. 14406~ (1964). 
172. A. Ilornow. H. D. Jorden and A.  Miillcr, Chetn. Ber.. 94. 67 (1961). 
173. A.  Dornow and A .  ~Muller. Chein. Ber., 93, 41 (1960). 
174. M. J .  Hairc. J .  Org. Cheni., 45. 131 0 ( 1980). 
175. R. L. Shriner and F. W. Ncumann. Cheni. Rev.. 35. 35 1 (1944). 
176. Houhen-Weyl's Merhoden der Organischen Chemie, 4th edn, Vol. X1(2), p. 39, G. Thieme, 

177. B. S .  Drach and G. N. Miskevich. Zh. Org.  Khini., 13. 1398 (1977). 
Stuttgart ( 1  958). 



13. a-Halogenated  imincs 595 

178. 1. C. Grivas and A.  Taurius. Cutiad. J .  C/ieiri.. 36. 77 I ( 1958). 
179. W. Kantlehner, U. Dinkeldein and H. Bredereck.Jusrus Liebigs Atiti. Chem.. 1354 (1979). 
180. W. S. Saari, M. B. Frcedrnan. J. R. Huff. S. W. King. A. W. Raab. S. J. Bcrgstrand. E. L. 

Engelhardt. A. Scriabine, G. Morgan, A. Morris, J. M. Stavorski, R. M. NOH and D. E.  
Duggan, J .  Med. Chem., 21, 1283 (1978). 

181. W. A. Bolhofer. C. N. Habecker. A. M. Pictruszkiewicz. M. L. Torchiana. H .  1. Jacoby and 
C. A. Stone. J .  M d .  Chiwi.. 22. 295 ( 1  979). 

182. A .  G. Moritz. Spectrochirn. Acrrr, 20. 1555 ( 1  964). 
183. K. Matsumura. -1.. Saraie and N. Hashimoto. C/icwi. f'/iurtu. Bull. (Tokyo). 24. 9 12 ( 1976). 
184. K. Matsumura. 1'. Saraie and N. Ihshirnoto. Chem. Comnruti.. 705 (1972). 
185. F. Crarner. K. Pawelzik and H. J .  Baldauf. Qiem. Ber.. 91. 1049 (1958). 
186. F. Cramer and H. J. Baldauf. C/ieui. i3t.r.. 92. 370 ( 1  959). 
187. L. E. Overman, J .  Amc.r. Chin .  S O C . .  96, 597 (1974). 
188. L. E. Overman, J .  Amer. C/iem. Soc.. 98. 290 1 ( I  976). 
189. L. E. Ovcrrnan and L. A. Clizbe. J .  Amer. C k m .  Soc.. 98. 2352 (1976). 
190. W. Steinkopf and L. Bohrrnann. Bet. .  40, 1635 (1907). 
191. V. Shevchenko. V. Kalchenko and A.  Sinitsa, Zh.  Ohshch. Khijti. .  47. 2157 (1977). 
192. A.  A. Michurin, E. A. Lyandaev and I .  V. Bodrikov. Zh. Org. K h i m . .  13. 222 ( 1  977). 
193. A.  J .  Speziale and R. C. Freeman. J .  Amer. Chem. SOC..  82. 909 (1960). 
194. C. T'Kint and L. Ghosez. Unpublished results, mentioned as Ref. 99 by L. Ghosez and J .  

195. H. Quast, E.  Schmitt and R. Frank. Aiigew. Chein., 83. 728 (1971). 
196. H. Quast. R. Frank and E. Schmitt. Angettr. Chern., 84, 316 (1972). 
197. H.  Quast. R .  Frank. B. Freundenzeich. P. Schafer and E. Schmitt, Jushus Liehigs Atin. 

Chem., 74 ( 1979). 
198. H. Quast, R. Frank. A.  Heublein and E. Schrnitt, Ju~tus Liebigs Ann. Chem., 83 (1979). 
199. A. Ross and R. N. Ring, J .  Org. Chetn., 26. 579 (1961). 
200. B. Yamada, R. W. Campbell and 0. Vogl. J .  Polyt?r. Sci.. 15. 1 123 ( 1  977). 
201. D. W. Lipp and 0. Vogl. J .  Polytu. Sci., 16. 131 1 (1978). 
202. R. W. Campbell and 0. Vogl. Motrats. C/iet)i.. 110. 453 (1979). 
203. R. M. Noll and D. E. Duggan, J .  Med. Chem., 21. 1283 (1978). 
204. B. A. Titov, P. G. Zherebchenko. E. A. Krasheninnikova. V. Y. Kovtun and A. V. 

Terekhov. Khim.-Farm. Z h . .  13. 26 (1 979). 
205. L. A. Overman, C. K. Marlowe and L. A. Clizbe. Tetruhetlron Lert.. 599 (1979). 
206. J. Wrobel, V. Nelson. J. Sumiejski and P. Kovacic, J .  Org. Cliem.. 44. 2345 ( 1  979). 
207. M. Nurnazawa and Y. Osawa, Steroids, 32, 5 19 ( 1978). 
208. A. Silvcira, J r  and S. K. Satra, J .  Org. Chwi.. 44. 873 (1979). 
209. A. B. Levy and A. Hassner, J .  Anier. Clicm. Soc.. 93, 2051 (1971). 
210. W. Fischer and J.-P. Anselme,J. Amer. Chem. Soc., 89. 5284 (1967). 
211. J. Harnisch and G. Szeimies. Chem. Ber.. 112. 3914 (1979). 
212. K. Bott, Chern. Bcr., 108, 402 (1975). 
213. J .  Ciabattoni and M Cabell, J r ,J .  Amer. Chem. Soc., 93, 1482 (1971). 
214. A. Padwa,T. J. Blacklock, P. H. J. Carlsen and M. Pu1wer.J. OrK. C h m . .  44.3281 (1979). 
215. F. Sigaut-Titeux, L. Lernen-Olivier, J. Levy and J .  Le Men, Heterocycles, 6, 1129 (1977). 
216. J. Beger and P. D. Thong, East Ger. Patent 127.81 I (CI.C07D285/16). 12 Oct. 1977. 

Appl. 194,777, 14 Sep. 1976; C1iem. Absrr., 88. 12 1250 (1978). 
217. J. Beger and P. D. Thong, East Ger. Patent 127, 813 (CI.C07D277/38). 12 Oct. 1977, 

Appl. 194, 779, 14 Sep. 1976; Cheni. Ahstr.. 88, I2 1 I64 ( 1  978). 
218. N. Barbulescu, S. Moga-Ghcorghe, E. Andrei and A. Sintamarian. Rev. Chim. 

(Bucharcst), 30, 598 (1979); Chem. Abstr. ,  91, 1 5 7 2 0 6 ~  (1979). 
219. L. Duharnel and J. Y .  Valnot, Cotnpt. K c i d .  C 286, 47 (1978). 
220. L. S. Abrarns. H. S. Weintraub. J .  E.  Patrick and J. L. McGuire, J .  Phnnn. Sci., 67. I287 

(1 978). 
221. Y .  Komeichi, S. Tornioka, 1'. Iwasaki and K. Watanabe, Tetmhedron Lett., 4677 (1970). 
222. A. Streitwieser, Solvol~vtic Ilisplacenrerit Recrcriori.~, McGraw-Hill, New York ( 1962). 
223. R. M. Magid, Tetmhedtoti. 36. 1901 ( 1  980). 
224. J. B. Conant, W. R. Kirner and R. E .  Hussey, J .  Amer. C h m .  SOC.. 47. 488 (3925). 
225. A. Streitwieser, Chem. Rev.,  56, 600 (1956). 

Marchand-Brynaert in Advati. Org. Chem., 9, 421 ( I  976). 



596 N. De Kimpe a n d  R. VerhC 

978). 

226. J .  Sadet, J .  Lipszyc, E. Chenu, C. Gansscr, G. Deyson, M. Hayat and C. Viel, Eur. J .  Med. 

227. L. E. S. Barata. P. M. Bakcr. 0. R. Gottlieb and E. A. Ruvcda, fliytochemisrry, 17, 783 

228. 
229. Y. Nagao. K. Kaneko and E. Fujita. Terrahedroti Lerr., 41 15 (1978). 
230. Y. Nagao. M. Ochiai. K. Kancko, A.  Maeda, K. Watanabc and E. Fujita, Terrahedroti Len., 

23 1 .  H. Kobler, K.-H. Schuster and G. Sirnchen, Jirsrus Liehigs Anti. Chem., 1946 (1 978). 
232. J. H. Boyer and D. Straw. J. Anier. Clieni. Soc., 75, 1642 (1953). 
233. N. De Kimpc, R. Verhk. L. De Buyck and N. Scharnp, J .  Org. Chetn., 45. 2803 (1980). 
234. M. J .  S.  Ilcwar, The Electronic Theory of Orgntiic Clietnistry, Clarendon Press, Oxford 

235. R. G .  Pcarson, S. H. Langer, F. V. Williams and W. J. McGuirc,J. Atner. Chetn. Soc., 74, 

236. P. D. Bartlett and E. N. lrachtenberg, J .  Atner. Chem. Soc.. 80, 5808 (1958). 
237. A. Halvorsen and J .  Songstad. JCS Clietn. Cotnrnun., 327 ( 1  978). 
238. W. Reeve, E. L. Caffary and T. E. Keiser, J.  Amer. Chem. Soc., 76, 2280 (1954). 
239. J. W. Thorpe and J. Warkentin, Canad. J.  Uietn. ,  51, 927 (1973). 
240. T. I .  l’eninikova and E .  N .  Kropacheva, Zh. Obshch. Khim..  19, 1917 (1949); Cheni. 

241. C. L. Stevens, W. Malik and R. Pratt, J .  Atner. C/iem. Soc.. 72, 4758 (1950). 
242. 0. E. Edwards and C. Grieco, Curiud. J .  Chem., 52, 3561 (1974). 
243. U. Miotti and A. Fava, J .  Amer. Clieni. Soc., 88. 4274 (1 966). 
244. C. A.  Grob, K. Scckinger, S. W. Tam and R. Traber. Tetrahedron Letr., 3051 (1973). 
245. F. G. Bordwell and T. G. MeccaJ. Amer. Chem. Soc., 94, 2119 (1972). 
246. T. Kishimoto, H.  Kochi and Y. Yaneda. Japan Kokai. 76 32. 569 (CI.C07D401/12), 19 

Mar. 1976. Appl. 74/104,520 10 Sep. 1974; Chetn. Abstr.. 85, 177266 (1976). 
247. B. S. Drach. G. N. Miskevich and A.  P. Martynyuk. Zh. Org. Khim.,  14, 508 ( 
248. N.  De Kimpe and N. Schamp, J. Org. Clietn., 40, 3749 ( I  975). 
249. J. Shavel Jr. and H. Zinnes. J .  Atner. Chefti. SOC., 84, 1320 (1 962). 
250. H. Zinncs and J. Shavel, Jr.,  J. Org. Cliem., 31, 1765 (1966). 
25 1. G. 1. Dmitrienko, Heterocycles, 12, 1 141 (1979). 
252. S. Sakai and N. Shinma, J .  flrartn. SOC. Japan. 97, 309 (1977). 
253. Y. Tarnura, M. W. Chun, H. Nishida and M. Ikeda, Heterocycles, 8 ,  313 (1977 
254. W. Gauss and H. Heitzer, Jusrirs Liehigs Ann. Chem., 733. 59 (1970). 
255. K. Dickore, K. Sassc and K. Bodc. Jrrstus Liehigs Anti. Clietn.. 733, 70 (1970) 
256. S. G. P. Plant and M. L. Tomlinson, J. Chetn. Soc., 298 (1933). 
257. P. Sto:;s, Arch. fharm. .  310. 509 (1 977). 
258. D. A. Trujillo, K. Nishiyama and J.-P. Anselrne, Chetn. Conitnun., 13 (1977). 
259. M. V. Povstyanoi. E. V. Logachev and P. M. Kochcrgin, Khitn. Gererotsikl. Soedin., (5), 

260. T. Sarawatki and V. Srinivasan, Terruhedroti, 33, 1043 (1977). 
261. M. Ikeda. F. Tabusa and Y. Nishirnura, Tetruhcdroti Lerr. 2347 (1976). 
262. V. P. Kukhar and E. I .  Sagina. Zh. Obshch. Khini. .  49, 1025 (1979). 
263. V. Shevchcnko, V. Kalchcnko and A.  Sinitsa, Zh. Obslich. Khitn.. 47, 2157 (1977). 
264. (a) F. W. Lichtenthaler, Chetn. Rev.. 61. 607 (1961); (b) A. J. Kirby and S. G. Warren, 

265. G.  Gaudiano. R. Modclli. P. P. Ponti. C. Ticozzi and A. Urnani-Ronchi,J. Org. Cliern., 33, 

266. M. Masaki. K. Fukui and M. Ohta. J .  Org. Chern., 32, 3564 (1967). 
267. P. Bravo. G. Gaudiano. C. Ticozzi and A. Uniani-Ronchi. Chem. Cotnniutr.. 13 1 1 (1 968). 
268. P. Bravo. G. Gaudiano and A. Urnani-Ronchi. Gazz.  Chitti. ltul., 97, 1664 (1967). 
269. 0. l’suge. K.  Kaniara and S. Yogi. B i d .  Chetn. Soc. Japan. 50, 2 153 ( 1  977). 
270. M. E. Kuchnc and R. Hafter. J .  Org.  Chetn., 43. 3702 ( 1  978). 
271. M. E. Kuchne. D. M. Roland and R .  Hafter.J. Org. Chem.. 43, 3705 (1978). 
272. R. Child and F. L. Pyrnan. J .  C1ietn. Soc.. 36 ( 107 1). 
273. W. J .  Middleton and C. G. Krcspan. J .  Org. C k t n . .  30. 1398 (1965). 

Chem-Chim. Therup., 13, 277 (1978). 

(1978). 
M. J .  Hunter, A.  B. Crarner and H. Hibbcrt, J .  Amer. Cliem. Soc.. 61, 516 (1939). 

1345 (1977). 

(1948), p. 73. 

5 130 ( 1952). 

Abstr.. 44, 1919 (1950). 

7 15 ( 1  976); Chern. Ahsrr.. 85. 94322 (1 976). 

The Organic Chetnisrry of f1iosphorus. Elsevier. Amsterdam ( 1967). 

4431 (1968). 



1 3.  a-Halogenated imines 597 

274. W. J. Middleton and C. G. Krespan, J .  Org. Chetii., 35. 1480 ( 1970). 
275. W. J. Middleton and D. Mctzger. J .  Org. Cherri.. 35. 3985 (1970). 
276. N. De Kimpe, R. VerhC, L. De Buyck, H. Hasma and N. Schamp, Tetrahedroti, 32, 3063 

277. R. VerhC, N. De Kimpc, L. Dc Buyck. M. Tilley and N. Schamp, Tetrahedron, 36, 131 

278. R. Verhk, N. De Kirnpe, L. Dc Buyck, M. Tilley and N.  Scharnp. Bdl .  SOC. Chin?. Bclg.. 86, 

279. N. De Kimpe, R. VerhC, L. De Buyck, J. Chys and N. Schamp, 1. Org. Chrm..  43, 2670 

280. N. De Kimpc, R. VerhC, L. De Buyck, J. Chys and N. Schamp. Org. Prep. Proced. [ t i t . .  10. 

281. For some leading references in the field of tertiary a-cyanoenamines, see Refs 282 and 283. 
282. H. Ahlbrecht and D. Liesching. Sytithesis, 495 (1977). 
283. N. Dc Kimpc, R. VerhC, L. De Buyck and N. Scharnp, Sjwhesis 741 (1979). 
284. G.  Costa, C. Riche and H. P. Husson, Tetrahedron, 33, 315 (1977). 
285. F. Weygand, W. Steglich and F. Fraunberger, Angew. Chetn., 79, 822 (1967). 
286. E. M. Kosower and B. Pazhenchevsky, J .  Amer. Chem. Soc.,  102, 4983 (1980). 
287. M. Ohno, S. Torimitsu, N .  Naruse, M. Okamoto and I .  Sakai, Bull. Chem. SOC. Japari, 39, 

288. J. H. Smith, J. H. Heidcrna, E. T. Kaiser, J. B. Wetherington and J. W. M0ncrief.J. Amer. 

289. J .  H. Smith, J. H. Hcidcma and E. 1'. Kaiser. J .  Amer. Chcm. Soc., 94, 9276 ( I  972). 
290. W. HDbold, U. Prietz and W. Pritzkow, J .  Pmkt. Chew., 311. 260 (1969). 
291. C. L. Stevens and P. M. Pillai. J .  Amer. Chem. Soc., 89. 3084 ( 1  967). 
292. (a) E. Francotte, Ph.D. thesis, University of Louvain-La-Neuvr, Belgium ( 1  978); (b) E. 

293. M. Ohno and N. Narusc. Bull. Chetii. Soc. Jnparr. 39, I125 (1966). 
294. J. H. Smith and E. T. Kaiser. J .  Org. Chem.. 39. 728 ( 1  974). 
295. A. Dornow and H. D. Jordcn, Chon.  Bcr.. 94, 76 (1961). 
296. P. Bravo, G. Gaudiano. P. P. Ponti and A. Uniani-Ronchi. Tiwdiedroti. 26. 1315 (1970). 
297. H. G. Viehe, R. Merenyi, E. Francotte, M. Van Meersschc, G. Germain, J .  P. Declercq 

298. T.  L. Gilchrist and T. G. Roberts, Chern. Comrnuti.. 847 (1 978). 
299. U. M. Kempe, T. K. Das Gupta, I<.  Blatt. P. Gygax, D. Felix and A .  Eschenrnoser, Helv. 

(1976). 

(1980). 

879 (1977). 

( 1  978). 

149 (1978). 

1129 (1966). 

Chem. Soc., 94, 9274 ( 1972). 

Francotte, Personal Communication. 

and M. Bodart-Gilrnont, J .  Amer. Chetn. Soc.,  99, 2940 (1977). 

Chiin. Acta. 55. 2187 (1972). 
300. T.  K. Das Gupta, 11. Felix. U. M. Kempe and A.  Eschenmoser, Helv. Chim. Acra, 55.2198 

( 1  972). 
301. M. Peirzilka, D. Felix and A. Eschcnmoser, Hclv. Chiin. AGIO. 56. 2950 (1973). 
302. P. Gygax, 1'. K. Das Gupta and A .  Eschenmoscr. Helv. Chim. Acm. 55, 2205 (1972). 
303. S. Shatzmiller and A. Eschenrnoscr. Helv. Chim. Actrr. 56. 2975 (1973). 
304. A. Ruttiniann and 11. Ginsburg. Hclv. Chim. Actii, 58. 2237 (1975). 
305. S. Shatzmiller. P. Gygax. 11. Hall and A. Eschenmoscr. Nelv.  Chiin. Actci. 56, 2961 ( 1  973). 
306. F. D. Chattaway and T. E. W. Browne. J .  Chctri. Soc.. 1088 (1 93 1). 
307. A. G. Schultz and W. K. Hagmann. J .  Org. Chori.. 43. 3-39] (1978). 
308. S. Soninicr. Terrahedrori LCII . .  1 17 ( 1977). 
309. C. A. Sacks and P. L. Fuchs. J .  Amer. Chct?i. Soc.. 97. 7372 (1975). 
31 0. S. R. Sandlcr and W. Karo. Organic F'ittictiotrd Group Prc~purcitioris. Vol. 11. Academic 

Press. New York (1971). p. 307. 
3 1 1. J. Schantl. Motirits. Chctii.. 105. 322 ( 1  974). 
3 12. V. Sprio and S. Plescia. Atr/i. Chitri. (Roma). 62. 345 ( I  977). 
313. L. A. Carpino.J. Airier. Chem. Soc.. 80. 601 (1958). 
314. L. A. Carpino. P. H. Terry and S. D. Thattc. J .  Org. Choir . .  31. 2867 (1966). 
315. A. Silvcira. Jr. T.  J .  Wcslowski. I.. A. Wcil. V. Kurnar and J. P. Gillcspic, J .  Atmr.  Oil 

316. P. J .  Kocicnshi. J .  M. Ansell and R. W. Ostrow, J .  Org. Chem.,  41. 3625 (1976). 
3 17. J. Schantl. Moriaa.  ChcJtir.. 103. 1705 ( I  972). 
3 18. J. Schantl. r t l o m r s .  Chem., 103, 171 8 ( I  072). 

Chem. SOC. .  48. 661 (1971). 



598 

3 19. J .  Schantl and P. Karpellus, Motiai.~. Chetn., 109, 108 1 ( 1978). 
320. C. Kashima, Y. Aoko and Y .  Omote, JCS Perkin I ,  251 1 (1975). 
321. L. Duhamel and J.-Y. Valnot. Terraliedroil Leit.. 3167 (1974). 
322. P. Duhamel, L. Duhamel and J.-Y. Valnot. Tetrohedroti Leit., 1339 (1973). 
323. L. Duhamel, P. Ihhamel  and J.-Y. Valnot. Coinpi. Rend. C. 278. 141 (1974). 
324. L. Duhamcl and J.-Y. Valnot, Tetrahedron Lerr., 3319 (1979). 
325. S. Bozzini. S. Gratton, A. Risaliti, A. Stener, m. Calligaris and G. Nardin. JCS Perkiti I, 

1377 (1977). 
325. S. Bozzini, S. Gratton, A. Risaliti, A. Stener, M. Calligaris and G. Nardin, JCS Perkin I, 
327. S. Bozini .  B. Cova, S. Grattoii, A. Lisini and A. Risaliti, JCS Perkiti 1. 240 ( 1  980). 
328. F. J .  McEvoy and G. R. Al1en.J. {Wed. C11etn., 17, 281 (1974). 
329. W. V. Curran and A. Ross, J .  Med. C/ietti., 17. 273 (1974). 
330. . I .  13. Albright. F. J .  McEvoy and D. B. Moran, J.Heierocyclic Chon. .  15, 881 (1978). 
33 I .  S. C. Dorman, US Patent 2,468,592, Apr. 26, 1949; Chem. Absir., 43, 5 153f ( 1  949). 
332. S. C. Dorman. US Patent 2.468393, Apr. 26, 1949; Cliern. Absir.. 43. 7499 (1949). 
333. D. Borrmann and R. Wcgler, Chmi. Ber. .. 100, I81 4 ( 1  967). 
334. S. Brodka and H. Simon. Clion. Ber., 102. 3647 (1969). 
335. H. Zinncr, W. Sierns and G. Erfurt, J .  Praki. Chetn., 316. 443 ( I  974). 
336. H. Zinner, W .  Sierns and G.  Erfurt.J. Proki. Cherti., 316, 491 (1974). 
337. E. Schmidt and I<. Kuehlein, Ger. Offen. 2,645,280 (CI. C07C145/00). 13 Apr. 1978, 

Appl. 7 Oct. 1976; Chetn. Absir., 89, 5908 (1978). 
338. R. E. Banks. M. G. Barlow and M. Nickkhoamiry,J. Fluorine Chetn., 14, 383 (1979). 
339. R. K .  Olsen and A. J .  Kolar, Tetrahedron Leu., 3579 (1975). 
340. Y.  G. Balon and V. A. Smirnov. Zh.  Org. Khim. 14, 668 (1978). 
341. K. Burger. G. George and J. Fehn. Jrrsius Liebigs Anti. Chetn.. 757, 1 ( 1  972). 
342. B. S. Drach and G. N. Miskcvich, Zh. Org. Khi tn . .  14, 501 ( 1  978). 
343. T. Hino. H. Miura, 1'. Nakamura. R. Murata and M. Nakagawa, Heierocycles, 3, 805 

344. N. De Kimpc, R. VerhO. L. Ilc Buyck and N. Schamp. Rec. Trav. Cliirn. Pays-Bas. 96.242 

345. N. Dc Kimpe. N. Schamp and R. VerhO. Synthetic Conitnrcri.. 5. 403 ( 1  975). 
346. N.  De  Kimpe, R. VerhC, L. De Buyck and N. Schamp,J. Org. Chem., 45, 5319 (1980). 
347. A. Hassner and A. B. Levy. J. Attier. Chin .  Soc.. 93, 5469 (1971). 
348. N. De Kimpe, R. VcrhC and N. Scharnp, Bull. Soc. Chim. Helg., 84, 701 (1975). 
349. K. Burger, J .  Albanbauer and F. Manz. Clrem. Ber.. 107, 1823 (1974). 
350. G. A. Boswell. Jr, J. Org. Chetn., 33. 3699 (1968). 
351. M. J. Hairc. J .  Org. Chetn., 42, 3446 (1977). 
352. M. Takeda, M. Inouc, M.  Konda, S. Saito and H. Kugito,J. Org. Cheni., 37, 2677(1972). 
353. R. Jacquier, Bull. SOC. Chiin. Fr., [5] 17. D35 (1950). 
354. A.  S. Kcnde. Org. Reactions. 11. 261 (1960). 
355. A. A. Akhrem. 2.. K. Ustynyuk and Y .  A. Titov. Russian CIietn. Rev.,  39, 732 (1970). 
356. C. Rappc in The Chetnisiry of ilie Carbon-Halogeti Rotid (Ed. S. Patai), Wiley. Chichester 

357. K. Sato and M. Oohashi. Yuki Gosei Kagaku Kjwkai Shi. 32. 435 (1974). 
358. J. March in Advancc,cl Orgmiic Chetnistry: 1iencriori.s Mechatiistns atid Sfricciure, 

McGraw-Hill, New York ( 1  968), p. 804. 
359. W. J .  le Noble in Highlighrs of Orgcrnic Chemixiry, Marcel Dekker, New York (1974), 

p. 864. 
360. P. J .  Chcnicr. J .  Ch in .  Ilduc.. 55.  286 ( 1  978). 
361. R. Frank. Ph.1). thesis. University of Wiirzburg (1971). 
362. N. De Kimpc. R. VerhC. L. De Buyck, N. Schamp. J. P. Declercq. G. Gerrnain and M. Van 

Meersschc. J .  Org. Cheni., 42. 3704 (1977). 
363. N .  Dc Kinipc, R. Verht. L. 1)c Buyck and N.  Schamp. Bi:ll. SIX. Chiin. Belg.. 86, 663 

( 1  977). 
364. P. Duhamcl. L. Duhamcl. C. Collet and A. t-lai'dcr. Cottipi. R e d .  C 273. 1461 (1971). 
365. L. Duhanicl. P. Duhamcl. C. Collct. A. Haider and J-M. Poirier. Teiruhcdroti Lefi . .  4743 

( 1972). 
366. L. Duhanicl and J.-M. Poirier, Bull. Soc. Chini. Fr., 329 (1975). 
367. A. Buzas. C. Retourni.. J .  P. Jacquct and G. Lavielle, Heterocycles. 6. 1307 (1977). 

N. De Kimpe and R. VerhC 

( I  975). 

( 1  977). 

(1973). p. 1071. 



13. a-Halogenated  iniines 599 

368. A.  Picot and X. Lusinchi. Tetrahedron. 34, 2747 (1978). 
369. G. Costa, C. Riche and H. P. Husson, Teirahedron. 33, 315 (1977). 
370. J.-Y. Laronze, J.  Laronze-Fontaine. J. Levy and J. Le Mcn, Teiraheclron Lett . ,  49 1 (1974). 
371. T. Hino, H. Yamaguchi. M. Endo and M. Nakagawa, JCS Perkin 1. 745 (1976). 
372. T.  Hino and M. Nakagawa, Hererocycles, 6, 1680 (1 977). 
373. J .  P. Kutncy, J .  Beck. F. Bylsrna, J. Cook, W. J .  Crerney. K. Fuji. R. lrnhof and A.  M. 

Treasurywala, Helv. Chiin. Acra. 58. 1690 ( 1  975). 
374. K. Burger and R. Ottlingcr, J .  Fluorine Chem., 11. 29 ( I  978). 
375. K. Burger, W.-D. Roth, K. Einhellig and L. Hatzclmann, Chem. Bcr., 108. 2737 (1975). 
376. K. Burger, H. Schikanedcr and A. Meffert. Z. Noturforsch., B .  30, 622 ( I  975). 
377. K. Burger and S. Penninger, S.vtithe.\i.y, 524 ( 1  978). 
378. R. W. Hoffrnann, K. Steinbach and W. Lilienblum. Chem. Rer., 109. 1759 (1976). 
379. K. Burgcr and R. Ottlingcr. Chetn. Zeit., 101. 402 (1977). 
380. R. W. Hoffmann, K. Steinbach and B. Dittrich, Chem. Ber., 106, 2 174 (1 973). 
381. K. Burgcr, W. Thenn and H. Schickanedcr, J .  Fluorine Chetn., 6. 59 ( I  975). 
382. K. Burger, J. Fchn and A. Gieren, Jicsfus Liebigs Ann. Chon. ,  757, 9 ( I  972). 
383. K. Burger, S. Trcmrnel and H. Schickancdcr.J. Fluoriiie Chetn ... 6, 471 (1975). 
384. K. Burgcr, W. Thenn and A.  Gicren, Angeic,. Chetn., 86. 481 (1974). 
385. K. Burgcr. W. Thcnn. R. Rauk and H. Schickancder, Chem Ber., 108, 1460 (1975). 
136. I(. Burger and F. Hein, Jusrits Liebigs Ann. Chem., 133 (1 979). 
387. N. P. Garnbaryan, I. L. Knunyants er UI .~  Dokl. Akud Nuick SSSR, 166. 864 (1966). 
388. F. Weygand. W. Steglich, W. Oettrneicr, A. Maierhofcr and R. S. Loy, Angew. Chem.,  

389. Y .  V. Zeifman, N. P. Gambaryan, L. A. Simonyan. R. B. Minasyan and I. L. Knunyants, 

390. Y. V. Zeifman and 1. L. Knunyants, I h k l .  Akurl. Nuuk. SSSR, 173, 354 ( 1  967). 
391. I. L. Knunyants, Y. V. Zeifman and N. D. Gambaryan, Izv. Akad.  Naiik. SSSR, Ser. Khitn., 

78, 640 (1966). 

Zh. Obshch. Khim., 37, 2476 (1967); J. Gen. Chern. USSR,  37. 2355 (1967). 

1108 (1966). 
392. I. L. Knunyants, N. P. Garnbaryan and R. B. Minasyan, Izv. Akad.  Nauk. SSSR,  Ser. Khim.,  

1910 (1965). 
393. F. Hein, K. Burger and J .  Firl. JCS Chem. Commioi., 792 ( 1  979). 
394. L. Kryukov. L. Y .  Kryukova, M. A. Kurykin. R. N .  Sterlin and I .  L. Knunyants, Zh. Vses. 

Khirn. 0 - v a .  24. 393 (1979); Chem. Absir. .  91, 193269 (1979). 
395. D. P. Dcl’tsova. 2. V. Safronova, N. P. Gambaryan. M. Y. Antipin and Y. T. Struchkov, 

Izv. Akad. Nuuk. SSSR, Ser. Khim., (8). 1881 (1978); Chcwi. Abstr. .  89. 215280 (1978). 
396. R. Albrecht and G. Krcsze, Cheni. Ber., 98, 1431 (1965). 
397. G. R. Krow, C. Pyun, R. Rodcbaugh and J. Marakowski, Tetrdiedrori. 30. 2977 (1974). 
398. T. Imagawa, K. Sisido and M. Kawanisi. Bull. Chem. SOC. Japan. 46, 2922 (1973). 
399. Y. A.  Arbuzov, E. I. Klimova, N. D. Autonova and Y. T. Tomilov, Zh. Org. Khitn., 10, 

400. T. Akiyania, N. Urasato. T .  Irnagawa and M. Kawanisi, Bull. Chem. Soc. Japmi, 49. I I05 

401. K. Burger and S. Penninger, Syrirhesis, 526 (1978). 
402. H. Bcyer, G. Woltcr and J. Lemkt.. Chetti. Ber.. 89, 2550 ( I  956). 
403. H. Beyer, W. Lassig and G .  Ruhlig, Chem. Eer., 86, 764 (1953). 
404. R. Ottlinger. K. Burger. H. Goth and J .  Firl, Teirrihedrori Leri.. 5003 (1 978). 
405. K. Burger. J. Albanbauer and W. Strych. Syrrhesis, 57 (1975). 
406. K. Burger and R. Ottlingcr, Sytithesis. 44 (1 978). 
407. K. Burger and R. Ottlingcr, Teiuhcdrofi Left . ,  073 (1978). 
408. D. Mayturn, Chem. Rrir., 14. 382 (1 978). 
409. K. Isogai, T. Sasaki. C. Sato, J. S y i .  Org. Cheni. Japan, 36, 1 104 ( I  978). 
410. B. S. Drach. T. P. Popovich. A. A. Kisilenko and 0. M. Polumbrik, Z h .  Org.  Khim., 15, 31 

(1979). 
41 1. V. J .  Lec and R. B. Woodward, J .  Org. Chctn.. 44, 2487 (1979). 
412. E. Elkik and H. Assadifar. Bull. Soc. Chiin. Fr.. 129 (1978). 
413. J. Patrick. H. Wcintraub and J .  McGuire. Sicroids. 32, 147 (1978). 
414. P. Swcred and M. A. Girard, Canadian Patent 1,035,608 (CI.A01N9/20). 01 Aug. 1078, 

US Appl. 545,678. 30 Jan. 1075; Chem. Absir., YO. 98550 (1979). 
415. J .  Diopoh and M. Olornucki. Hoppe-Scyler’s Z. Physiol. Chem.. 360, 1257 (1979). 

1164 (1974). 

(1 976). 



600 N. Dc Kimpe and R. VerhC 

416. Shell Intern. Res. Maatsch. N.V., British Patent 963.055, US Appl. 13 May. 1962; C h i n .  

417. N. Langlois. F. GuCritte. Y. Langlois and P. Poticr.J. Amer. Chem. Soc.. 98, 7017 (1976). 
4 18. G.  A. Boswell, J r  J .  Org. Chcm.. 33, 3699 ( 1  968). 
419. 'I-. I .  Ternnikova and E. N.  Kropacheva, Zh. Obshch. Khim. .  19, 1917 (1949); Chetn. 

420. C. L. Stevens, W. ivlalik and R. Pratt, J .  Atner. Chetn. Soc., 72, 4758 (1950). 
421. C. L. Stevens. M. L. Wcincr and R. C. Freernan,J. Atncr. Chmi. Soc., 75, 3977 (1953). 
422. C. L. Stcvcns and J .  J. DeYoung,J. Amer. Cheni. Soc.. 76, 718 (1954). 
423. T.  I. Ternnikova and E. N.  Kropacheva, Zh. Obshch. Khim., 22, 1150 (1952); Chem. 

424. N.  De Kirnpe. R. Verhk. L. De Buyck and N.  Schamp. J .  Org. Chetn.. 45. 2803 (1980) and 

425. L. E. Overnian. Acc. Chiwi. Re.7.. 13. 218 (1980). 
426. N. Kuncsch, P.-I-. Vaucamps. A.  CavC, J .  Poisson and E. Wcnkcrt. Tiwahcdroti Lett., 5073 

427. J.-1'. BLtguC and M. Charpcntier-Morizc, Acc. Chetn. Res.. 13, 207 ( 1  980). 
428. X. Creary. J .  Org. Chetn.. 44. 3938 (1 979). 
429. Y .  L. Chow, K. S. Pillay and H. Richard. Carind. J .  Cheni., 57, 2923 (1979). 
430. A. I .  Meyers. H. W. Adiekes, I. R. Politzer and W. N. Beverung, J .  Amer. Chetn. Soc., 91, 

431. A. F. Hirsch. G.  0. Allen. B. Wong, S. Reynolds. C. Exarhos, W. Brown and D. W. Hahn, 

432. R. Wcgler in Cheniie der Pflanzenschitrz- wid Scliddlingsbekiinipfutigst~ii~rel, 

433. B. Unterhalt, Pharm. Zeir. 125, 361 (1 980). 
434. J .  Schantl. Org. Magn. Resonance. 12, 652 (1979). 
435. E. W. Della, M. P. Reirnerink and B. G. Wright. Aitsr. J .  Chem., 32, 2235 (1979). 
436. ivl. G. Zirnin, N. G. Zabirov. V. N .  Srnirnov. R. A. Cherkasov. and A. N. Pudovik, Zh. 

Ohshch. Khirn.. 50. 24 (1 980). 
437. T. N. 1Maksiniova. V. B. Mochalin and B. V. Unkovskii, Khitn. Gererorsiklich. Soedin, 273 

( I  980) 
438. J .  Cantacuzenc and D. Ricard. Bull. Soc. Chim. Fr. 1587 (1967). 
439. J .  Cantacuzhe,  M. Atlanti and J .  AnibiC. Tetrahedroti Letr. 2335 (1968). 
440. D. Ricard and J.  Cantacuzkne. Bull. Soc. Chim. Fr.. 628 (1969). 
441. D. D. Rosenfeld and J. R. Kilsheicr. J .  Agr. Food Chetn.. 22, 926 (1974). 
442. K .  Packer, Nanogen Itidex - A Dicrioriary of Pesricicles atid Chemical Polluranrs (Ed. K. 

Packer), Nanogens Int., Freedom. USA (1975). 
443. A. Kirrrnann, Bull. Soc. Chim. Fr.. 657 (1961). 
444. F. 1. Luknits!;ii. Chetn. Rev . .  75, 259 ( 1  975). 
445. L. I k  Buyck, R. VcrhC, N. I l e  Kirnpc. D. Courtheyn and N.  Scharnp. Bull. SOC. Chim. 

446. N.  Dc Kinipe. L. Dc B u y k .  R. VerhC. F. Wychuysc and N.  Schamp, Synthetic Cornmun.. 9, 

447. T. L. Gilchrist. 1). A. Lingharn and T. G.  liobcrts, JCS Chem. Comtnuti.. 1089 (1979). 
448. K. H. Pfocrtner and J .  Forichcr. Helv.  Chitu. Acrri. 63, 658 (1980). 
449. C. J .  Barnett. U.S. 4,199.525 (C1.260-453RW; C07C1 19/00). 22 Apr 1980, Appl. 27,627, 

450. K. A. Ogloblin and A. A. Potekhin. J .  Org. C h n .  U.S.S.R.,  1.  1370 (1965). 
45 I .  T. L. Gilchrist and T. G. Roberts. JCS Chem. Comtnun., 1090 ( 1  979). 
452. A. Roedig. W. Ritschcl and IM. Fourd. C'hetn. Rcr.. 113. 81 1 (1980). 
453. P. J .  Stang and D. P. Fox. J .  Org. C'hi~nI. ,  42. 1667 ( 1  977). 
454. D. R. Williams and K. Nishitani. Tivrt~hc~droti L x r t . .  441 7 (1980). 
455. R. Z.  Andriamialisoa. N .  Langlois. Y .  Langlois and P. Potier. Tiwahedron. 36. 3053 

356. R. Neidlcin. S.  Shatzriiillcr and E. Walter, J U S ~ U S  Licbigs ,411n. Chon. ,  686 (1980). 
457. N. Dc Kirnpc. R. VerhLt, L. De Buyck and N. Schamp. Bull. Soc. Chim. Belg., 88,59( 1979). 
458. K. Burger and H. Goth. Arigcw~. Chctn.. 92, 836 ( I  980). 

Abslr., 61, 11252b (1964). 

Absrr., 44, 1919 (1950). 

Ahsrr.. 47, 6901 (1953). 

references cited therein. 

( 1979). 

765 ( I  969). 

J .  Metl. Chetn.. 20. 1546 (1 977). 

Springer-Verlag. Berlin, Heidelberg and New York (1 970). 

Belg. .  89. 441 (1980). 

575 ( I  979). 

6 Apr. 1979; Chetn. Ahsrr.. 93. 94970 (1980). 

( 1980). 



13. a-Halogenated imines 60 1 

459. K. Burger, R. Ottlinger, H. Goth and J. Firl, Cheni. Ber., 113, 2699 (1980). 
460. K. Aoki, T. Shida, S. Kamawawa, M. Ohtsuru and S. Yamazaki, UK Patent Appl., 

2,019,402 (CI.C07C109/10), 31 Oct. 1979; Japan Patent Appl., 78/48,493,24 Apr. 1978; 
Cheni. Absrr.. 93, 204296 ( 1  980). 

461. N. De Kimpe, R. Verht ,  L. De Buyck, L. Moens and N. Schamp, Syhrhesis, 43, (1982). 

*Note added in proof 
A very recent papcr described a straightfonvard general synthesis of a-haloketiniines by 
condcnsation of a-halocarbonyl compounds with primary amincs in the prescncc of titanium(IV) 
chloride.46' 



The Chcniistry of Functional Groups, Supplement D 
Edited by S. Patai and Z .  Rappoport 
0 1983 John Wiley & Sons Ltd 

CHAPTER 14 

Fluorocarbons 

B. E. SMART 
E. 1. du fon t  de Nemours and Company, Central Research and 
Development Department, Wilmington, Delaware 19898, USA 

I .  INTRODUCTION . 
11. STRUCTURE AND BONDlNG . 

1 .  Carbon-halogen bonds 
2. Carbon-carbon bonds . 
3. The ‘gauche effect’ . 

B. Unsaturated Compounds . 
1. Olefins . 

A. Alkancs . 

a.  Carbon-fluorine bonds . 
b. Carbon-carbon double bonds . 
c. The ‘cis effect’ and ab initio calculations . 

2. Fluoroacetylcnes . 
3. Fluorobenzencs 

111. FLUORINE SUBS’TITUENT EFFECTS . 
A. Polar and Rcsonance Effects . 
B. Stcric Effects . 
C. Fluorocarbocations 
D. Fluorocarbanions . 
E. Fluororadicals . 
F. Fluorocarbenes . 
G. The ‘Perfluoroalkyl Effect’ 

A. Polyfluoroalkanes . 
IV. POLYFLUOROCARBON REACTIONS . 

I .  Nucleophilic displacenirnts . 
2. Eschangc reactions . 

B. Unsaturated Compounds . 
1 .  Nucleophilic. electrophilic and ‘free radical attack 
2. Pcrfluorocarbanion chemistry . 
3. Fluorinated cyclobutadienes and dcrivativcs . 
4. Cycloadditions . 

C. Polyfluoroarencs . 
1 .  Nucleophilic and electrophilic attack . 
2. Photochemical rcactions and valence isomers . 

: 

V. REFERENCES 

. 604 

. 604 

. 604 

. 604 

. 606 

. 608 

. 609 

. 609 

. 609 

. 610 

. 612 

. 613 

. 613 

. 614 

. 614 

. 616 

. 616 

. 618 

. 621 

. 623 

. 624 

. 626 

. 626 

. 626 

. 630 

. 631 

. 631 

. 633 

. 636 

. 638 

. 641 

. 641 

. 644 

. 646 

603 



604 B. E. Smart 

1. INTRODUCTION 

The purpose of this chapter is to review recent developments in  fluorocarbon 
chemistry with particular emphasis on the fundamental effects of fluorine substituents 
o n  the structure, bonding and reactivity of organic molecules. Although many of the 
topics covered in this chapter have been discussed for halocarbons in previous volumes 
of the series 'The Chemistry of Functional Groups', this is the  first treatment of 
fluorocarbons per sc. (In this chapter, the general terms halo-, halogen, and halide 
refer to chlorine, bromine, and iodine.) 

Space limitations require that this discussion be limited primarily to the chemistry of 
polyfluorinatcd hydrocarbons. Unfortunately, the rapidly expanding area of synthetic 
organofluorine chemistry cannot be covered. The chemistry of fluorinated functional 
groups containing oxygcn, sulphur, nitrogen as well as organonietallic chemistry and 
synthetic methods can be found in several excellent texts'" and reviews7-lo. 

11. STRUCTURE AND BONDING 

A. Alkanes 

Carbon-halogen bonds 

Fluorine is the most clectronegative of the elements. Its electronegativity of 4.0 
compares with 3.0 and 2.8 for chlorine and bromine. respectively, on  the Pauling 
scale. Fluorinc forms the strongest single bond with carbon of any element. The 
C-F bond is 43%) ionic from electronegativity considerations. and the shorter C-F 
bond length relative to other carbon-halogen bond lengths (Table 1)  is correctly 
predicted by the Stevenson-Schomakcr equation which relates bond contractions to 
electronegativity differences' I .  

Fluorinated mcthanes display unique changes in bond lengths and bond strengths in 
proceeding from methane to tetrafluoroniethane12 (Table 1). As the fluorine content 
increases. the bonds progressively shorten and increase in strength. A similar trend is 
observed with the fluorinated ethanes. In the series FCH2CH2FI3, HCF2CF2H14 
and CF3CF3I5, the C-F bond lengths are respectively 1.389, 1.350, and 1.326 A. 
These trends are not observed in the chlorocarbon analogues. 

Several explanations for this phenomenon, all of which propose systematic diffcr- 
cnces in bonding. have been offered. Pauling" invoked double-bond no-bond 
resonance structures, e.g. la - lb, to account for bond shortening in the  fluorinated 
niethancs. Twelve such structures can be written for CF+ six for CHF3, two for CHF, 
and none for CH3F. A b  iriitio calculations (4-31G) support this valence bond 

In molecular orbital terms. la  - l b  represents n-type donation of a 

TABLE 1. Halomcrhanc bond lengths'" and bond dissociation e n c r g i e ~ ' ~  

X = F  x = CI X = Br 

r(C-F). Do (C-F). r(C-Cl). D o  (C-CI), r(C-Br). D"(C-Br , 
kcal mol- ? A kcal inol-' A k c a ~  mol- ' A 

~~ ~~ ~ ~ 

CH3X 1.385 IO9.0" 1.782 83.7" 1.939 69.Y 
CH2X2 1.358 I12  1.772 X I  I .Y34 64 
CHX3 1.332 128.0 I .7h7 77.7 1.930 62 
CXI 1.317 129.7 1.766 72.9 I .942 56.2 

"lief. 18. 
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F F- 
I 

F-C-F - F-C=F+ 
I I 
F F 

lonc pair of clectrons from fluorinc into an acccptor C-F o-bond. The degrec of 
overlap will depend upon thc occupancy of thc appropriatc acceptor carbon 2p 
orbital. The calculations show that the occupancy of thc acceptor orbital decreases 
with the numbcr of electron-withdrawing fluorine atoms. and thc n-overlap between 
C and F increases in going from CH3F to CH2F2. 

Distinctly different trcatments that do not involve fluorine lone pair electrons have 
becn advanced. Peters” considered thc naturc of the C-X bond as X bcconics morc 
electronegative and concludcd that thc fluorine substitucnt will inducc carbon to 
prefcrentially give up its less tightly bound p elcctrons. The C-F bond thcrefore will 
have more s-character than usual and will be shortcr. The hybridization of carbon was 
proposed to bc sp” in CH3F, sp16 in CH2F2, sp” in CHF3, and sp” in CF4. An 
alternativc hybridization schcme has becn reached using valence bond I ~ g i c ’ ~ . ? ~ .  
Bent’? argucs that by symmctry thc C-F bonds in  CF., must be sp3 hybridized. I n  
CH3F, the electronegative fluorinc rehybridizcs thc carbon to give increascd 
p-character in  the C-F bond but increased s-character in the C-H bonds. The p-rich 
C-F bond in CH3F is therefore longer than thc C-F bond in CF4. Bent’s arguments 
also cxplain the unusual molecular geometries of fluorinated methanes. For example, 
the FCF and HCH bond angles in  CH,F2 are 108.3” and 1 1 I .go, respcctively, instcad 
of thc normal tctrahcdral angle, 109.3” I ? .  Rehybridization of the sp3 carbon toward 
sp” (11 > 3), as suggested by Bent, would shrink the angle betwccn those hybrids with 
increased p-character. and thus would reducc the FCF bond anglc in CH,F2 (and 
conversely would enlarge the HCH bond anglc). Pctcrs’ explanation does not appear 
to be consistent with these results. 

A b  irzirio calculations (STO-3G and 4-31 G) by Kollman, howevcr, indicate that the 
carbon hybrids in  the C-F and C---I bonds in CH,F, have about 36% and 32% 
s-character, rcspectivcly. and thc difficulty in cornparing hybridization derived from 
molecular orbital theory with that inferred from valence bond restrictions has been 
emphasizcd”. Kollnian further gives a molecular orbital analysis that predicts a 
decrease in the BAB angle for a gencral ABz fragment as B becomcs more clcctro- 
negativc. 

Electrostatic models which complemcnt thc hybridization schcmes also have becn 
used to explain semi-quantitatively thc bonding in fluorinated alkanes22.26. Successive 
fluorine substitution on carbon will makc the C-F bonds more ionic and thus 
stronger. Photoelectron spectroscopy studies support this contention. For example, 
the carbon Is binding energy i n  fluorinatcd methancs increases linearly with the 
numbcr of fluorines bound to carbon”. 

The unusual strengthening of C-F bonds with increasing a-fluorination is not 
observcd for other C-X bonds. In comparing thc C-X bond dissociation encrgies in 
C2H5X with those in CzF5X (X = H. CI. Br. I), substitution of F for H has little cffect 
(Table 2). This is also the casc for the nicthane serics (Table 3 ) .  The striking exception 
is again the C-F bond. which is strengthened by 20 kcal mol-’ on fluorination 
(CF3CF2-F versus CH3CH2-F; CF3-F vcrsus CH3-F). Therc is currcntly no 
satisfactory explanation for these results. 

The wide range of descriptions for bonding in  molccules as ‘simple’ as the fluoro- 
methancs indicates the unccrtainty that remains in  understanding the fundanicntal 
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TABLE 2. Bond dissociation energies (in kilocalories per mole) for 
the C-X bond in ethanes'8.'9 

X I)" (CF3CF2-X) D o  (CH3CHz-X) 

H 103 
F 127 
C1 85 
Br 68 
I 53 

98 
108" 
82 
68 
53 

'' Estimated . 

propcrties of fluorocarbons. A multitude of often conflicting thcorctical treatments 
have been advanced to explain the unusual chemical and physical properties of 
fluorocarbons. Unfortunately, there rarely arc definitive expcrimcntal data from 
which the merits of one theory over thosc of another can be established. For the 
remainder of this chapter, various theoretical propositions will be referred to but they 
will not be discussed in detail. Thc rcadcr should consult the appropriate references 
for full discussions. 

TABLE 3. Bond dissociation energies (in kilocalories per mole) for hal~rnethanesl~ 

X Do (CH3-X) Do (CH'F-X) D o  (CHF2-X) D o  (CF3-X) 

H 104" 102.7 
F 10Y.W' 122 
CI 83.7 89 
Br 69.2 73 

103.2 
128 
87.6 
70 

105.9 
129.7 
85.5 
69.2 

"Ref. 18. 

2. Carbon-carbon bonds 

The strengths of C-C bonds generally increase upon fluorination. The C-C bond 
strength in poly(tetrafluoroethy1ene) is estimated to bc 8 kcal mol-I greater than that 
in polyethylene28. The CF3-CH3 and CF3-CF3 bonds are respectively 14 and 10 kcal 
rnol-' stronger than the C-C bond in ethane30*31. It is curious that CF3-CF3 has a 
longer (1 3 4 5  versus 1.536 A)15 yet stronger C-C bond than ethane. 

Kinetic studies on the unimolecular dccomposition of fluorinated cyclobutanes 
illustrate the increased stability of fluorinated C-C bonds (Tablc 4). The activation 
energy for the decomposition of perfluorocyclobutane is 12 kcal mol-l greater than 
that for cyclobutane. The data for 1 , I  ,2,2-tctrafluorocyclobutane indicate that the 
favoured decomposition pathway involves cleavage of thc C(3)-C(4) bond, which is 
probably only slightly stronger than thc C-C bond in cyclobutanc itself, and the 
strong C(I)-C(2) bond. Thc less favourable pathway involves cleavage of two relatively 
strong bonds, C(,)-C(.,) and C(2)-C,3): . 

Fluorinated cyclopropanes arc cxceptions to this pattern. Pcrfluorocyclopropane is 
thcrmally less stable than c y c l ~ p r o p a n c ~ ~ ,  and its strain energy has becn cstimatcd to 
be 40 kcal niol-' greater than that for c y ~ l o p r o p a n e ~ ~ ,  even though its C-C bonds 
(1 .SO5 A)39 are slightly shorter than thosc in the hydrocarbon. (A shorter bond is not 
necessarily a stronger bond, in terms of bond dissociation energies. The shorter C-C 
bond in cyclopropane versus propane is an example. For an interesting discussion of 
this subject, see Grccnbcrg and LiebmanjO.) 
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TABLE 4. Cyclobutane decompositions - Arrhenius parameters 

Reaction IogA.  s - '  E,, kcal mol- '  Reference 

0 - 2CH2=CH2 15.6 62.5 

67.2 

\ 
F2 

15.27 
~ CH'XCH2 aF2 CF2ZCF' 

F2 F2nF2- 2 CFz=CF-, 15.97 74.2 

F2 F2 

69.8 

73.6 

32, 33 

34 

35 

35 

36 

The effect of fluorine substituents on  the structure and reactivity of cyclopropanes 
has received considerable and experimental a t t en t i~n~ ' -~ ' .  Giinter 
predicted a general weakening of thc cyclopropane ring bonds upon fluorine 
substitution; others suggest that fluorocyclopropane is slightly less straincd than the 
hydrocarbon4' or that bonds adjacent to fluorine are shortened (strengthened) 
whereas those oppositc are lengthened ( ~ e a k c n e d ) ~ ' . ~ ~ .  Presently, there are no 
experimental data on  the strain energy or C-C bond strcngths of a monofluoro- 
cyclopropane. Paquette and coworkers5' found that the semibullvalcnc isomer 2a 
(X = F), was thermodynamically favoured over 2b (X = F), but the opposite was true 
for other substituents (X = CH3; CH20CH3). However, these data reflect only the 
relative effcct of F on  a double bond versus a cyclopropane ring, not the absolute 
effect on a cyclopropane ring (see Section 1I.B.l.b). 

(2a)  (2b) 

Although the effect of a single fluorine substituent is unrcsolved, geminal fluorine 
substituents clearly facilitate homolytic cleavage of the cyclopropane ring. The 
activation energy for the thermal isomerization of 3a to 3b (49.7 kcal mol-') is about 
10  kcal mol-' less than that for the hydrocarbon system5". The rapid isomerization of 
the endo isomer 4a to 4b at 80°C (AG+ = 28.2 kcal mol-l) also indicates enhanced 
bond cleavage53. The 1,1 -difluorocyclopropane isomerizations apparently proceed by 
preferential Cp)-C(3) bond cleavage, which is consistent with the observed 
C(2)-Cc3) bond lengthening from microwavc spectral studies". 
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TABLE 5.  Methylenecyclopropane isomeri~ations"~~' 

Isomerization log A E, ,  kcal mol-' AGO 

13.2 38.3 2 0.4 

0 

-1.7 

'Estimated. 

(3a) (3b)  (4a)  (4b) 

Related studies on methylenecyclopropane isomerizations reveal dramatic gem- 
difluoro substituent effects (Tablc 5 ) .  The relative rates of rearrangemcnt of 5:6:7 at  
150°C are 1:4.4:3.4 x l o 4 !  A non-additivc increase in methylenecyclopropane strain 
energies upon introducing pairs of fluorine substituents was proposed to explain these 
rate differences. Furthermore, thc equilibrium thermodynamics (AG values) indicate 
that cyclopropyl gem-difluoro substituents are more destabilizing than vinylic gem- 
difluoro substituents o n  a mcthylenecyclopropanc. 

3. The 'gauche effect' 

1,2-Dihaloethanes exist mainly in the trails form (8) for CI, B r  and I. 1,2-Difluoro- 
ethane, however, exists predominantly in the gauche conformation (9)13*54. This 
phenomenon has been tcrmcd the 'gauche effect' and it occurs in many structurally 
similar molecules containing pairs of highly polar bonds5'. A n  analogous situation, 
called the 'cis effect', occurs in substituted cthylcnes (see Section II.B.1 .c). Some 

X X 
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TABLE 6. Ethane rotational barriers"" 

609 

Ethane Barrier. kcal rnol-' 

2.88 
3.30 
3.18 
3.48, 3.25" 
4.58 
3.5 1 
3.92. 3.7h 

"Ref. 15. 
hRef. 61. 

special stabilization of the gauche conformer that is absent in the irurzs conformer, 
such as  fluorine-fluorinc lone pair is commonly postulated to explain 
this effect. Bingham has criticized this analysis and has contended that the gauche 
form is not stabilized but the trans conformcr is conjugatively destablized, based on 
simple perturbation theory"g. This contention has been d e f ~ n d e d ~ ~  and c r i t i c i z ~ d ~ ~ .  

Fluorine substitution also has a peculiar effect on the rotational barriers of ethanes 
(Table 6). The rotational barriers increase in going from CH3CH3 to CH3CH2F, or 
from CF3CH3 to CF3CH2F, but they decreasc upon furthcr fluorination. Various 
theoretical rationales for this effcct have bcen offered6'-"j. 

B. Unsaturated Compounds 

1. Olefins 

a. Carbon-fluorine bonds. The C-F bond lengths in fluoroalkenes are of the same 
order as those in CHF3 or  CF4 (Table 7). Thc C-F bond strcngths also appear to be 
comparable (see Section II.B.l .b). The fluoroalkene C=C bond lengths are all shorter 
than that in CH2=CH2 (1.337 A). The most striking feature is the geminal FCF bond 
angle which is close to tetrahedral. 

The same arguments uscd to rationalize the molecular geometries of polyfluorinated 
alkanes have been made to explain the fluoroolefin geometries. Bernett3x proposed 
that the attachment of two electronegative fluorine atoms to normally sp' hybridized 
carbon changes the hybridization to sp3. Kollman25 similarly suggested that the 
decreased FCF angle is a result of electronegativity effects, but calculated about 
40% s-character in the carbon hybrid orbital of the C-F bond in CF2=CH2. Epiotis 

TABLE 7. Bond angles and bond lengths in fluorinated ethylenes 

CH2=CF267 FHC=CF,~~ 

r(C-C). A 1.333 

<HCF. deg 115.4 

r(C-F). 1.348 
<HCH.  dcg 120.4 

<FCF. dca 

1.315 1.300" 1.31 1 
1.323 1 .32h; 1.33' 1.319 
121.8 

116.2 
109.3 112.8 112.5 

"Rcf. 69. 
hC-F = 1.32 A f o r  =CF,. 
"C--F = 1.33 A for =CHF. 
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and  collaborator^^^^^^ have criticized the theoretical validity of these analyses and 
have advocated the importance of fluorine lone pair attractions. 

Although the precisc nature of thc bonding in fluoroolefins remains controversial, 
fluorine substitution clearly can h a w  a pronounced cffcct on the reactivity of the 
double bond. 

b. Carhoti-carhoti cloitble botids. Many addition reactions of gem-difluoroolcfins to 
form saturated compounds are more exothermic than thc corresponding hydrocarbon 
r e a c t i o n ~ l ~ ' ~ ~ .  The heats of hydrogenation of CF2=CF2, CF2=CFH, and CF2=CH2 
are respectively about 16, 8 and 4 kcal niol-l greater than that for ethylene7'. Thc 
heat of addition of C12 t o  CF2=CFI is nearly 14 kcal mol- '  greater; the heat of 
polymerization is 17 kcal rnol-' greater, and the heat of dimerization is 42 kcal mol-l 
greater than that estimated for cthylene. Thc activation energy for the dimerization of 
CF2=CF2 t o  octafluorocyclobutane is 25 -C 1 kcal niol-I, which comparcs with 
44.3 kcal mol- '  calculated for the hypothetical ethylene dimerization. These obser- 
vations have been attributed to cither n-bond de~tabi l iza t ion~~ or to an increase in 
C-F bond strength in thc saturated system relative to the olcfin". The cumulative 
experimental evidence strongly favours the former explanation, at least for tri- and 
tetrafluorinated double bonds. The thermodynamic A H  values for thcrmal cyclo- 
butenc ring openings are illustrative (Table 8). At 200°C cyclobutene is quantitatively 
converted to butadiene, whereas the pcrfluorocarbon reaction (14 e 15) proceeds 
quantitatively in the opposite direction under similar conditions. Taken alone, thesc 
differences could bc explained by cithcr fluorine n-bond destabilization or a-bond 
stabilization. However, since the three fluorocyclobutcnes (10. 14, 18) rearrange at 
similar rates and cach involve thc same changes in C-F hybridization, but their 
equilibrium constants markedly differ, fluorine substitution must destabilize the diene. 
These rcsults also indicate a non-lincar relationship between n-bond energy and the  
number of vinyl fluorines (fluoroolefin heats of hydrogcnation also show a non-lincar 
relationship, vide sicprn). Thrce fluorines on a doublc bond are uniformly destabilizing, 
whereas geminal fluorines are only slightly destabilizing (16 + 17, 18 * 19) or 
stabilizing (10 e 11). 

Wu and Rodge# have shown that the n-bond dissociation energy, dcfincd as 
0," (C=C) = DH" (CC-X) - DH" ('CC-X) for CF2=CF, is 52.3 2 2 kcal mol-' ,  
7 kcal mol-l less than that for CH,=CH2 at 59.1 2 2 kcal mol-l. This value is in  good 
agreement with the thermodynamic data on CF2=CF2. Thc n-bond dissociation 
energy for CF2=CH2 at 62.1 2 1.5 kcal mol-l, however, is 3 kcal mol-' greater than 
that for CHz=CH7_70.77. This valuc is consistent with the observed low free radical 
reactivity of CF2=CH278. the failure of CF,=CH2 to cyclodimerize at ordinary 
pressures7!). and thc thermodynamic stability of 11 rclativc to 10. The greater heat of 
hydrogenation of CF*=CH, relative to CH2=CH2 and the A H  for the Cope re- 
arrangement equilibrium in cquation ( in contrast. suggest that a gem-difluoro 
group destabilizes the n-bond by 4-5 kcal mol-I. 

OF - 3F* A H  2 - 5 kcal-'. (1 1 

Experimental data on the cffccts of a single vinyl fluorine or vicinal fluorines on 
C=C bond strengths are scarce. The thermal isomerization of cis- to tratis- 
CF3CF=CFCF3 has an activation energy of 58.8 kcal mc;l-l, about 8 kcal mo1-I lowcr 
than that for 2-butenc itself8('. Similarly. E ,  for the isomcrization of cis-CHFXCHF is 
about 5 kcal mol-l less than that for CHD=CHD8'. Based on thcse limited data. 
vicinal fluorination weakens doublc bonds. Epiotis's group noted that 1. I-disubsti- 
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TABLE 8. Cyclobutene ring  opening^'^ 

React ion E,, kcal mol-' A H ,  kcaI rno1-I 

32.7 -8 

11.7 

1 .o" 

0.4 

"Not reported. At GOO"C, K,,(10 + 11) >200 comparcd with K,,,(14 * 15) = 7 x 
'Ref. 75. 

tuted cthylenes are in general more stable than t h e  1.2-isomers when thc substituents 
are identicalR2. 

To date, only two equilibrium studies of the effect of monofluorination havc been 
reported, and the results are contradictory. I n  monofluorobullvalene the isomer with 
fluorine at  the bridgehead (20) predominates, as opposed to the hromo- and chloro- 
bullvalenes in which the halogens are at vinylic positions (21)83. In contrast, a double 
bond stabilizing parameter of 3.3 kcal mol-'  was established for F84, based on the 
equilibrium represented in equation (2)". 

The interpretation of fluorine substitucnt effects on 7r-bond dissociation energies is 
obviously not a simple matter. The generalization that substitution of F for vinylic H 
in an olefin is destabilizing. which often appears in the fluorocarbon literature, is valid 
for CF2=CF2 and CF2=CF- systems, but is misleading for the lower fluorinatcd 
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(21) X = Br. CI 

CH2=CHCH2F CHF=CHCH3 A H  2 - 4  kcal mol-'. (2) 

olefins. The effects of geminal or vinyl fluorine substitution on thermodynamic 
stability clearly depend on thc particular olefin in question. 

The 'cis effect' and ab initio calculations. ck-l,2-Difluoroethylene is thermo- 
dynamically more stable than the tram isomer. This anomaly is not unique to the 
fluorocarbons; it occurs with several cthylenes substituted vicinally with electro- 
negative atoms (Table 9). This phenomenon, which is unexpected based on steric or 
dipolc-dipole repulsion considerations, has been termed the 'cis effect'. 

Theoretical arguments to explain the 'cis effect' abound, e .g. resonance structure 
formulationss6, steric attraction rne~hanis rns~~. '~ ,  rehybridization schemesz5, and 
conjugative destabilization models5'. The problem is intimately related to the 
questions of structure and bonding in gem-difluoroalkanes and -alkenes, and in 
1,2-difluoroalkancs (see Section II.A.3). 

The results of a b  itiifio SCF calculations on 1.2-difluoroethylenes point out a general 
caveat concerning the validity of such calculations. Since 1977, four major 
papers43.75.87.88 have dealt with the 1,2-difluoroethylene problem and the results are 
disappointing in that even large basis sets, e.g. 6-31 IG, have not been able to re- 
produce the correct sign of the cncrgy difference between the isomers. With the 
popular 4-3 1 G basis set including geometry optimization, thc trans isomer is calculated 
to be more stable by 1.3 kcal mol-'. Only the highest quality calculation with 
Hartree-Fock wave functions. 6-3 1 1 G*,  though not geometrically optimized, predicts 
the cis isomer to bc slightly more stable ( A H  = 0.26 kcal moI-')88. 

Rclatively modest basis sets consistently give optimized C-F bond lengths that are 
too long compared to the experimental valuess'.'('. In some cases, increased basis sets 
correctly decrease the C-F bond lengths, but for the 1,2-difluoroethylenes the C-F 
bonds become cvcn morc overelongated as thc basis set increasesx7. It is evident that 
basis scts for rcliablc ah initio calculations on fluorocarbons must include polarization 
functions, and it indccd niay bc necessary to include electron correlation bcyond the 
I-Iartree-Fock limit. (The reader is rcminded that the best value of the dissociation 
cncrgy for F? obtained by the Hartrce-Fock mcthod is - 1.37 cV"; the cxperimental 
value being + 1.65 eV. Whcn correlation effects arc included, positive values close to 
the experimental ones are obtained".) Ab itiilio SCF calculations on fluorocarbons at 
the STO-3G or 4-31 G levels should be treated with circumspection. 

c. 

TABLE 9. Enthalpy values for the cis- tmm 
isornerization of 1,2-dihaloethylrnes, XCH=CHX" 

X AH6", kcal rnol-' 

F 
CI 
Br 
I 

0.93 
0.65 
0.32 
0.00 
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2. Fluoroacetylenes 

The shortest reported C-F bond length of 1.279 8, is found in HC=CF'*. The 
C-F bond strength is estimated to be 114 kcal mol-' ,  considerably stronger than the 
C-F bond in fluoroethane but comparable to that in a vinyl fluoride. 

Although fluorine substitution shortens the triple bond by about 0.01 A 
(r(FCECH) = 1.198 A versus r (HCGCH) = 1.209 the triple bond is 
appreciably destabilized (Table 10). M ~ n o f l u o r o a c e t y l e n e ~ ~ ~ ~ ~  and chlorofluoro- 
acetylene95 are dangerously explosive. r-Butylfluoroacetylene is extremely reactive 
and it dimerizes below 0°C'". Tetrafluoropropyne, CF3CGCF, is considerably more 
stable than other monofluoroacetylenes, but it is thermodynamically less stable than 
its allene isomer, CFz=C=CF297.y8. Difluoroacctylene, claimed to have been 
prepared by pyrolysis of difluoromaleic anhydridey9 and by other routeslO".l"', cannot 
be isolated. 

TABLE 10. Acetylene bond dissociation energie~"'~ 

Acetylene L)" (CFC), kcal rno1-I 

H C E C H  
FC-CH 
C l C f C H  
BrC-CH 
FCGCF 

230 
178 
166 
202 
171" 

"Calculated, Ref. 104. 

Fluorine attached to an sp-hybridized carbon is expected to perturb triple bonds in 
much the same manner that i t  is proposed to affect double bonds. If the electro- 
negative fluorine imparts extra p-character in the carbon orbitals of the C-F bond, a 
normal p-orbital is no longer available for n - b ~ n d i n g ~ ~ . ~ ~ .  Alternatively, if repulsion 
between the clcctron pairs on fluorine and those of the n-system (In repulsion) is the 
source of destabilization, this effect should be maximized with triple bonds'"*. A single 
fluorine indeed destabilizes the triple bond by over 50 kcal mol-I, whereas its effect 
on a double bond is much less pronounced. This analysis is obviously an oversimplifi- 
cation since chlorine unexpectedly destabilizes the triple bond more than fluorine, 
judging from the n-dissociation energies of FCECH versus ClC-CH (Table 10). 

3. Fluorobenzenes 

The C-F bond lengths in fluorobenzenes vary with the degree and position of 
fluorine substitution (Table 11). Compared with monofluorobenzene, other fluoro- 
benzenes have shorter C-F bonds. The C-F bonds in 0- and m-difluorobenzene are 

TABLE 11. C-F bond distances in fluorobenzenes" 

Arene C-F bond Icngth, f i  
~~ ~ 

ChH5F I .354 
1.2-C6H4F? I .306 
1.3-C6H4F* 1.304 

C6F6 1.321 

"Taken as mean value of ro.  
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TABLE 12. C-X bond dissociation energies (in kilocalories 
per mole) in benzenes and pentafluorobenzencslos-'06 

X = F  CI H 

ChFj-X 154 130 I52  
ChH j-X 123 94 110 

shorter by about' 0.05 A, whereas those in hexafluorobenzene are shorter by only 
0.03 A. This trend suggests some specific interaction between fluorines o n  different 
carbons, the exact nature of which has not been delineated. 

The C-F bond strengths in aryl fluorides increase with increasing fluorination 
(Table 12). This pattern is similar to that observed with the alkanes (see Section 
II.A.1). Unlike the fluoroalkanes, other C-X bond strengths also increase on fluori- 
nation. The C-CI and. C-H bonds in C6Fj-X are stronger than those in C6H5-X by 
an astounding 40 kcal mol-I. 

These effects have not been adequately explained and they again emphasize t h e  
unpredictable and mysterious nature of the structure and bonding in fluorocarbons. 

111. FLUORINE SUBSTITUENT EFFECTS 

The electronic effects of fluorine and other halogens on neutral and charged species 
were reviewed by Modena and ScorranoIo7 in 1973. The current perspectives on 
fluorine and fluoroalkyl substituent effects, including more recent theoretical and 
experimental data, will be reviewed in this section. 

A. Polar and Resonance Effects 

The electron-withdrawing effects of fluorine and the halogens in aliphatic com- 
pounds in solution are well known. The increases in acidities of carboxylic, phosphoric 
and sulphonic acids and of alcohols upon halogenation are typical e x a r n p l e ~ ~ ~ ~ ~ ~ ~ ~ .  
Trifluoroacctic acid is two to six times stronger than CCI3CO2H and about 1 O4 times 
stronger an acid than CH3C02H in aqueous solution. Perfluoro-t-butanol, (CF&COH 
(pK, = 5.4), is about as acidic as CH3CO2H1I0; hexafluoroacetonc hydrate, 
(CF3)2C(OH)2, is quite acidic (pK,, = 6.76)"', and CF3S03H is the strongest known 
monobasic organic acid ( H a  = - 14.5)"'. 

A quantitative measure of the polar effect is the substitucnt constant a 1  which 
increases in the order Br < C1 < F (Table 13) and. as expected, parallels the increasing 
clectronegativity of F and the halogens. This polar effect is classically transmitted in 
a-bonded systems by a relay of the induced bond dipolc along the chain of carbon 
atoms (a-inductive effect, I o ) .  or by a through space electrostatic interaction (field 
effect) I 3 . I  14. 

Thc electron-withdrawing order is reversed in the gas phase and becomes 
F < CI < Br1lS-IIx. For example, in the gas phase the fluoroacetic acids FCHzC02H 
and F2CHCOzH are more acidic than CH3C02H but less acidic than the correspond- 
ing bromo- and chloroacctic acids115. Polarizability (charge-induced dipole) effects 
apparently predominate in the gas phase and a-inductive effects are relatively 
unimportant I 15.1 IY-I?O . (The atomic polarizabilitics of F, C1 and Br are 0.53, 2.61 and 
3.79 A3 respectively'21.) 

The electronic effects of fluorine substituents attached directly to a n-system are 
complex. Besides I ,  and the classical field effect, several additional electronic effects 
are known to be important, especially in aromatic systems. Classical resonance in 
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TABLE 13. Substitucnt constants for fluorine, halogens and fluorocarbon groups122 

Substituent crrl UP ‘31 UR .F .‘# ESU 

Br 0.39 0.23 0.44 -0.19 0.44 -0.17 -1.16 
CI 0.37 0.23 0.47 -0.23 0.41 -0.15 -0.97 
F 0.34 0.06 0.52 -0.34 0.43 - 0.34 -0.46 

- I .48 CHzF 0.12 0.1 1 0.12 - 0.02 - - 
CHF2 0.29 0.32 0.32 0.06 - - -1.91 

0.43 0.54 0.42 0.10 0.38 0.19 - 2.40 -3 
0.47 0.52 0.41 0.1 1 0.44 0.1 1 C2FS 

I I - C ~ F ~  0.47 0.52 0.39 0.1 1 
i-C3F7 0.37 0.53 0.48 0.04 0.30 0.25 - 
I - C ~ F ~  0.35 0.52 0.27 0.26 0.28 0.27 - 

0.34 0.4 1 0.25 0.02 0.30 0.13 - 

- 
- - - 

C6F5 

“l’aft Es values referenced to H by subtracting I .24; Rcf. 123. 

which electrons from the substituent are donated back into the  ring (22) is generally 
said t o  explain the ortho-para directing effects of halogen substituents. This resonance 
effect increases in the order Br < CI < F, as the U; reflect 
(Table 13). Huorobenzene, in fact, is more reactive than benzene in some electrophilic 
substitution reactions. Politzer and T i m b e r l a k ~ ’ ~ ~  have questioned the validity of this 
interpretation. The repulsion of halogen lone pair electrons with the aromatic 
n-electrons (I, repulsion) which induces n-charge at the ortho and para positions 
(23) was claimed to account for the US; values. The magnitude ofl ,  repulsion increases 
in the order Br < C1 < F and fluorine I, repulsion is known to be quite important in 
a-fluoroanions and radicals (see Sections 1II.D and E). Although this analysis may be 
valid, i t  treats only ground-state effects. Since fluorine resonance has been unequi- 
vocally demonstrated in cations (Section III.C), i t  is also expected to be dominant in 
electrophilic substitution reactions with relatively late transition stateslo7. 

values quantitatively 

(22) (23) 

Considerable controversy has surrounded the nature of perfluoroalkyl group 
electronic effects. The positive I J ~  and .4 values for CF3 (Table 13) indicate apparent 
resonance which was originally attributed to C-F no-bond resonance or negative 
hyperconjugation (24).  This concept has since fallen into disrepute26.”s.126. HoltzZ6 has 
shown that many of the effects attributed to hyperconjugation can be adequately 
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explained by field-induced n-polarization in which the field effect of the substituent 
directly polarizes the n system as in 25. n-Polarization recently has been established as 
an important mechanism for substituent effects on I3C and ”F NMR chemical shifts in 
aryl  fluoride^'^^.^**. A related, but conceptually different phenomenon is the 
n-inductive effect in which the substituent, through its lo effect, induces a redistribution 
of n-electron density in the sense represented by 2612’. Since the inductive effects of 
fluorine and the fluoroalkyl groups are comparable (Table 13), the n-inductive 
mechanism also may be important for fluoroalkyl groups. 

8. Steric Effects 

The steric effect of a fluorine substituent is often said to be negligible because the 
van der Waals radius of F (1.47 A) is only 0.27 8, greater than that for H13”*131. This 
generalization is misleading since situations can arise where steric crowding is so 
severe that this small difference is enough to require non-bonded overlap of F with an 
interacting atom, but no overlap between H and the interacting atom. The energetic 
consequences of this can be substantial since the van der Waals potential function 
for repulsion rises very steeply in the region of overlapping radii. The largest fluorine 
steric effect known occurs with 27, wherein the meta ring-flipping rate ratio k d k F  is 
greater than 10” at 25”C132. Several other fluorine steric effects in conformational 
processes are summarized by Forster and Vogtle’33. 

Notable fluorine steric effects also are reported for the free radical additions of 
halogens and polyhalomethanes to n o r b o r n e ~ i e s ~ ~ ” ~ ~ ~ .  For example, 28 reacts with 
CCI4 to give 73% 29 and 27%1 trails adduct, whereas, norbornene itself gives >95% 
tram adduct 30. The ring fluorines were proposed to sterically retard rndo attack by 
CC14 on the free radical intermediate. 

(27) (28) (29) (30) 

Although the potential steric effect of F is often overlooked, the large steric bulk 
of CF3 and other perfluoroalkyl groups is well recognized. From the Es values 
(Table 13), CF3 is even largcr than i-Pr (Es  = - 1.71), and i-C3F7 is suggested to be 
comparable in size to 1-Bu 13’.  

C. Fiuorocarbocations 

Fluorine directly bonded to the cation centre stabilizes a carbenium ion, whcreas 
fluorine substituted at adjacent or further removed positions is destabilizing. The 
former is a result of the  conjugative interaction of the unshared electron pairs o n  
fluorine with the empty p-orbital of the carbenium ion (31) ( n ( p p )  bonding). This 
effect has received considerablc t h e ~ r c t i c a l ’ ~ ~ ’ ~ ’  and experimental support. 
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Beauchamp and c o ~ o r k e r ~ ' ~ ~ . ~ ~ ~  have shown the following increasing orders of 
cation stabilities in the gas phase: +CH3 < +CF3 < T H 2 F  < +CHF2; +CH2CH3 -e 
+CFHCH3 +CFzCH3; +CH(CH3)2 < +CF(CH3)2. The cation CF3+ has been 
generated by the matrix photoionization of trifluoromcthyl halides and its IR spectrum 
is consistent with extensive ~ ( p - p )  bonding'l'. 

Numerous long-lived fluorocarbocations have becn observed. in solution and much 
of the experimental data has been r e v i e w ~ d ' ~ " . ' ~ ~ .  The CH3CFCH3 and CH3CF2+ 
cations have been directly observed as long-lived species; however, n o  fluorinated 
methyl or rnonofluoroalkyl carbenium ions, RCHF, have been directly observed in 
solution under non-exchanging conditions. When SbF5-S02CIF was used to ionize 
CH3CHF2, CH3CHf was formed, but it underwent rapid fluoride exchange with 
CH3CHF2 and SbF6-. The decreased stability of RCHF compared with R2CH 
indicates that an alkyl group better stabilizes electron-deficient carbon than does 
fluorine. Similar attempts to ionize trifluorohalornethanes only gave CF4. From 
comparative studies of a-fluoro- and a-haloisopropyl, -cycloalkyl and -2-norbornyl 
cations in solution, the stability and degree of ~ ( p p )  bonding was found to incrcasc 
in the order Br < CI < FIJ6. 

No simple P-fluoroalkyl carbocations have been observed in solution. The 
FCH2CH2' cation is calculated to be less stable than CH3CHF' by 18.3 kcal rnol-I, 
but more stable than the fluoronium ion 32 (X = F) by 1 1.5 kcal mol-l IJO. Although 
long-lived halonium ions 32 (X = CI, Br, I )  have been obscrvcd in solution, fluoron- 
ium ions have ncvcr been detect~d'~' .  Heats of formation data from the gas-phasc 
proton affinities of fluoroolcfins indicate that FCH,CHF+ is at least 20 kcal mol-I 
less stable than CH3CF2' 14*. Unlike P-halocarbeniuni ions. P-fluorocarbcnium ions 
are clearly not stabilized by bridging. 

(32) 
The a-CF3 group in a carbocation is enormously destabilizing relative to CH3. The 

CF3CHl+ cation is calculated to be less stable than CH3CH2* by 37 kcal mol-' IJ9. 

Trifluoropropene is not protonatcd by FS03H, but is ionized to the 1 .I-difluoroallyl 
cation's0. Anti-Markovnikov additions of strong acids to CF3CH=CH2, which are 
often incorrectly quoted as examples of the electron-withdrawing effect of CF3, 
actually proceed by the 1 , l  -difluoroallyl cation and do not involve direct addition to 
the double bond"'. The relative rates of acid-catalysed hydration of PhCRZCH- 
for R = H, CH3, CF3 are approximately 1, 2.6 x 10'. 2.4 x 

The pronounced deactivating effect of CF3 also has been demonstrated in solvolysis 
reactions. The rate ratios k d k C F 3  for the solvolysis of Me2C(CF3)OTs and PhCMe- 
(CF3)OTs in  comparison with Me2CHOTs and PhCHMeOTs in various solvents are 
1 . I  x 105-2.3 x 1 0 6  'j3. 

The only reported long-lived a-C+F3 cations are those which benefit from additional 
conjugative stabilization, e.g. PhCR(CF3) (R = Me, c - C ~ H ~ ,  Ph)'46. Magic acid, 
SbF,FS03H. in SO2 at -60°C will protonate CF3COCH3, but not HCF,COCF,H o r  
CF3COCF3147. The H , )  values for the first two protonatcd ketones are - 14.7 and 
c. - 17, respectively. which compare with -7.5 for acetone"'. 

Polyfluorination also destabilizes dclocalizcd cations. In contrast to the well 
characterized, long-lived cyclobutenyl, ally1 and perchloroallyl cations. the analogous 
perfluorinatcd cations are unstable and have not been detected in solution'4". 
However, the cations 331i5, 34]5(', 35Iq7 and 361s8, which benefit from additional 
resonance or conjugative stabilization, are quite stable. 

respectively'". 
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(33) (35) 

N o  fluorovinyl cations have been detected. The cations CH,=CF+ and FCH=CH+ 
are calculated to be less stable than CH2=CH+ by 20.8 and 32 kcal mol-I, 
r e ~ p e c t i v e l y ~ ~ ~ . ~ ~ ’ .  The bridged cation 37 is calculated to be 31 kcal mol-I less stable 
than FCH=CH’- 15’. 

(37) 

The combined effects of a- and 8-fluorines on  carbocation stability imply that 
fluoroolefins will react regiospecifically with electrophiles as in equation (3). This is 
the case (see Section IV.B.1). For example, FS03H reacts with CH2=CF2 to give 
exclusively CH3CF20S02F.  Because of the pronounced instability of 
P-fluorocarbocations, polyfluoroolefins are relatively resistant to electrophilic attack. 
Tetrafluoroet hylene and hexafluoropropene are not protonated by HF-SbF5-S02CIF 
at -5°C. 

F F )=( -+( E’ 
(3) 

The effect of F on the reactivity of an olefin towards electrophiles is more difficult 
to predict. Although a carbocation is stabilized by a-F relative to H because of 
resonance, the inductive effect of F predominates in  the ground state and reduces the 
nucleophilicity of a double bond. Consequently, F is an activating group only in 
electrophilic additions to olefins which have very late transition states, and examples 
of this are rare160.161. The activating influence of F relative to H and halogens, 
however, is quite common in electrophilic aromatic  substitution^^^^. 

D. Fluorocarbanions 

/3-Fluorine substituents stabilize a carbanion, but a-fluorines can be either stabilizing 
or  destabilizing, depending upon the gcometry of the carbanion. Thc former effect is 
evident from the remarkable ability of fluoroalkyl groups to enhance the acidity of 
carbon acids (Table 14). The acidity of (CF3),CH (41) is nearly 50 orders of magnitude 
greater than that of CH4, and 38 (pK, s -2) is a stronger acid than HN0316?. 

In addition to polar effects, negative hyperconjugation was claimed to contribute to 
the unusual stability of P-f luoro~arbanions’~~.  This concept has been severely criticized 

(see Section 1II.A). The classic studies by Streitwieser and coworkers26*126 on the 
acidities of 39 and 40 are the most cogent evidence against negative hyperconjugation. 

and it was concluded that only polar effects are needed to explain the data-’. 7 (  125.126.164 
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TABLE 14. Equilibrium acidities of carbon acids'26, pKcsc~+,' 

CHF3 
30.5 

C F 3 C F 2 H 
28.2 

CHCI3 
24.4 

(CF3)zCFH 
25.2 

CHBr3 
22.7 

CHI3 
22.5 

CF3CCIzH CF3CBr2H CF3CIzH 
24.4 23.7 24.1 

'Cs ion pair values in cyclohexylamine solution. 
bEstimated. 

(W 
The pK, values for 39 and 40, 20.5 and 18.3 2 0.3, respectively, are lower than that 
calculated for 41 (c. 21). Since the anions of 39 and 40 cannot benefit from hyper- 
conjugation owing to their highly unfavourable anti-Bredt's rule canonical forms, but 
both 39 and 40 are more acidic than 41. hyperconjugation was ruled out. pl1 9 F l 3  (CF3)3CH 

H H 

(39) (40) (41 1 
Recent experimental and theoretical results have reopened the controversy over 

negative hyperconjugation. Tatlow and coworkers have measured the relative rates of 
exchange for 39,40 and 41 under the same reaction conditions for the first time; after 
450 h at 55°C in neutral D20-CD3COCD3, the hydrocarbons incorporated 0%, 12% 
and 70% deuterium, re~pec t ive ly '~~ .  Compound 41 clearly exchanges more rapidly 
than 40 and very much more rapidly than 39. These data indicate some special 
stabilization in the perfluoro-t-butyl anion, and the validity of the estimated pK, of 41 
is in doubt. 

Early molecular orbital calculations (CND0/2) on FCH2CH2- indicated no 
appreciable energy difference between the conformers 42 and 43z6. More recent ab 
irzitio calculations show that 42 is more stable than 43 by 9-11 kcal mol-I 16616x, 

indicating appreciable negative hypcrconjugation in the anion. The status of fluorine 
hyperconjugation, at least in carbanions. is now an open question. 

F 
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The stability of a-fluoro- and a-halocarbanions depends upon a balance of polar 
stabilization ( F  > C1 > Br > I > H), p p  lone pair repulsion ( I ,  repulsion), and the 
carbanion geometry which affects the magnitude of I ,  repulsion. From the carbon 
acidity data (Table 14), CX3- and CF3CX2- are stabilized in the order X = I = Br > 
CI > F, respectively. The carbanions (CF&CX- are known to be stabilized in the 
order Br > CI > I > Ph > F > OMeIm. These data indicate that anion stability is 
primarily determined by the degree of I ,  repulsion (Br < CI < F). Since I ,  repulsion 
is maximized in planar carbanions, a-F carbanions prefer to be pyramidall"'. The 
energy differences between the planar and pyramidal forms of CH3- and FCH2- are 
1.1 and 13.2 kcal mol-l, respectively, from ab iriitio  calculation^^^^. The calculated 
inversion barriers for the cyclopropyl and a-fluorocyclopropyl carbanions are 17.4 and 
41.8 kcal mol-I, re~pec t ive ly '~~ ,  which again illustrates the pronounced effect of F on 
carbanion geometry. 

Although pyramidal a-fluorocarbanions are less stable than a-halocarbanions, they 
are more stable than their unsubstituted counterparts (CF3H is about loJo times more 
acidic than CH4). In contrast, planar carbanions are destabilized by substitution of 
a-F for H. Examples that reflect this include the decreased C-H acidities of a,a- 
difluoroacetates, a-fluoronitroalkanes and 9-fluorofluorene compared to their 
respective unsubstituted A 45 year old case of I ,  repulsion is the report 
that p-fluorophenol is less acidic than 

Unlike fluorocarbocations, very few stable fluorocarbanions are known. The 
perfluoroanions 44-46, generated from olefin precursors with CsF in DMF, are rare 
examples of long-lived anions, directly observable by IyF NMR173. A few specially 
stabilized, isolable perfluorocarbanions, 47174*'75, 48'76, 49177 and 50178 (ylids), are 
known. The stability of these structures is attributed to the clcctron-withdrawing 
p-fluorines; however, if an a-fluorine is present, the carbanions are destabilized by I ,  
repulsion. For example, CF3CF2CFPBu3 cannot be detected since it rapidly rearranges 
to the vinyl phosphorane, CF3CF=CFP(F)Bu3177. Similarly, the fluoromethylene 
ylids, R3PCFH and R3PCF2, are established reagents but cannot be isolated or 
directly obsc wed 79.180. 

@hPh3 C F C - ~ B U ~  (CF3)2C-6Phg 
5~ 
CF3 

(47) (48) (49) (50) 

Several organofluorolithium compounds of varying stability are known, but it is not 
clear if these derivatives are ionic, covalent or are best described as carbenoids. The 
bicyclic organolithium 51 is stable in ether above 25"CI8'; 52 decomposes rapidly to 
perfluoroheptene at  -75°C182, and 53 is stable at low temperatures but eliminates F- 
near 0°C to give pcrfluoro-r-butylcarbenelg3. Difluoroallyllithium is unstable at 
-95"C, but can be trapped in siru by R3SiCl or carbonyl compounds'84. The synthesis 
and synthetic utility of polyfluoroalkyllithium and Grignard reagents has been 

Halodifluoromethides, XCF2-, once considered to have no finite existence18*, are 
now known to be sufficiently long-lived to be trapped by e l e c t r o p h i l e ~ ~ ~ ~ ~ ~ ~ ~  arid to 
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A 
62 1 

CF3(CF216Li (C F3 13CCF2Li 

Li 

(51 1 (52) (53) 
undergo H-D exchange ' ' I .  Methyl chlorodifluoroacetate was decarboxylated by 1 : 1 
LiCl/HMPA (hexamethylphosphoric triamide) complex to generate ClCF2-, or the 
C1CF2Li/HMPA complex, which was trapped in siiu with ketones, fluoroolefins, 
pentafluoropyridine and halogens (e.g. equation 4). The BrCF2- anion or its complex 
was similarly generated and trappedIy0. 

0 OH 
I1 I 

I 
(4) CICF2C02Me + LiCI/HMPA + PhCCF3 - PhCCF3 

CF2CI 

Lithium fluoromethylides, generated by conventional proton abstraction or halide 
exchange with an alkyllithium, are unstable at - 116°C and rapidly decompose to give 
carbenes19'.'". Ab irzitio calculations on CHF2Li and CH2FLi predict rather startling 
structures for these species, none of which corresponds to the classical tetrahedral 
s t r u c t ~ r e ' ~ ~ ~ ~ ~ ~ .  An inverted carbon structure with CH2Li+F- character is favoured for 
FCH2Li. 

A wide variety of polyfluorovinyl and polyfluoroaromatic lithium and magnesium 
derivatives have been prepared by conventional procedures and have been used 
extensively in organic s y n t h e s i ~ ~ . ~ ~ ~ .  These derivatives are generally more stable than 
the saturated systems. The fluorinated vinyllithiums 54 and 55 do not isomerize during 
their syntheses and are trapped stereospecifically by e l e c t r ~ p h i l e s ~ ~ ~ .  The effects of F 
on the stability of vinyl anions have been discussed'07. 

cFRF F Li CF3 pi_i' Lt 

(54) (55) 

The effects of F and fluoroalkyl groups on the reactivity of an olefin towards 
nucleophiles are straightforward. Since these substituents both increase the electro- 
philicity of a double bond and can appreciably stabilize carbanions, fluoroolefins are 
much more susceptible to nucleophilic attack than their hydrocarbon counterparts 
(see Sections IV.B.l and 2). The well known feature of polyfluoroolefins of being 
attacked rcgiospecifically at terminal =CF2 groups is consistent with the relative 
effects of cx- and p-fluorines on carbanion stability. 

E. Fluororadkals 

a-Fluorine substituents have a pronounced effect on the geometry of free radicals. 
Whereas the CH3' radical is planar, or nearly soly8, fluorinated methyl radicals 
incrcasingly deviate from planarity in the order H2CF' < HCF2' < CF3' IY9. The CF3' 
radical is nearly pyramidal with a calculated inversion barrier of c .  25 kcal moI2"". A 
similar increase in pyramidality is observed in the series CF3CF2' < CH3CF2' < 
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CICF2' < CF3' and (CF3 3C' < (CF3)zCF' < CF3CF2', although (CF3)3C' appears to 
be less bent than t-Bu' 2R1*202 .  

Fluorine also markedly increases the barrier to pyramidal inversion of cyclopropyl 
radicals. The radicals 56a and 56b (X = F), generated by homolysis of the respective 
( Z , Z )  and (E.E)- 1 -bronio- 1 -fluoro-2,3-dimethylcyclopropanes, are configurationally 
fixed on  thc ESR time scale at -108"C")3, whereas 56a and 56b (X = H) rapidly 
interconvert under thesc conditions (k > 5 x loy S - I ) ~ O ? .  The highly stereospecific 
homolytic reductions of many 1-halo-1-fluorocyclopropanes is a consequence of the 
high inversion barriers of the intermediate 1-fluorocyclopropyl 

The first persistcnt cyclopropyl radicals (57; X = H, F) have been reported2()*. These 
unusual radicals have planar and almost planar configurations, rcspectivcly. This was 
attributed to steric rcpulsion between the 1-substitucnt and the t-Bu groups. 

CH3 111111 x """3>-. CH3 $x 

F2 

CH33> 
(%a) (56b) (57) 

The bending in a-fluororadicals has been attributed to primarily inductive and I ,  
repulsion effects"'", although other factors have been considcred'"g*210. Substitution of 
H by F will increase the s-character of the singly occupied orbital and, hence, will 
increase non-planarity. The pyramidal structure also minimizes I ,  repulsion between 
the F lone pair electrons and the electron on C, as is the case for a-fluorocarbanions. 

p-Fluorine substitucnts have little or n o  cffect on the geometry of free radicals. The 
radicals CH3CH2' and CF3CH2' are planar and cssentially rotate freely on the ESR 
time scale, unlike CH3CF2' and CF3CF2' which have substantial barriers to rotation 
(2.2 and 2.85 kcal mol-I, respectivcly)211. Thc FCH2CH2' radical is calculated to 
prefer the eclipsed rather than perpendicular conformation166; low tempcrature ESR 
studies suggest two rapidly interconvcrting conformations with the p-F approximately 
50" from the plane of the p-orbital"'. In marked contrast, the ClCH2CHZ' radical 
strongly favours thc perpendicular conformation with the CI nucleus displaced toward 
the radical centre. The proposed bridging or  a-bond delocalization for p-haloradicals 
is negligible for ~ - f l u o r ~ r a d i c a l s ~ ~ ~ .  

The properties o f  delocalized radicals are also affected by fluorine substitucnts. 
Ally1 radicals ordinarily are geornctrically very stable; the ally1 radical is static o n  thc 
ESR time scale at  280°C with a AGZ for internal rotation greater than 17 kcal 
mol-] 214. I n  contrast, thc AG' values for internal rotation of the terminal fluorines in 
58 (X = H, F. CI) are 7 . 2 ,  6.1 and 4.5 kcal mol-I, The radical 58 
( X  = CI) is frecly rotating at -52"C! 

X 

(58) 
The effect of fluorine substitution on thc stability of free radicals is difficult to  assess. 

Directive effects in radical additions to olefins or in atom transfer reactions of sub- 
stituted alkanes are nommally dominated by polar factors and do not rcflect relative 
radical The C-H and C-X (X = CI, Br, I )  bond dissociation energy 
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data (Tables 2 and 3 )  are perhaps the best measure of radical stability. These data, 
within experimental error, indicate that a-fluorine substitution has little or no effect on 
the stability of methyl or ethyl radicals (e.g. Do(CF3-X) and Do(CH3-X) (X = C1, 
Br) are nearly identical). The activation parameters for the thermal rearrangement of 
59 to 60, which are practically identical for X = H or F, also indicate that the stability 
of an ally1 radical is not significantly affected by partial fluorination2“. 

( + A  - &fx - 
x2 

(59) (60) 

F. Fluorocarbenes 

a-Fluorocarbenes and CH? differ in structure, stability and reactivity. The most 
recent calculated geometries and singlet-triplet (S-T) splittings for simple carbenes 
are given in Table 15. (To date, only the ground state geometries for CHz, CHCl, 
C H F  and CF? are known accurately.) The fluorocarbencs are all ground-state singlets 
in contrast to CHz. The magnitude of the S-T separation in CXY increases as the  
substituent’s elcctronegativity or n-donating ability increases, although the relative 
importance of each is debatablez20-2z44. The very large S-T energy difference in CFz is 
consistent with the absence of triplet chemistry in the thermal reactions of this species. 
For example, CF2 adds stereospecifically to cis or trans FCH=CFCl at 200°C. In 
general, simple a-fluorocarbenes stereospecifically cyclopropanate olefins in keeping 
with their ground-state singlet structures. 

a-Fluorocarbenes are more stable and less electrophilic than CH2 and their 
corresponding halocarbenes. The electrophilicity of singlet carbenes increases in the 
order CF2 < C H F  < CHz and CF2 < CCI2 < CBrz < CIz < CHz. This reflects a balance 
of inductive and resonance effects, and the predominant n-donation from F lone 
pair electrons into the singlet carbene’s vacar,: carbon 2p orbital is analogous to 
n ( p p )  bonding in a-fluorocarbocations. 

and fluorocarbene 
c h e r n i ~ t r y ~ ~ ’ . ~ ~ ’  have been reviewed. The reviews of Seyferth and Burton also sum- 
marize the many procedures for generating fluorocarbencs, including the interesting 

TABLE 15. Calculated bond angles and singlet-triplet energy separations for simplc ~ a r b e n c s ” ~  

The subjects of carbene spin statesZz5, carbcnc 

CXY angle 

Singlet Triplet S-T A E ,  kcal mo1-l CXY 

CH2 102.4 (IO2.4)’ 128.8 12.8 
CHBr 102.6 125.6 1.1 

CHF 102.2 (101.6)” 120.4 - 9.2 

CBrzh 110.1 127.3 - 7.7 

CHCl 102.0 (103.4)a 123.3 - 1.6 

CCIZ 109.4 125.5 - 13.5 

CF? 104.3 (104.9)” 117.8 -44.5 

“Experimental value. 
”Cf. 229. 
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TABLE 16. Carbene selectivity indexesz3' 

cx2 "'CXY 

(CF3)zC 
BrCCO2Et 
CBr2 
PhCBr 
PhCCl 
PhCF 
MeSCl 

CFCl 

ClCOMe 
FCOMe 

CCI2 

CFZ 

C(OMeb 

-O.OIU 
0.29 
0.65 
0.70 
0.83 
0.89 
0.9 1 
1 .OO 
1.28 
1.48 
1 .j9 
1 .8jh 
2.226 

oCalculated, this work. 
bCalculated, Ref. 232. 

fluoroethylidenes, :CFCF3 and :CFCFzH230*231. The use of diazo compounds and 
diazirenes as fluorocarbene prccursors also has been reviewedzz8. 

A semiquantitative, empirical correlation of carbenic selectivity towards alkenes 
has been developed by Moss232. The 'carbenc selectivity index' mCXY, as defined by 
Moss, measures the selectivity of a singlet carbene in cyclopropanation reactions at 
25°C (Table 16). The larger the mcxy value, the grcater is the selectivity of CXY. The 
fluorocarbenes in each series of structures arc uniformly the most selective 
(CFz > CClz > CBrz; PhCF > PhCCl > PhBr) and CFz is experimentally thc most 
selective electrophilic carbenc known. Carbenes with I .40 < m C X Y  < 2.22, e.g. 
CH30CCl and CH30CF, were predicted to be anrbiphilic, i.c. they act as electrophile? 
toward electron-rich alkenes and as nucleophiles toward electron-poor alkenes. This 
prediction has been confirmed for CH30CCl. The carbene (CF3)?C is predicted to be 
exceedingly electrophilic and very unsclective. Although its relative reactivity with 
simple alkenes is unknown, this highly rcactive spccies adds to hcxafluorobenzene, 
reacts with CO to give (CF3)2C=C=0, inserts into CH bonds, and cyclopropanatcs 
olcfins2z'~~233~z34. A frontier molecular orbital formulation of carbenic selectivity which 
complements the empirical correlation also has been developed and reviewcdz3'. 

Unfortunately, the elegance of thcse selectivity formulations is somewhat dirninishcd 
by the recent findings of Giese and coworkersz35. From competition experiments with 
MeCH=CMez and MezC=CH2 at 2 0 ° C  Gicse found thc cxpectcd increasc in 
selectivity CBr2 < CClBr < CClz < CFCl < CFz. However, at 8 7 ° C  the carbenes 
react with equal sclcctivity and, at 120°C, the sclectivity order is exactly reversed. 
These results suggest that carbenic selectivity is determined predominantly by entropic 
effects, and the molecular orbital formulations, based only on enthalpic consider: 
tions, appear rather dubious. 

G. The 'Perfluoroalkyl Effect' 

The remarkable influence of perfluoroalkyl groups on the stability of strained 
molecules and certain functional groups is undoubtedly the most prominent fluorine 
substitucnt effect. Perfluoroalkylated compounds are often incredibly stable compared 
with their corresponding hydrocarbons. Octakis(trifluoromct1iyl)cyclooctatetraene 
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(61)236 only decomposes slightly at 400°C; the valence isomers 62237, 63238 and 64238 
have half-lives of 2 h a t  360°C, 9 h at 170°C and 29 h at 17OoC, respectively. In addition, 
perfluoroalkyl groups often dramatically change the relative thermodynamic stability 
of isomers. For example, the valence isomers 63 and 64 are stabilized by over 30 kcal 
mo1-l relative to perfluorohexamethylbenzene in comparison to the corresponding 
hexamethyl analogues239. A particularly pronounced case is the Dewar isomer 65 
which is more stable than 66 above 280"C240. In fact, 66 is quantitatively converted to 
65 by vacuum flow pyrolysis at 400"C! 

(CF2CF3l6 @- 
(65) (66) 

Several examples of stable perfluoroalkylated compounds for which isolable hydro- 
carbon analogues either are very rare (67241, 68242, 69243) or are unknown (70244, 71245, 
72246, 73247, 74248, 75249, 7625(') are given below. The successful isolation of perfluoro- 
alkylated valence bond isomers of aromatic and heteroaromatic systems has opened 
fascinating new areas of chemistry that are only speculative for hydrocarbons (see 
Section IV.C.2). 

R 

(71 ) 

(74) 

(c2F5)5 

CO 
I I  It 

C2FsC CCF, 

(75) (76) 

The stabilizing influence of perfluoroalkyl groups on highly strained compounds was 
dubbed the 'perfluoroalkyl effect' by Lemal and D ~ n l a p ~ ~ ~ .  Both kinetic and thermo- 
dynamic factors were claimed to be important, although a more recent analysis suggests 
that the thermal stability of perfluoroalkylated strained rings is kinetic in naturez5'. 
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IV. POLYFLUOROCARBON REACTIONS 

The reactions of fluorocarbons havc bcen discussed in several textbooks and in 
numerous reviews. One text2 that stresses the physical organic aspects of organo- 
fluorinc chemistry is especially recommcnded. Since this work adequately surveys the 
effects of fluorine substitution on reactivity and mechanism for virtually every 
important class of organic reactions, only select topics that have not bcen previously 
covcrcd in detail will be discussed in the following sections. General trends in fluoro- 
carbon reactivities will be noted but the reader should refer to the cited special topic 
reviews for comprehensive discussions. 

A. Bolyfluoroalkanes 

1. Nucleophilic displacements 

Nucleophilic displacement on saturated carbon is rarely encountered in highly 
fluorinated systems. This is normally attributed to the shielding of the carbon centre 
by the surrounding lone pair electrons on fluorine. If reaction does occur, thc 
nucleophile attacks a substituent other than fluorine with apparent displacement of a 
fluorocarbanion. The classic example is the attack of hydroxidc on the electron- 
deficient iodine in a polyfluoroalkyl iodide to give hydropolyfluoroalkane (equation 
5 ) 2 5 ' .  

Solent 
Rb,-18' + OH- - [ R F  + IOH] - R,H. (5) 

where RF=CF3, C2Fs, C3F7, etc. 

Several displacements that formally give products from direct attack on carbon arc 
also proposed to proceed by initial attack on halogen. The reactions of phosphines 
with fluorohaloalkanes are typical examples (equations 6, 7). Mechanism studics 
suggest that these reactions proceed via ion pairs which recombine to give the 
observed products (equation 8)180-253. 

+ 
CF31 + PPh3 - CF3P P h3l - . (6) 

CF2Br2 + P(NMe213 - Br CF,; (NMe~l3Br - (7)  

RFX + PR, - [RF- R$X] - R$R3X-. (8) 

The direct observation of the CF3X' radical anions in ESR studies254 raises the 
possibility that many of these reactions proceed by a one-electron transfer process, 
rather than by direct displacement on halogen. Since CF3X' radical anions are known 
to decompose to CF3' and X-, not to CF3- and X', any one-electron transfer 
mechanism requires the intermediacy of fluoroalkyl radicals. This is certainly reason- 
able for the phosphine reactions (equation 9). Although this process remains 
speculative for most polyfluorohalocarbon displacements, there is good evidence for 
electron transfer in the reactions with Co' 'supcrnucleophilcs'. Cobalamin, cobal- 
oximcs and other Co' chelates havc been reported to react with several polyfluoro- 
halocarbons, including perfluoroalkyl iodides, CF3Br, CF2CI2, CFC13 and CF'HCI, to 
give the corresponding polyfluoroalkyl-Co"' c o m p l c ~ e s ' ~ ~ ' ~ ~ .  In particular, the 
[ Co'(Salphen)]-' complex reacted with ~ z - C ~ F ~ I  to give n-C3F7' radical reaction 
products in  addition to the expected C3F7C01" alkylation product. A general electron 
transfer scheme was proposed2sH. 



Weak nucleophiles, notably polyfluoroalkoxides, are reported to displace chloride 
from a-chloropolyfluoroketones under mild conditions259. Since saturated chloropoly- 
fluoroalkanes are inert to these reagents, the unusual reactivity of the ketones was 
ascribed to special activation by the well known a-effcct. Instead of direct attack on 
-CF,Cl, reversible addition of the nucleophile to the carbonyl carbon followed by 
displacement through the triangular transition state 78 was suggested. 

0 0 
II 4OoC t-BuSCF2CCF3. II 

CICF2CCF, + t-BuSNa - 

13% 

(78) 

The only examples of direct displacement on fluorinated carbon appear to be 
nucleophilic attack on fluoroepoxides and intramolecular ring closure of polyfluoro- 
halohydrins to epoxides. 

Simple perfluorinated epoxides all readily react with nucleophiles, including H 2 0 ,  
alcohols, amines, thiols, fluoride and halide ions, to give ring-opened products. The 
chemistry of the epoxides 79-81 has been reviewedZ6O. The high strain energy of these 
epoxides (79 and 80 are estimated to be 20-25 kcal mol-' more strained than 
ethylene oxideZ6l), coupled with the excellent fluoroalkoxide leaving groups, 
undoubtedly contribute to their susceptibility to nucleophilic attack. 

(m (80) (81 1 
A curious feature of the ring opening of unsymmetrical fluorinated epoxides is the 

preferential attack of nucleophiles at  the most sterically hindered position in all cases 
except those involving extremely bulky nucleophiles and very hindered epoxides260,262. 
For example, F- isomerizes 80 to CF3CF2COF, not to  CF3COCF3. Additional 
examples are shown in equations (1 O y 3 ,  (1 1)264 and (1 2)I9O.  

The specificity of nucleophilic fluoroepoxide ring openings has not been adequately 
explained. It may be that the stability of the leaving alkoxide governs the positions of 
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0 
I I  

RMgX + 80 - CF3CFXCF. 

F2 + LiCl - PhCCICOF. 
I 

CF2CI 

attack, i.e. late transition states are involved. Based on inductive and hypercon- 
jugative considerations, alkoxide stability is expected to decrease in the order 

-CF20- > RKFO- > (RF)&-O-. Nucleophilic attack on 80, for example, thus 
gives 82, not 83. An even more striking example of this specificity is the attack of 
nucleophiles exclusively at nitrogen in the oxaziridine 

I 

80 + NU- - CF3CFCFZO- CF3CFO- 
I 
CF2Nu 

I 
Nu 

(82) (83) 
0 

X- I 1  
CF3N-CF 

I CF3N-CF2 ( X -  = F - .  R,O-) 

(84) x 
The efficient ring closure of polyfluorohalohydrins to epoxides under relatively 

mild conditions (Table 17) apparently proceeds by direct displacement of C1- from 

TABLE 17. Conversion of polyfluorohalohydrins (85) to epoxides (86y 

OH 
I 

0 
/ \  

R RCC F x Y - R RC-C F x 
(85) (86) 

~ 

RF R X Y Yield, % Ref. 

ClCFz C6H 5 F CI 80; 65 266,190 
ClCFz C6H5 CI CI 66 266 

262 
267 CICFz M -CF3C6H4 F CI 85 

CICF-, C6F5 F CI 78.5 - 268 
ClCFz CgF5 CI CI 81 268 
CF3 CgF5 F CI 79 268 
CICFz CH3 CI Cl 78 266 
ClCF2 C3H5 CI CI 83 266 

CF3 C6H5 F CI (79Ib 

'In aqueous KOH, 70-100°C. 
*Epoxidc unstable, C ~ H S C ( O H ) C F ~ C O ~ H  isolated. 
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-CF2Cl and -CFCl2 groups. This is most unexpected since these groups generally 
are quite resistant to nucleophilic attack and the anions of the relatively acidic 
polyfluorinated alcohols are poor nuclcophiles. These disadvantages are seemingly 
overcome by the favourable entropy of the intramolecular process. 

Although many examples of the ring closure of 85 (RF = CF2Cl) have been reported 
and confirmed in some cases, the situation with 85 (RF = CF3) is unsettled. Burton 
reported that $5 (RF = CF3; R = Ph. Me, n-Bu; X = F, Y = C1) were recovered 
unchanged under the same conditions that Knunyants and coworkers266 claimed 
reaction with 85 (RF = CF3; R = Ph; X = F, Y = Cl)I9O.  Clearly additional research is 
needed to resolve this discrepancy and to clarify the effect of the RF group on this 
extremely interesting ring closure. 

Because of the strong C-F bond, the highly basic F- leaving group, and the 
negligible polarizability of the F atom, nucleophilic displacements on alkyl fluorides are 
notoriously sluggish26Y. Recent gas-phase studies of nucleophilic displacements further 
indicate a large intrinsic barrier to the displacement of F-, even when thermodynamic 
and solution effects have been eliminated270. I t  therefore is not surprising that there 
are no bona fide cases of F- displacement from -CF3 or  -CF&-I groups. 
Perfluorocarbons, for example, are resistant to hydrolysis below 500°C. The 
displacement of F- from -CF3 analogous to the displacement of C1- from -CF2CI in 
ketones o r  halohydrins discussed above has not been reported. 

There have been recent claims to the intramolecular displacement of F- from 
polyfluoroalkyl groups that warrant commcnt. Chambers’ group reported that the 
reaction of 87 with F- gave 89 and a mechanism involving F- displacement was ‘RF3 CF3 CF3 

- CF, &:F3 (13) 

F 
-3 CF, 0 - 79% 

C2F5 CFOMe -MeF 

I 

(87) (88) (89) 

proposed (equation 1 3)271. A more reasonable alternative which involves F--catalysed 
isomerization of the fluorinated double bond followed by an addition-dimination 
reaction (see Section IV.B.2) is suggested (equation 14). A related intramolecular 
cyclization has been reported (equation 1 5)272. 

-F- 
8a= 

89. 

The hydrolysis of Yo to give 92 appcars to be an unequivocal case of F- displace- 
ment (equation 16)273. However, the structure of the product has bcen questioned and 
an alternative pathway involving an (unprecedented) 1,3-perfluoroalkyl shift was 
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C2F5 CF3 0 
I I II n -  6 u 3 N  

HC-C-CCH3 - 
I I 
cF3 c2F5 

0- 

HZOIEt3N 

80- 100 “C 

(C2F,),CCF3 F 

CF3 CF3 

- cF3.)=$ (16) 

c2F5 
CF3 F 

proposed (equation 17)’74. A definitive structure proof of the product is needed to 
resolve this  controversy. 

CF3 CF3 

CF3 QCZF5 

CF3 F 

2. Exchange reactions 

The most common halofluorocarbon substitution reactions are those involving 
exchange induced by Lewis acids. Since the commercially important fluorohalo- 
methanes and ethanes are synthesized by exchange reactions, this chemistry has been 
thoroughly researched and Antimony fluorides, often in combination 
with HF, are thc most widely used catalysts to effect the exchangc of CI by F (the 
Swarts process). The reactivity of the catalysts increases in the order SbF3 < SbF3 + 
SbC13 < SbF3 + SbC15 < SbF3C12 < SbF5. In general the reactivity of C-CI bonds 
decreases in the order -CC13 B CFC12 > CFzCl. For example CCI3CCl3 is sequen- 
tially fluorinated to give FCC12CC12F, CCI2FCClF2, and finally CICF2CCIF2. A 
carbenium ion mechanism (equation 18) has generally been assumed for these 
exchange processes, although a four-centre exchange (94) cannot be ruled out. Groups 
that are known to stabilize carbenium ions facilitate exchange. For example, SbF3 
selectively converts PhCClzCC13 and MeOCCI,CC13 to PhCF2CCI3 and MeOCFzCC13, 
respectively. 

A carbeniurn ion mechanism at first would seem to bc inconsistent with the observed 
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RCI + SbF5 - [R+SbF5CI-] - RF + SbF4CI. (1 8)  

'. F '. 

reactivity of -CF,,C13-,, groups since the order of cation stability in solution is 
CF2+ > CFCl+ > CC12+ (see Section II1.C). However, the exchange process probably 
proceeds through tight ion pairs rather than dissociated ions, and Okuhara suggested that 
the resonance effect (F > C1) will dominate the inductive effects (F > C1) only in 
dissociated ions277. 

Aluminium and boron halides complement the action of antimony catalysts. These 
catalysts replace F by C1 or Br in halofluorocarbons (equations 19278, 2OZ7', 21 and 
22277), presumably because of the much greater Al-F (159 kcal mol-I) and B-F 
(180 kcal mol-I) bond strengths compared with the Al-Cl (118 kcal mol-I) and 
B-Cl (119 kcal mol-I) bonds. 

(94) 

0 "C + AICI3 - 

+ AIC13 - 
Me Me 

CF2CICFCI2 + AIBrg - CICF2CCI2Br (21 1 

BrCF2CFCIBr + AIC13 - BrCF2CC12Br (22) 

Isomerization (equation 23) and disproportionation (equations 24 and 25) also 
commonly occur when chlorofluorocarbons are treated with A1C13276*277. The reactions 
of C1CF2CFCl2 and other fluorohalocarbons with A1Cl3 have been studied in detail to 
elucidate the factors which control isomerization and substitution277. The substitution 
reactions are proposed to proceed via tight ion pairs, e.g. [ CICF2CCI2+ -AlFC13], 
whereas isomerization occurs via a chain mechanism involving the more stable, 
dissociated carbenium ion CC13CF2+. 

CICF2CFC12 + AIC13 - CF3CCI3. (23) 

CHCIF2 + AIC13 - CHF3 + CHC13. (25) 

B. Unsaturated Compounds 

1. Nucleophilic, electrophilic and free radical attack 

The electron-deficient double bonds of polyfluoroolcfins are much more susccptible 
to attack by nuclcophiles than by elcctrophiles. Since nucleophilic addition and 
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addition4imination reactions of fluoroolefins are presumed to proceed via carbanion 
 intermediate^'^^.^'^, the effect of substituents on  carbanion stability controls the rate 
and orientation of nucleophilic attack. Thus, nucleophiles attack exclusively at the 
terminal CFz= group in fluoroolefins and the olefin reactivity increases in the order 
CFz=CFz < CFz=CFCF3 4 CFz=C(CF3)z and CFz=CFz < CFz=CFCI < 
CFz=CFBr. The latter sequence reflects the importance of I ,  repulsion (Section 
1II.D). Stericfactors also can be important as the following order of reactivity indi- 

Nucleophilic addition-elimination reactions of fluoroolefins proceed exclusively 
or predominantly with retcntion if a good leaving group, e.g. CI-, is replaccd 
(equations 26z83, 27 and 2gZX4). If the relatively poor F- leaving group is replaced, the 
olefin configuration may isomerize. as in the reaction of !-BuNH2 with CH3CF= 
CHCN’*j, although Normant and coworkers reported retention in the replacement of 
both F and C1 in the rcactions of PhCFYCFCl or BuCF=CFCl with EtO- and 
BUS-, and in the  conversion of EtOCF=CFCl to BuC(OEt)=CFCI with BuLi286. 
The factors that control the stcreochemistry of nuclcophilic vinyl substitution have 

CI M e 0  OMe 

cates: (RF)~C=C(RF)Z < (RF)~C=CFRF < ( R F ) ~ C = C F Z ~ ~ ” ~ ~ ~ .  

been reviewed 167.280.287288. 

CF3 H CF3 

(>90%) 

cF3 F 
CF3 phHoMe F 

(96%) 

phHF 
CF3 OMe 

(96%) 

The principles which govern the reactivity, regiochcmistry and product distribution 
(addition, vinyl substitution or allylic displacement) in nucleophilic attack on acyclic 
and cyclic fluoroolefins have been covered in detail in Chambers’ textZ and in several 
reviews287.28Y.2Y0 and recent articles271 .Z‘)I-ZYj . Ionic additions to fluoroacetylenes have 
also becn reviewcd2‘jh. 

Highly fluorinated olefins arc rclatively resistant to electrophilic attack, particularly 
when one or morc perfluoroalkyl groups arc present. Hydrofluoroethylcnes and 
halofluorocthylcncs will react with a large rangc of electrophiles and this chemistry 
has been reviewed'". Electrophilic additions normally proceed in accordance with 
either the polarization of the olefin n-boqd or the k n o w n  effects of substituents on 
carbenium ion stability (c.g. equations 29Z98 and 30””), although sevcral exceptions 
are known, particularly in the ionic additions of halonicthanes to f luoro~lef ins~~)~) .  

Numerous electrophilic dimerization. addition and isomerization reactions have 
been rcported, e.g. equations (31)I5(>, (32)30’  and (33)30Z. 
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0 
AIC13 II 

C ~ O H ~ ~ C H = C F ~  + EtCOCl - CloH21CHCEt 
I 

(33) 

The factors which control the rate and orientation of free radical additions to 
fluoroolefins are complex and depend upon the nature of the attacking radical as well 
as the olefin substrate. For example, the ratio of addition rates for CF2=CF2/ 
CHFCH, is 9.5 for the CH,' radical, but is 0.1 for the CF,' radical. Similarly, CH,' 
preferentially attacks at CF2= in CHF=CF2, whereas CF3' attacks at CFH=. 
Tedder and Walton have reviewed in detail the directive effects in radical additions2I6, 
and rules for predicting the rate and preferred orientation have been ~ummar ized~"~ .  
The free radical polymerization of fluoroolefins and the properties of many com- 
mercially important fluoropolymers also have been reviewed304. 

SbFS 
HCF2CFZCF = C F2 - FC H = CFC F2CF3. 

2. Perfluorocarbanion chemistry 

The pioneering studies of Miller established that carbanions can be generated by the 
reaction of F- with polyfluoroolcfins30s~3"6. Potassium, caesium or tetralkylammonium 
fluorides in an aprotic solvent are commonly used and the carbanions generated under 
these conditions can be trapped with a variety of electrophiles (equations 34,07, 3S308, 
36,09, 37,Io, 3g3I*, 39,12, 4O3I3). The reaction in equation (40) is particularly 
interesting since it involves electron transfer to give initially the trityl radical. 

(35) 
CH2 = CHCN 

(CF3)2C=CF2 + KF (CF&CC H2C H 2C N . 
42% 

/s\ 
. 's' 

98% 

CF3CF=CF2 + S + KF - (C F3) 2C C(C F3 )2. (36) 
(1 : 1 : 0 . 06) 

IF(I + K F  CF3C02Ag * dAg (37) 
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PhCH2Er 
(CF3)2C=CFC2Fs + CSF - (CF3)2C(C3F7) CH2Ph. 

0 0-cs+ 
II 

(38) 
90% 

CsF I 
(CF3 12CFC (CF3 12. (39) CF,CF=CF,+ CF3CCF3 

(CF,),C- Cs’ + Ph3CCI - (CF3)3CC,H4CHPh2. (40) 

Fluoride ion also isomerizes and oligomerizes fluoroolefins. Olcfins with a terminal 
CF2= group are particularly susceptible to fluoride attack and are converted to the 
more stable internal olefins (equations 41 305 and 4231J). Fluoroallenes are likewise 
converted into thermodynamically more stable isomers (equations 43315 and 44316). 

El,” F -  

CF2=CFCF,C,Fg - CF3CF=CFC,Fg. (41 1 

(CF3)2 

(CF3),CFC(CF3)=C=CF2 - F- CF3CF=C(CF3)C(CF3)=CF2 + XF2 
-3 F 72% 

18% 
(44) 

Dimcrs and trimers of CF3CF=CF2 (HFP) arc formed relatively easily, but higher 
oligomers arc difficult to produce in  fluoride-induced rcactions. Higher telomers of 
CF2=CF2 are more accessible, presumably because of the greater reactivity of the 
CF3CF2- anion, and highly branched CI4FZR oligomers have been produced. The 
chemistry of the fluoride ion and perfluorocarbanions prior to 1968 have been 
reviewcd3”. Some important advanccs that postdate Young’s rcview are discussed 
below. 

The  oligomeriza!ion of CF3CF=CF2 initiatcd by tertiary amines or F- normally 
gives a mixture of dimers 95 and 96, and trimcrs 97, 98 and 99. Moderately basic 
trialkylamincs, such as (CF3CHFCF20CH,CH2)3N, have been recommended for the 
control of isomerization3I8. With this amine in CH3CN, the kinetic dimer 95 is formed 
almost exclusively, but with Et3N present, trimcrs 97 (66%), 98 (30%) and 99 are 
formed instcad. The dimer 95 is rcarrangcd to the thcrmodynamic dimer 96 with 
triethylenediaminc or DABCO in DMSO. Hexamers of HFP havc bcen produced 
using a mixture of [(CF3)2CHOCH2CH2]3N and DABCO in DMSO solvent”’. 

(CF, ) ,CFC F = C F CF3 (CF3)2C=CFC2FS (CF3 2C=C(C 2Fs)CF(CF3 12 

(95) (96) (97) 

[ (C F3) ,CF] C = C F CF, (CF3),CFCF=C(CF,ICF2CF2CF, 

(98) (99) 
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Hexafluoropropene oligoinerization catalysed by F- can also be controlled by 
judicious choice of reagents and reaction conditions320. At 20°C, K F  in CH3CN gave 
94% 95, whereas CsF in CH3CN gave exclusively 96. If a crown ether (18-crown-6) 
was added, KF/CH,CN also gave only 96. With CsF in T H F  plus crown ether, the 
rate of oligomerization was rapidly increased and only trimers, mostly 97 and 98, were 
formed at 20°C in the best yields yet reported; at 130-200°C only trimer 99 was 
formed. By contrast, the addition of crown ether to similar solvent systems had no 
effect on the rate, yicld or product distribution for the oligomerization of CFr=CF2. 
The limiting factor in these reactions therefore appears to be the concentrations of 
olefin in the solvent rather than the concentration of F-. Recent detailed studies of the 
dirnerization and trimerization of perfluorocyclobutene, -cyclopentene, and -cycle- 
hexene with F- or pyridine also have appeared321. 

The development of nucleophilic equivalents of Friedel-Crafts alkylation and 
disproportionation is one of the more interesting advances in fluorocarbanion 
chemistry. Fluorocarbanions mono- or polyalkylate activated heterocycles depending 
upon the reaction conditions (equations 45322, 46323, 47"?). Polyalkylation with 
(CF3)&=CF2 is normally thermodynamically controlled, whereas CF2=CF2 
alkylations are kinetically controlled. The 2,4,5-isomer 101 cannot be rearranged by 
F-, whereas (CF3)2C=CF2 gives only the 2,4,6-compound 100. The 
disproportionation of the 2,4,5-isomer from CF3CFxCF2 has also been reported 
(equation 48324). These rearrangement processes have been shown to be 
intermolecular and the ease of rearrangement parallels the stability of the migrating 
anion, i.e. (CF3)3C- > (CF3)$ZF- > CFQ-. 

(1 00) 
(90%,T = 20 "C) (85%.T = 80 "C)  

R F  

where RF = CF(CF3)r. 
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Hexafluoro-2-butyne (102) is readily polymerized by F- 3 1 7 ,  although the initially 
formed vinyl carbanion can be trapped with very reactive substrates (equation 49)325. 
Chain transfer agents such as CF3CF=CBrCF3, CHC13 or CClzBrCClzBr have been 
used to prepare 1,3-dienes XC(CF,)=C(CF3)C(CF,)=C(CF3)Y (X = F, Y = Br or 
H; X = CI, Y = Br) from 102. This chemistry was used to synthesize 103, a precursor 
to tetrakis(trifluoromethy1)cyclobutadiene derivatives326 (see Section IV.B.3). 

CF3C=CFCF3 
I 

CsF. 20°C @ + cF3c=ccF3 Sulpholane * 

N (1 02) 

(49) 

73% 

CF3 CF3 

Br 7YF3 IIIIII~ ~IIIIICF 
102 + CF3CF=CBrCf3 --+ CsF Br#F 100-150 "C . 

CF3 CF3 3 

CF3 F 

(1 03) 
3. Fluorinated cyclobutadienes and derivatives 

Cyclobutadiene and its derivatives are of considerable interest to fluorocarbon as 
well as hydrocarbon chemists3z7. Both tetrafluoro- (104) and tetrakis(trifluoromethy1)- 
cyclobutadiene (105) have been synthetic targets of several laboratories, and 105 has 
been successfully characterized. The status of 104 is less certain. 

NCOzEt 

EtOZCN= NCO2Et 
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characterized spectroscopically and was shown to exist in a rectangular singlet 
ground state. 

Millcr had earlier reported that the treatment of 103 with MeLi in ether at - 125°C 
gave an unstable lithium compound which eliminated LiF to give predominantly 
107326. However, the dimer was later shown to be the anri isomer 109’36.328, which 
makes the intermediacy of 105 highly improbable. Both 107 and 109 isomerized 
thermally to the very stable but photochemically labile perfluorooctamcthylcycloocta- 
tetraene (61)326. Irradiation of 107 or 109 gave thc cubane 110 and the cuneane 111, 
and the photolysis of 61 also afforded 110 and 111 as major final products. This is the 
first example of the conversion of a cyclobutadiene dimcr into a cubane. 

(1 09) (110) (111) 
Lemal has presented evidcncc for the intermediacy of 104, generated by the 

photolysis of 112 (cquation Irradiation of 112 in  the presence of 500 mm N2 
gave 113; in the absence of N2, 114 was produced. Irradiation in the presence of furan 
gave the adduct 115 in addition to 114. Lemal originally proposed that the dimer- 
ization of the photoproduct 104 formed vibrationally excited 113 which rearranged 
rapidly to 114, unless it  was collisionally deactivated by an inert gas, but more recent 
results have undcrmincd this p r ~ p o s a l ~ ~ ’ . ~ ~ ~ .  Dimer 113 was found to be predominantly 
the anti isomer, not the required cyclobutadiene syrz dimer. Furthermore, 114 was 
shown to be formed first and 113 rcsulted from the photocyclization of 114, which was 
dramatically accelerated by an inert gas. Perfluorocyclopentadicnonc (1 16), prepared 
by the vacuum pyrolysis of 112 at 585°C333, is now implicated in the photolysis of 112. 
Photolysis of 116 (2537 A) also gives perfluorocyclooctatetraene (114) dircctly, but its 
photolysis is strongly inhibited by an inert gas. A reviscd mechanism has been 
proposed to account for these results (equation 51). 

hv 
112 - 0 +J4j -CO - 114 (51) 
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Attempts to prepare a P ( C ~ F ~ ) F ~ ( C O ) ~  complex in a manner analogous to the 
synthesis of the hydrocarbon complex were unsuccessful334. Cyclobutenc 117 (X = CI) 
reacted with Fe2(C0)9 to givc only the unstable cis complex 118. Pyrolysis of 117 
(X = I) gave 114 in 58% yield. 

F F  

(1 17) (1 18) 
There currently is no direct evidence for the existence of tetrafluorocyclo- 

butadiene. 

4. Cycloadditions 

The propensity of fluoroolefins to thermally cyclodimerize and cycloadd to olefins 
and acetylenes to give four-membered rings is one of the most familiar and unusual 
aspects of fluorocarbon chemistry. Polyfluorochloroolcfins are exceptionally reactive 
in these additions and they characteristically give almost exclusively [ 2 + 21 cyclo- 
adducts with diencs rather than the  normal [4  + 21 Diels-Alder adducts. The [2  + 21 
cycloadditions are generally not stereospecific and are insensitive to solvent effects. A 
biradical mechanism for cycloadditions is well established. Head-to-hcad coupling is 
normally preferred when unsymmetrical olefins dimerize and the orientation of the 
product can almost always be predicted on the basis of the most stable biradical inter- 
mediate (equations 52, 53, 54). As the difference between the ability of the substi- 
tuents at each end of the olefin to stabilize a radical diminishes, the cycloaddition 
becomes less selective. Trifluoroethylene, for example, cyclodimerizes at  260°C to 
give approximately equal amounts of all four possible hexafluorocyclobutanes. Unlike 
CF2=CF2 and CF2=CC12, which give 99% [ 2  + 21 cycloadducts with butadiene 
exclusively via biradical mechanisms, CF2=CFH gives only 86% [2 + 21 and 14% 
[ 4  + 21 adduct, with most of the [4  + 21 adduct arising from concerted addition. 
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Fluoroolefin cycloadditions, including the elegant mechanism studies of Bartlctt and 
coworkers, have been thoroughly r e ~ i e w e d ” ~ ~ ” .  The Dicls-Aldcr rcactions of fluoro- 
dienes also have been reviewed33y. 

Why do fluoroolefins [ 2 + 21 cycloadd but their hydrocarbon counterparts generally 
do not? A particular requirement for biradical reactivity is the prcsencc of a gem- 
difluoro group in the olefin; 1,2-difluoroolcfins are much less reactive in this context. 
The low n-bond energy in  CF2=CFX (Section 1I.B.l.b) and the formation of an 
unusually strong fluorinatcd C-C bond (Section II.A.2) are the major driving forces 
for biradical cycloaddition. (Mcthylenecyclopropancs, which also have weak n-bonds, 
are rare examples of hydrocarbons that efficiently undergo thermal [2  + 21 cyclo- 
additions. The analogy between their reactions and those of gem-difluoroolefins has 
been d i s c u s ~ e d ~ ~ ~ ~ ~ ~ ) . )  A gem-difluoro group, however, is not sufficient for biradical 
reactivity; CF2=CH2 does not cyclodimerizc and no [ 2 + 21 cycloadditions are known 
for (CF3),C=CF2. Thc n-bond in a 1,l-difluoroolefin apparently is not weak enough 
to ensure biradical reactivity (Section II.B.l .b), but if substituents that stabilize 
radicals are present, the olefin can be quite reactive. For examplc, at 212°C CF2= 
CCI2 is approximately 5 x I O6 more reactive than CF2=CH2 in l,’-cycloaddition to 
b ~ t a d i e n e ~ ~ ~ .  

Fluoroallenes readily undergo [ 2 + 21 and [ 2 + 41 c y c l o a d d i t i ~ n s ~ ~ ~ ,  and the highly 
reactive 1,l-difluoro- and monofluoroallenes have been used as mechanistic probes 
for concertedncss in c y c l ~ a d d i t i o n s ~ ~ ’ - ~ ~ ~ .  

Fluoroacetylenes are powerful Diels-Alder dienophiles and enophiles2y6. 
Hexafluoro-2-butyne (102) is so reactive that i t  converts N-alkylated pyrroles into 
isolable 7 -a~anorbornad ienes~~~ .  Gassman and collaborators used 102 to synthesize 
novel ‘insidedutsidc’ carbobicyclic dienes (equation 55)345. The reactions ot 102 or 
CF3C=CH with simple olefins generally give cis adducts via a concerted [n2s + 
n2s + u2s] mechanism. For example 102 reacts suprafacially with isobutylene at 
145°C to give the Z-diene 119 in 80% yield346. In contrast, tram adducts are also 
observed in reactions with allencs (equation 56)  and a biradical mechanism has been 
proposed347. 

a + 102 - CF, n CF, 
(55) 
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Dipolar [ 2 + 21 cycloadditions to fluoroolefins are fairly common. The reaction of 
so3 with fluoroolefins to give /I-sultones is one large class of dipolar additions299 
(equation 30, Section 1V.B. 1 ). Ynamines, e.g. MeCZCNEt,, react with CF2=CD< 
to give cyclobutenes 120 (X = CI, Br, CF3, n-CjF, ,) together with a-fluoroenamines 
121 (X = CF3 or  ii-CsF1 ,) via an ionic mechanism348. 

XCF= CFC Me= C FNE t 

NEt2 

(1 21 1 

XF F2#Me 

(1 

Relatively few [ 2 + 31 dipolar cycloadditions of simple fluoroolefins have been 
reported. Vinyl fluorides are particularly poor 1,3-dipolarophiIes: CHF=CH2, 
CF2=CH2 and CF3CF=CF2 do not react with CF3CHN2349. Organic azides 
and CF3CF=CF2 react only under forcing conditions (equation 57)350, and 
there is only one claim to isoxazolidine formation from the reaction ot perfluoro- 
olefins with nitrones (equation 58)3s1. C,N-Diphenylnitrone reacts with perfluoro- 
propene to give surprisingly the /I-lactam lZZ3j2; pyridine-N-oxide rcacts at 70-80°C 
to afford 123, presumably via the intermediatc adduct 1243s3. 

(85%) 

0- H CF3 
I 

RF 
I 

CF,C=CF, + PhCH=yCH2Ph - Ph+R, (58) 
PhCH2N, A 

0 F2 

Ph '0 n ' I.'' 
(1 22) (1 23) (1 24) 

Perfluoroalkylolefins with no vinyl fluorines are good dipolarophiles. The reactivity 
of olefins towards CF3CHNz was found to increase in the order MeCH=CH2 < 
CH2=CH2 < CH,=CHCI< CH2=CHBr < CH2=CHCF3 < CF3CH=CHCF3349. 
Nitrile oxides readily add to alkenes, RFCH=CH2, below 80°C to give isolable 
isoxazolines in  excellent yields3i4. 

On ly  highly strained vinyl fluorides are espccially reactive towards 1,3-dipo!es. The 
Dewar benzene isomer 125 reacted with PhN3, CH2N2, PhCN + 0 and PhCN-NPh 
at room temperature or below to give both 1:1 and 1:2 [3 + 21 c y c l o a d d u ~ t s ~ ~ ~ .  
From comparative studies of additions to the double bonds in  126, an olefin reactivity 
sequencc which parallels the double bond electrophilicity was observed: FC=CCF3 > 
CF=CF > CH=CF 9 CF=CMe, C F = C O M C ~ ~ ~ .  
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Fluoroacetylcnes are also quite reactive dipolarophiles. Diazo compounds357~358 and 
nitrilc o ~ i d e s ~ ~ ~ . ~ ~ '  readily cycloadd at room temperature or below (equations 59 - -  
and 60). 

Ph 

ph*N*+ 102 - -80 101 25 

Ph 

Ph I 
- Ph 

C. Polyfluoroarenes 

The  general chemistry of fluoroarcnes has been survcyed recently36n, and detailed 
reviews of nucleophilic substitution in p o l y f l u ~ r o a r e n e s ~ ~ '  and the chemistry of 
p o l y f l ~ o r o a r o r n a t i c ~ ~ ~  heterocycles are  available. The cffccts of the pentafluoro- 
phenyl group on the reactivity of organic compounds has also been reviewed363. Only 
more recent mcchanism studies of nuclcophilic aromatic substitution will bc discussed 
at  lcngth in the following section. 

1. Nucleophilic and electrophilic attack 

Nucleophilic aromatic substitution is the most charactcristic reaction of poly- 
fluoroarencs. The ratc and orientations of substitution in C6FjX derivatives is 
particularly intcrcsting bccausc nuclcophiles attack mainly at the position para to X in 
most cases (X = H, Mc, CF3, NMc2, SMc, Cc,F5, RC=O. ctc.), whereas mera attack 
predominates in only a few cascs (X = NH?, 0-), and comparable ineta and paru 
attack occurs but occasionally ( X  = OMc, NHMe). The  relative rates of substitution, 
howevcr. correspond t o  thc cxpcctcd cffcct of thc substituent X in nucleophilic 
aromatic substitution. For example, the relative reactivities of C6FjX towards NaOMe 
in MeOH at 60°C for X = NMe'. Me, H ,  CF3 are respectively 0.1, 0.63, 1, 
4.5 x 10' 3 6 1 .  Thus, unlike electrophilic aromatic substitution in benzene derivatives, 
the rates of C6FjX reactions vary greatly, but the position of nucleophilic attack is 
relatively insensitive to the aromatic substitucnt. 

Burdon has rationalized this behaviour based on how substituents affect the stability 
of the Wheland anion inter~nediate~".~~: .  Resonance hybrid 127 was proposed to best 
model the transition statc for nucleophilic attack; thus the effect of substituents on 
carbanion stability will determine the position of attack. Since F strongly destabilizcs 
planar carbanions by I,, repulsion (Section lI.D), attack para to  X in C6FSX (128) is 



642 B. E. Smart 

preferred except for those substituents with greater electron repulsion than F (X = 0-, 
NH3.  This I,-repulsion theory has proved to be highly predictive for several 
fluorinated benzene systems3"', and the generalization that nucleophilic attack on 
polyfluoroaromatics is fastest at the position which localizes the least anionic charge 
on fluorinc-bearing carbon atoms has been made3". (Polyfluoroaromatic heterocycles 
are all activated relative to the fluorobenzenes, and pentafluoropyridine, for example, 
reacts with various nucleophiles exclusively at the 4-position in accordance with the I ,  
repulsion theory. In general, however, the directing effect of the ring N on substitution 
appears to be more important than electron-pair repulsion involving F3".) 

;QF F 

X 
(1 27) (1 28) 

The recent studies of Chambers and coworkers indicate that the I ,  repulsion theory 
overestimates the deactivating influence of para-F in C6F5X36G368. From relative rate 
data for nucleophilic attack on fluorinated benzenes (Table 18), para-F is only 
modestly deactivating with respect to H ,  whereas the fluorines ortho and tmta to the 
position of attack are markedly activating. (The relative influence of 0rtho:nzetu:paru 
F is 57: 106:0.43 relative to H. or 133:246: 1 relative to the para position, calculated 
from the data in Table 18.) Similar effects were found in the reactions of polyfluoro- 
pyridines and chlorofluorobenzenes. Chambcrs concluded that relatively early 
transition states are involved in nucleophilic attack on polyfluoroarenes and ground 
state polarization governs the orientation of attack. Therefore, nucleophilic sub- 
stitution in C6F5X generally occurs para to maximize the number of fluorines ortho 
and tneta to the point of attack. and the effect of the para fluorine can be largely 
ignored. 

Cornpared with aromatic hydrocarbons, polyfluoroarenes are relatively resistant to 
electrophilic attack. 1,2-Difluoro-1,2,3,4-tetrafluoro-, 1,2,4,5-tetrafluoro- and penta- 
fluorobenzene are not protonated by FSO3H-SbFj; only the strongest superacid 
system, SbF5-HF-S02CIF, protonates these derivatives. Hexafluorobenzene and 
C6FSCH3 cannot be protonated; both react with FS03H-SbF5 to give radical cations. 
In DF-SbF,-S02CIF, Cp5CH3 is converted to C a 5 C H 2 D  but apparently is not ring 
protonated 146 

Perfluoroareniurn ions have been generated from hexa-1.4-dienes and thcse ions are 
converted to radical cations o n  heating (equations 61, 62)36y*370. Radical cations arc 

F F  
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TABLE 18. Relative second-order rate constants for reactions 
of polyfluorobcnzcncs with NaOMc in MeOH at 58.00°C366 

Polyfluorobenzene" k re1 

F '4 F F 

F 
F 

F F*: 

H 
F 

F*: F 

F 
H 
I 

FQ: F 

H 

1 

2.34 

4.09 x 10- 'h  

2.21 x 10-16 

'Position of attack indicated by *. 
hCorrcctcd for statistical factor. 

probably quite common intermediates in electrophilic reactions of polyfluoro- 
aromatics. The fluorination of arenes with high valency metal fluorides proceeds via 
radical cations371, and several radical cations have been produccd by the anodic 
oxidation of p o i y f l u ~ r o a r e n e s ~ ~ ~ ~ ~ ~ ~ .  

Electrophilic substitution with displacement o f  F+  obviously is never observed. If 
perfluoroarenes react at all, they undergo electrophilic addition, not substitution, e.g. 
equation (63)374. Electrophilic substitution of hydrogen in highly fluorinated systems, 
however, is surprisingly facile (equations 64375, 65377h), but little is known about the 
mechanism of this process. 

I 

F, (61%) 
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i - P r  

i -P rCI  

AICI, 

(40%) 

20 "C 

(68%) 

(64) 

2. Photochemical reactions and valence isomers 

The photochemistry of fluorinated aromatic molecules has been a very active 
research area for the last 15 years. Numerous photoisomerization, photoaddition and 
photosubstitution reactions have bcen reported, and thc mcchanisms involvcd in all 
thrce types of reactions have bcen studied and compared with those of aromatic 
hydrocarbons. These subjects h a w  been adequately r e ~ i e w e d ~ ' ~ - ~ ~ '  and the discussion 
in this section is mainly limited t o  photocycloadditions of C6F6 and to recent research 
on valence isomers of fluorinated heterocycles. 

Thc course of C6F6 cycloadditions to alkcncs and alkynes is highly dcpendcnt upon 
reaction conditions and thc nature of the unsaturated substrate. cis-Cyclooctcne reacts 
photochemically with C6F6 to give five 1: 1 c y c l ~ a d d u c t s ~ ~ ~ .  Thc 1,3-adducts 129 and 
130 (major) and the 1.2-adduct 131 (minor) arc the primary photoproducts. Both free 
and complexed SI-CI,F(, were proposed as thc reactive species. In contrast, indene and 
1,2-dihydronaphthalcne react stercospccifically with C6F6 on irradiation ( A  = 245 nm) 
to give only the endo-l,2-adducts 1323n3. whereas cyclopentene gives mainly the 
em-adduct 133784. These apparently are triplet processes since added piperylene 
inhibited cycloaddition. 

F$=+Q ;m ;m 
F 

F 
F 

F F 
(1 29) (1301 

(1 31 1 
F F 

F I  

F F 

(132) ( n  = 1. 2) (1 33) 

synthesis of perfluorocyclooctatctracnc (1 14) (equation 66)388'. 
The photocycloaddition of CICF=CFCI t o  C6F6 has been used in a practical 
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(66) 
Few photocycloaddition reactions of polyfluorinated heterocycles have been 

reported. Pentafluoropyridine reacts photochemically ( A  > 200 nm) with CH2=CH2 
to give 1: 1 (134) and 2: 1 (135) adducts, in contrast to pyridine itself which does not 
cycloadd with ole fin^^'^. Pentafluoropyridine 2: 1 photocycloadducts with cyclo- 
alkencs also have been reported387. 

F$(l F* 

F F 

(1 34) (1 35) 

The photoisomerizations of benzene and fluorobenzenes differ markedly37". 
Whereas irradiation ( A  = 254 nm) of liquid C6H6 gives a mixture of fulvenc and 
benzvalene, but no trace of Dewar benzene, irradiation ( A  = 212-265 nm) of C6Fb in 
the liquid or vapour phases gives exclusively hexafluoro-Dcwar benzene (125). The 
photochemical transformation of CbF6 is a symmctry-allowed process which occurs 
from the S2 or S3 singlet state. The tendency forpara rather than meta bonding is also 
observed in the photolysis of lower fluorinated benzenes. Perfluoroalkylatcd benzenes 
photoisomerize somewhat differently; C6(CF3)6 gives the bcnzvalene 63 and the 
prismane isomers as well as  the Dewar benzene 64 on  irradiation. Isolable Dewar and 
prismane isomers are intcrrnediates in the photochemical isomerization of perfluoro- 
1,3,5- and pcrfluoro-l,2,4-trimethylbenzencs. 

Photolysis of perfluoropentaalkylpyridines gives stable azaprismancs (75) and 
I -azabicyclo[ 2.2.01 hexa-2,5-dicnes (Dewar p y r i d i n ~ s ) ~ ~ ~ ,  whereas various perfluoro- 
tetra- and trialkylpyridines give both 1 -aza- and 2-aza-Dewar isomers388, e.g. equation 
(67). Continuous photolysis of pentafluoropyridine affords isomer 136-in c. I % yield, 
which re-aromatizes with a half-life of about 5 days at room temperature. Flash 
photolysis of CSF5N gives two transients with half-lives of 22 ms and 3 ms which were 
identified spectroscopically as the respective novel fulvenes 137 and 13838'. 

F 

RF$iRF R F  (67) 
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The photoisomerization of fluoroalkyl pyridazines to pyrazines, and in some cases 
to pyrimidines, proceeds viapara Dewar species, many of which have been isolated 377. 
This contrasts with the thermal isomerization of pyridazines, which is proposed to 
involve diazabenzvalene intermediates, although these valence isomers have never 
been isolated or detected spectros~opical ly~~~).  

Photolysis of tetra(trifluoromethy1)thiophene at 21 4 nm or by Hg sensitization at 
254 nm afforded 102 and 72, the only known Dewar t h i ~ p h e n e ~ ~ ~ .  The half-life for 
rearomatization is 5.1 h at 160°C; phosphines catalyse its re-aromatization at 
25"C3". Peroxytrifluoroacetic acid oxidizes 72 to its em-S-oxide 139392. 

The Dewar thiophene 72 is an exceptionally reactive dienophile and 1,3-dipoIaro- 
phiie243*3y3.394. Azides, including HN3, react rapidly with 72 at room temperature to 
give 1,3-dipolar cycloadducts 140; photolysis of 140 affords a valence bond isomer of 
1,4-thiazene (141). Compounds 141 are desulphurized by Ph3P to give the first Dewar 
pyrroles (71). Photolysis of 142 (R = C6HI l r  t-Bu, H) did not produce the Dewar 
form, although 142 (R = Ph) was slowly converted to 143. 

CF3 CF3 CF CF CF3 CF3 (CF3)4 

h R-N+?\S I 

0' 

I CF3 + CF3 rP-&yS I CF3 CF3 CF3 CF3 I R 

0 R 

(1 39) (1 40) (1 41 1 (1 42) 

R = Ph.CGH11 t-BU, H 

(1 43) (1 (1 45) 

The most intriguing property of the Dewar thiophene system is the remarkably 
facile degenerate rearrangement of 139392.3y5. The NMR spectrum of 139 shows a 
sharp singlet at -95°C that separates into two singlcts of equal areas at -150°C. 
The AGZ for CF3 exchange is 6.7 t 0.1 kcal mo1-l at - 135.8"C. The parent Dewar 
thiopene 72 also 'autornerizes', but at much higher temperatures with AG* = 22.1 2 
0.1 kcal mol-I at 157°C. The relative rate for rearrangement of 139:72 is 3 x 10'" at 
25"C! The mechanism of exchange which accounts for this remarkable differencc is 
u n r e s ~ l v e d ~ ~ ~ . ~ ~ ~ . ~ ' ~ .  

Two valence bond isomers of oxepin, 144 and 1453!"7*3y8, and the first benzvalene 
containing heteroatoms in the ring (74)248, have been isolated. 

The unique 'pcrfluoroalkyl effcct' is responsible for many of the advances rnadc in 
valence isomer chcmistry. The synthesis and chemistry of heteroaromatic valence 
isomers are now fruitful areas of research. 
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1. INTRODUCTION 

Preparation of fluoro-substituted organic molecules represents a different problem 
from that of other halogen derivatives. The special reaction techniques required have 
been reviewed in depth several times’. In  the last few years extensive work has been 
done in order t o  find a fluorinating agent which could be a source of ‘positive’ 
fluorine’. 

The  most convenient reagent for direct fluorination of organic compounds seemed 
to be clemental fluorine. The  low dissociation energy of the F-F bond on the one 
hand, and the high formation energy of the C-F bond on  the other, presented a 
problem which was partially experimentally resolved by the use of low temperature 
techniques’. 

Another convenient group of reagents could be the xenon fluorides, which were 
discovered in 19622. Xenon difluoride is a stable compound which can be easily 
prepared by a photosynthetic3 or thermal reaction from fluorine and xenon, and is 
commercially available as well. Xenon difluoride reacts with water very slowly to give 
xcnon. oxygen and hydrogen fluoride. With anhydrous hydrogen fluoride it forms a 
stable solutior., a n d  with trifluoroacetic acid xenon-fluoro-trifluoroacetates and 
xenon-di (trifluoroacetates), while with iodo-substituted molecules it leads to  

657 
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iodo(II1)difluorides. On the other hand, xenon tetrafluoride is converted into highly 
shock-sensitive xenon oxides with moisture, while xenon hexafluoride reacts even with 
quartz or Pyrex, also forming xenon oxides. All the necessary precautions given in the 
literature should be taken into account4. 

Xe + F2 ili 
SOLUTION WITHOUT 

REACTION 

I2 

c28xeF4 

KI 

*20 - 0, + HF + Xe03 

(HIGHLY EXPLOSIVE ! !) 

Graphlie 

C19XeF6 * Xe F6 - XeOF4 + SiFg 

I 
Xe03 

CI2 + HF HF 

Indeed, xenon difluoride prepared by the thermal reaction may be contaminated 
with small amounts of xenon tetrafluoride and should also be handled with caution. 
However, photochemically prepared xenon difluoride can be handled in the same way 
as other halogenating agents and without the need for moisture exclusion. The 
usefulness of xenon tetrafluoride and xenon hexafluoride for the fluorination of 
organic molecules has been increased by the discovery that they form stable 
intercalates with graphite5-’. 

The existence of XeCI2, XeBr2 and XeC14 has been spectroscopically established, 
but they are unstable under ordinary conditions2.8*y. 
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II. REACTIONS OF XENON DIFLUORIDE WITH OLEFINS AND ACETYLENES 

In 1964 Chernick and coworkers"' first reported the reactions of xenon difluoride and 
xenon tetrafluoride with alkenes. They  used vacuum techniques and mixed xenon 
fluorides with alkenes; the reaction mixture was allowed to react at room temperature 
for 1-12 days. Besides vicinal difluorides, rearranged geminal difluorides were also 
isolated. The authors suggested a free radical mechanism for fluorination". 

XeF2 
CH3CHFCH3 + CHF2CH3 + CH3CH=CH2 12 days * 

CHF2CH2CH3 + CH2FCHFCH3 

(46%) (12%) 

Nine years later, Zupan and PollakI2 found that under very simplified conditions, 
e.g. weighing xenon difluoride in a glass vessel, dissolution in methylene chloride in an 
open Kel-F tube, etc., xenon difluoride at room temperature readily reacted with 
phenyl-substituted olefins in the presence of a catalyst, i.e. hydrogen fluoride or 
tnfluoroacetic acid, thus forming vicinal difluorides in high yield. In some cases, the 
formation of fluoro-trifluoroacetates was also observed in the trifluoroacetic 
acid-catalysed 

PhR'C=CR2R3 
XeF, 

H FICH2CI 2 
PhCR'FCR2R3F 

R' = Ph. R2 = R3 = H R' = R2 = R3 = H 

R' = Ph. 
R ' =  Ph. 

R2 = CH3. R3 = H 
R2 = Ph .  R3 = H 

R' = CH3. R 2 =  R3 = H 

Acid-catalysed liquid-phase fluorine addition with xenon difluoride to a series of cis 
and trans phenyl-substituted olefins, e.g. 1-phenylpropene, stilbene and 
l-pheny1-2-t-butylethylene, resulted in the formation of vicinal difluorides in high 
yieldi3.'" (Scheme 1). The results with olefins as a whole show that the addition of 
fluorine is clearly a non-stereospecific process. On the basis of the ratios of 
D,L-eryfhro and D,L-threo difluorides being nearly independent of the starting olefin, 
the absence of free radica! inhibition effects (molecular oxygen) on the product 
distribution, and the fact that the reactions are very strongly catalysed by hydrogen 
fluoride, the formation of 8-fluorocarbonium ions was suggested. In the trans series of 
olefins, anti-addition of fluorine predominates, while in the cis series formation of a 
mixture of the same composition as in the case of the trans series was explained by free 
rotation about the newly formed C-C single bond in the P-fluorocarbonium ion. 
Indene, which might be considered as a 'cyclic analogue' of cis-1-phenylpropcne, adds 
fluorine preferentially anti, but not syn, as was observed in :he fluorination of 
cis-1-phenylpropenel". 

F F 

(70%) (30%) 
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Ph 11 or ' 1 ~ '  H 

H 

XeF2/HF 

F I F 

Relative yields, % 

Olefin R n,L-eryrhro 1 Ratio 1/2 
~~ ~~~ 

60 1.50 
62 1.67 
63 1.70 

64 1.78 
53 1.13 
64 1.78 

Trans { E3 
Cis { E 3  

C(CH3)3 

C(CH3)3 

SCHEME 1 .  Product distribution in fluorination of substituted 1- henyl- 
ethylenes with xcnon difluoride in mcthylene chloride at 25°C l! 

The acid-catalysed liquid-phase fluorine addition to acenaphthylene and 
1,2-dihydronaphthalene also resulted in the formation of vicinal difluorides in high 
yield". The addition again proceeds predominantly via anti attack. The reaction 
with 1,4-dihydronaphthalene produced a complex mixture of naphthalene, 
1 -fluoronaphthalene, 2-fluoronaphthalene and 2-fluoro- 1,2,3,4-tetra- 
hydronaphthalene 17. 

The stereochemistry of fluorine addition with xenon difluoride to phenyl-substituted 
cycloalkenes, e.g. I-phenylcyclopentene, 1-phenylcyclohexene and l-phenyl- 
cycloheptene, depends on ring magnitude18. In the cyclopentene ring there is 

n 3 4 

1 79 21 
2 50 50 
3 35 65 
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preferential anfi-addition, while in thc case of the cycloheptene ring the formation of 
syn difluorides predominates. The stereochemistry of fluorine addition to 
aryl-substituted cyclohexenes also depends on the substituent on the phcnyl ring. 

X = H. m-CI. p-OCH, 

The reaction with norbornene has been used as a mechanistic probe to elucidate the 
reaction mechanism and the stereochemistry of acid-catalysed liquid-phase 
fluorination with xenon difluoridelY. The reaction resulted in the formation of 
seven products: fluoronortricyclane ( S ) ,  2-e~zdo-3-exo-difluoronorbornane (6), 
2-exo-7-anti-difluoronorbornane (7), 2-endo-5-exo-difluoronorbornane (8), 2-exo- 
S-exo-difluoronorbornane (9), 2-exo-3-exo-difluoronorbornane (10) and 2-exo-7-syn- 
difluoronorbornane (1 1). The product distribution as a function of solvent polarity, 
concentration of norbornene and the presence of oxygen as an inhibitor of carbon 
radicals is presented in Table 1. The formation of 2-endo-3-exo-difluoro- 
norbornane (6) and 2-exo-3-em-difluoronorbornane (lo), depending significantly 
upon the conditions mentioned above, decreases in the presence of oxygen to 
one-half. 

& L & + & F + & F +  F 

(5) (6) (7) 

TABLE I .  Variation in composition of products from addition of xenon difluoride to norbornene 
at 25 "C1y 

Composition, % 
Concentration of Reaction 
norbornene, mdml Solvent times, rnin 5 6 7 8 9 10 11 

200 cc14 120 38 2.5 16 17.5 12 1.5 8 
200 CHC13 60 46 14 13 10.5 5 6.5 4 
200 CHzC12 60 41.5 10.5 16.5 13.5 6 5.5 5 

75 CHzClz 60 37.5 6 18 19 10 4 5.5 
75 CH2CIz 3 44 6 17 15.5 9 4 4.5 
75 CHzC12/02 60 37.5 3.5 20 20 10 2 6 
37.5 CHzCl2 60 38 3.5 19.5 20 11 2 6 
25 CHzCl2 60 37 1.5 20 23 12 0.5 6 



662 M. Zupan 

The fluorination of benzonorbornadiene resulted in the formation of 
2-exo-7-syn-difluorobenzonorbornane, whilc the fluorination of no rb~rnad iene" .~~  
gave 3-endo-5-exo-difluoronortricyclane, 3-exo-5-cxo-difluoronortricyclane and 
2-exo-7-syn-difluoronorborn-5-ene. 

F 

In the hvdrogen fluoride-catalvsed liauid-Dhase fluorine addition with xenon 
1 1  

difluoride t& 1 ,cdiphenyI-2-haloe;hylenes (X = F, CI, Br) vicinal difluorides were 
formed20. The presence of chlorine or bromine in the olcfinic molecule resulted in its 
decreased reactivity. trans-a-Fluorostilbene and a,/?-difluorostilbene readily reacted 
with xeiion difluoride, hrming trifluoro and tetrafluoro products. Cis- and 
trans-a-chloro- or  -bromostilbene were converted with XeF2 to vicinal difluorides and 
predominance of syn addition of fluorine over anti was observed. Fluorine addition to 
cis- and trans-a-bromostilbene is also accompanied by rearrangements and the 
production of 1 , l  -difluoro-2-bromo-l,2-diphenylethane was established20. 

Ph2C=CHX 
XeF, 

HF/CH&IZ Ph2CFC HXF 

X = H. F. CI. Br 

HF-catalysed fluorination of cyclic enol acetates with xenon difluoride at room 
temperature resulted in the formation of a-fluorocycloalkanoneszg. The purity of the 
products and the yields strongly depend on moisture exclusion and on the amount of 
hydrogen fluoride. In these reactions only catalytic amounts of hydrogen fluoride were 
used; increasing the amount of hydrogen fluoride results in increasing formation of 
cycloalkanone. a-Fluorocycloalkanones were formcd in yields of 60-85% and were 
accompanied by 2-1 7% of cycloalkanone, depending o n  the reaction conditions and 
ring magnitude (in the case of larger rings, greater amounts of ketone were observed). 

OCOCHS 
I 

n = 1,2. 3 

For acid-catalysed liquid-phase fluorination of various alkencs with xenon 
difluoride, the mechanism presented in Scheme 2 was s ~ g g e s t e d ' ~ . ' ~ * ' ~ .  It involves 
catalysis with hydrogen fluoride; xenon difluoride behaves as an electrophile in the 
presence of hydrogen fluoride. In the next step a n-complex is probably formed 
between this electrophilic species and the olefin, which could be transformed by 
heterolytic Xe-F bond cleavage into an open /?-fluorocarbonium ion intermediate 
(path A), which can undergo Meerwein-Wagner and hydride rearrangements (in the 
case of bicyclic olefins), thus forming difluorides after the preferential anri attack of a 
fluorine anion. Another possible explanation put forward for the formation of 
carbonium ion intermediates was the formation of an ion radical (path B), 
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6+ 6-  
XeF2 FXe....FHF 

jx 
FXe....FHF 
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1'' F 

++ 
F F  

SCHEME 2 

transforming in the next step by XeF' or XeF2 to a carbonium ion or  to radical species. 
The formation of a free radical species via homolytic Xe-F bond cleavage, o r  from an 
ion radical, was suggested in order to explain the formation of two 
difluoronorbornanes (5,  IO), their amounts depending on the concentration of 
norbornene and on the presence of oxygen. However, the main intermediates formed 
in HF-catalysed liquid-phase fluorination of various alkenes with xenon difluoride 
were of carbonium ion type, but in some cases some free radical intermediates were 
also present. 

Stereochemical results of fluorine addition to phenyl-substituted olefins, and the 
results obtained in other halogen addi!ions to the  same system, are compared in Table 
2 .  The stereochemistry of addition depends on the nature of the reagent. The reasons 
for these changes are as follows. Since fluorine and chlorine are poor neighbouring 
atoms, electrophilic additions proceed via open carbonium ions and are 
non-stereospecific. The tendency toward syn addition observed with these reagents is 
the logical consequence of ion pairing phenomena in non-polar solvents. From the 
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TABLE 2. Stereochemistry of halogen addition to 1-phenylpropl-ene 

XeF2/CF3COOH/CH,CI, 

Trans olefin, % Cis olefin, % 

Halogen Solvent D,L-erythro D,L-threo D, L-erythro D,L-threo Ref. 

F2 CCI3F 31 69 78 22 30 
c12 cc14 38 46 62 29 31 

CHzCI;! 55 28 62 22 31 
€3 r2 cc14 88 12 17 83 32 
XeF2 CH2C12 60 40 64 36 16 

comparison of the stereochemical results of halogen addition, it can be seen that xenon 
difluoride fluorination is very similar in this respect to chlorine addition in methylene 
chloride, but different from molecular fluorine addition, where ion pairing phenomena 
are  more dominant. 

T h e  effect of the catalyst on the mechanism of acid-catalysed liquid-phase 
fluorination with xenon difluoride has also been investigated12-15. Trifluoroacetic 
acid-catalysed reaction of phenyl-substituted olefins, e.g. cis and 
trans-1 -phenylpropene and cis- and trans-stilbene, resulted in the formation of vicinal 
difluorides (1, 2) and fluoro-trifluoroacetates (12, 13). The reaction is 
non-stereospecific, but D,L-ervthro- (12) and D,L-threo-fluoro-trifluoroacetates (13) 
are  formed in a highly regiospecific Markownikoff manner in 50% yield. The formation 
of S-fluorocarbonium ions was also suggested. 

,,IH H R 

R $Ph + .$Ph 

OCOCF3 OCOCF3 

+ R$” + H T p h  

The structure of the organic molecule has an important role in the nature of Xc-F 
bond cleavage, as was shown in the fluorination of styrene in the presence of 
trifluoroacetic acid”. Room temperature fluorination gave five products: 

XeFz 
PhCH=CH2 CF,COOH/CH2Ci2* PhCHFCH2CF3 + PhCHFCH2F + PhCH(OCOCF3)CH&F3 + 

PhCH(OCOCF,)CH,F + PhCHFCH20COCF3 
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It is known that XeF, readily reacts with trifluoroacetic acid giving xenon fluoride 
t r i f l u ~ r o a c e t a t e ~ ~ , ~ ~ ,  a reagent of electrophilic character, which can react with organic 
molecules’s. However, xenon fluoride trifluoroacetate can decompose to XeF‘ and the 
trifluoroacetoxy radical and/or to a fluorine radical, a trifluoroacetoxy radical and 
xenon, while the trifluoroaceioxy radical can further decompose to give a 
trifluoromethyl radical. Xenon fluoride trifluoroacetate can also further react with 
trifluoroacetic acid, thus forming xenon b is ( t r i f lu~roace ta te ) ’~~~ which after 
decomposition gives a trifluoroacetoxy radical, decomposing further to a 
trifluoromethyl radical. The formation of fluoro radicals, trifluoromethyl radicals and 
trifluoroacetoxy radicals was suggested in order to explain the formation of the five 
products in the reaction with styrene. 

HF + Xe(OCOCF3)2 - ‘OCOCF, - ‘CF3 + C 0 2  
L 

CF3COOH 

‘OCOCF, + ‘XeF - ‘F +‘OCOCF3 

+ HF 

t Xe 

‘CF3 + CO, 

Shackelford and coworkers2’ found that for the fluorination of aliphatic alkenes 
with xenon difluoride a boron trifluoride etherate proved to be a convenient catalyst. 
They carried out the reaction in conventional chemical glassware. In the reaction with 
1 ,Zdibromoethene four fluorinated products were formed: 1,l -difluoro-2,2- 
dibromoethane, l-fluoro-l-chloro-2,2-dibromoethane, l-fluoro-2-chloro-1,2-dibro- 
moethane and l-fluoro-l,2,2-tribromoethane. The fluorination of 2-fluoro-2,2- 
dinitroethyl vinyl ether gave one major product, identified as 1’,2’-difluoroethyl-2- 
fluoro-2,2-dinitroethyl ether. 

XeF2 

CHBr=CHBr CHF2CHBr, + CHFBrCHBr2 + CHFCICHBr2 + CHFBrCHClBr 

(59%) (18%) (23%) 

The utility of XeF2 as a mild fluorinating agent was confirmed in the case of 
fluorination reactions of glycals, catalysed by boron trifluoride etherate. The reaction 
with 3,4,6-tri-0-acetyl-l,5-anhydro-2-deoxy-~-ar~bino-hex-l-enitol and the D-lYXO 

epimer gave three products in high yieldz3. 
The effect of catalyst and reaction temperature on the nature of Xe-F bond 

cleavage has been examined in detail in the case of norbornene  fluorination^?^^^.^^. It 
was demonstrated that catalyst and temperature play an important role in the 
product distribution. Shackel f~rd’~  has also made detailed studies of boron 
trifluoride-catalysed fluorinations of deuterium-labelled norbornene derivatives. 

The reaction of xenon difluoride with 1,l-diphenylalkencs in the presence of 
bromine has also been studied2’. A mixture of bromine and xenon difluoride remained 
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f OAc 

OAc OAc 

AcO &> + AcO $p + 

F F 
(61%) (12%) 

f OAc 

(5%) 

without reaction, while addition of 1,l-diphenylethylene resulted in immediate 
gas evolution and 1,l-diphenyl-1 -fluoro-2,2-dibromoethane was formed. The 
reaction occurred in the same way with 1,l-diphenylpropene and 
l,l-diphenyl-2-halo-substituted ethylenes (X = F, CI, Br), whereas it failed in the case 
of norbornene, wens-stilbene, styrene and 2-phenylpropene, resulting in the 
formation of dibromides only. 

Chernick and coworkersI0*I1 found that propyne is resistant to fluorine addition with 
xenon difluoride in a gas-phase reaction. After 100 days at  room temperature it gave 
2,2-difluoropropane in 33% yield and at  least nine other trace products. Zupan and 
PollakZ8 found that at  room temperature xenon difluoride reacted with phenyl- 
substituted acetylenes in the presence of hydrogen fluoride as  catalyst. Less 
than stoicheiometric amounts of xenon difluoride did not favour difluoroolefin 
formation and only tetrafluoride and unrcacted acetylene were found in the reaction 
mixture. However, the use of 2.5 equivalents of xenon difluoride led to  the formation 
of tetrafluorides in over 50% yield. 

XeF2 
PhCrCR CH2C12/HF * PhCF2CF2R 

R = Ph. C3H,. Me 

The trifluoroacetic acid-catalysed fluorination of diphenylacetylene is much more 
complex and produced six products2'. The formation of fluoro radicals, 
trifluoromethyl radicals and trifluoroacetoxy radicals formed by decomposition of 
FXeOCOCF3 was suggested in order to explain the formation of the products. 
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F F  
XeF2 I I  

I 1  
Ph-CEC-Ph * Ph(CF3)C=CPh(OCOCF3) + Ph-C-C-Ph 

CF3COOH/CH2C12 

F F  

+ Ph(CF3)C=CFPh + PhFC=CPh(OCOCF,) +- 

(two isomers) 

111. REACTIONS OF XENON DIFLUORIDE WITH AROMATIC AND 
HETEROAROMATIC MOLECULES 

Five years after Chernick and coworkers1° established that xenon difluoride reacted 
with unsaturated molecules, Filler, Hyman and  coworker^^^^^ started fundamental 
studies on the reactivity of aromatic molecules. On the basis of the effect of the  
substituent bonded to the benzene ring on the fluorination (Scheme 3), the isolation 
of biphenyls and the detection of ion radicals by ESR spectroscopy, three possible 
mechanisms were suggested. The main pathways are presented in Scheme 4. In the 
first stage polarization of xenon difluoride by hydrogen fluoride was suggested, thus 

X 

X e F 2 / H F / M o n e l  vacuum line I 

F 

OCH3 30.5 
CH3 16.1 
CI 16 
F 11.8 
CF3 0 
NO2 18.9 

2.5 32.4 
2.6 13.7 
3.2 46.3 
2.8 32.3 

71.7 3.8 
50.9 11.4 

SCHEME 3. 
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r >t. 

L J 

F O R  
H ..... + Xe + HF2- 

[ R o ; ]  .... 

F 

SCHEME 4 

forming an electrophilic species, which reacts in the next step to a n-complex with the 
benzene molecule, transforming further to ion radical species or to a carbonium ion. 
Turkina and G r a g e r ~ v ~ ~  studied xenon difluoride reactions with benzene and 
deuterium-substituted derivatives. For the formation of biphenyls, ion 
and radical mechanisms were suggested. 

Mackenzie and Fajer4" have studied vapour-phase fluorination of aromatic 
molecules and a free radical mechanism was suggested. It was demonstrated that the 
molar ratio of xenon difluoride to benzene derivative has an important effect on  the 
ratio of substitution process to polymerization; in higher molar ratios, polymerization 
was preferred. 

Filler and coworkers41 have found that fluorinations of hydroxy, alkoxy and amino 
substrates do  not require external initiation by hydrogen fluoride and have modified 
the mechanism for those aromatic compounds which are more readily oxidizable than 
benzene. In  these compounds the n-cloud may induce sufficient polarization of the 
Xe-F bond, while transfer of an electron generates the radical cations. 

Filler and  coworker^“^ did not find any oxidation products in the fluorination of 
hydroxy and dihydroxy benzene derivatives. In contrast to these results, Nikolenko 
and coworkers42 have shown that pentafluorophenol reacted with xenon difluoride in 
acetonitrile, forming the peroxide. 

It has been demonstrated that benzoic acid and substituted benzoic acids in benzene 
solution in the presence of xenon difluoride gave various phcnyl b e n ~ o a t e s ~ ~ . ~ ~ .  
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F 

(38%) 

I 
(37%) (3%) F 

(16%) 

HO 

73% (1-5%) 

Oxidative properties of xenon difluoride have also been observed in the reaction 
with 1,2- and 1,4-dihydroxybenzene derivatives, resulting in q u i n o n e ~ ~ ~ .  

OH 0 4 - XeF2 0 I I  q o H x e F z * p  

OH 0 

Firnau and coworkers46 have also found that direct fluorination of L-dopa is not 
possible, resulting instead in the formation of o-quinone, while reaction with 
L-3-methoxy-4-hydroxyphenylalanine ethyl ester, followed by HBr hydrolysis, gave 
~-3,4-dihydroxy-6-fluorophenylalanine. 

F 

H O P  CH2-TH -COOEt - 11) 12) XeF2 HEr H O G C H 2 - y H - C O O H  

NH2 
HO 

NH2 
H,CO 

(25%) 
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Sket and Zupan4’ have studied the fluorination of ortho-substituted benzene 
derivatives and found that regioselectivity depends on the structure of the molecule. 
The fluorination of indane resulted only in P-attack, while reactions with tetraline and 
o-xylene were accompanied also by a-attack. It was found that fluorination is more 

P-Attack, % 

a::: 71 2 3 80 

regioselective than b r o m i n a t i ~ n ~ ~ ,  which was explained by differences in the 
stabilization of fluoro and bromo carbonium ions formed after a and fl  attack. 

Fluorination of 9,lO-dihydroanthracene and tnptycene with xenon d i f l ~ o r i d e ~ ~  in 
the presence of hydrogen fluoride occurred at the a- and P-positions, while reaction 
with acenaphthylene resulted in the formation of 2- and 4-fluoro-substituted products, 
regioselectivity being very little affected by the nature of the catalyst (HF, BF3 and 
uentafluorothioohenol). The reaction must be carried out in much higher dilution than 
in other cases, otherwise only polymeric material could be isolated. 

(71%) (29%) 

&-@+&yF F 

(74 - 70%) (26 -30%) 

HA = HF. BF3. C,F,SH 



15. Xenon halide halogenations 67 1 

Fluorination of 1,2,3,4-tetrahydro-l,4-methanonaphthalene gave as products 
6-fluoro- and 6,7-difluoro-, and as a rearranged product 1-(2,2-difluoroethyl)indane. 

The fluorinations of various trimethyl- and tetramethyl-substituted benzene 
derivatives in the presence of HF catalyst led to ring s u b s t i t ~ t i o n ~ ~ ,  while the 
trifluoroacetic acid-catalysed reaction proved to be much more complex, similar to 
the reactions of styrene and 

9 3  

diphenylacetyleneZ1. 

y 3  y 3  

XeF2/CF3COOH 1 

HF-catalysed fluorination of he~amethylbenzene~l resulted in the formation of the 
fluoromethyl derivative, while the trifluoroacetic acid-catalysed reaction gave the 
trifluoroacetoxy derivative. 

CH2F CHzOCOCF3 *4 HF/CH,Cl, XeF2 * CF3COOH/ XeF2 CH2C12 ~ * 
BF3-catalysed room temperature reactions of xenon difluoride with 

pentafluoro-substituted benzene derivatives resulted in 1,4- and 1,2-fluorine addition 
with regiospecificity depending on the substituent. 1-Substituted (H, C1, Br, C6F5) 
pentafluorobenzenes reacted to give 1-substituted heptafluorocyclohexa-1,4-diene~~~. 

X = F. CI. Br. H. C,F5 

BF3-catalysed fluorination of octafluoronaphthalene proceeds as 1,4- and 
1,2-addition; addition to 2-methoxy and 2-ethoxyheptafluoronaphthalene gave only 
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l ,badducts,  while reaction with 2-isopropoxyheptafluoronaphthalene resulted in 
2-oxooctafluoro- 1,2-dihydronaphthaIene and 6-isopropoxynonafluoro- 1,4-dihydro- 
naphthalenes3. 

‘)$J+; BF, XeFz / CH ?CI ~ :m 
F F 

F F F  F 

BF3-catalysed reaction with n-alkoxy-substituted pentaf luoroben~ene~~ produced 
two types of adduct, while in the reaction with isopropoxypentafluorobenzene, 
hexafluorocyclohexa-2,5-dien-l-one and hexafluoroacyclohexa-2,4-dien-l-one were 
formed. 

OR 

F*F 

Fluorination of gave two monofluoro derivatives, thc a-product 
predominating over the /3-product. Further fluorination of 1-fluoronaphthalene gave 
1,4-difluoronaphthalenesh. In the fluorination of anthracene three monosubstituted 
productsS5 were formed. 

F 

(50%) (11%) 

Phenanthrene is well known to undergo addition across the 9,lO-positions in 
chlorinations7 and brominationS8. The fluorination of phenanthrene has been 
extensively studied by three g r o ~ p s ~ ~ ~ ~ ~ - ~ ~ .  A 3h reaction in the presence of hydrogen 
fluoride at room temperature gave 9-fluorophenanthrene in 60% yield. Reaction with 
two molar equivalents of xenon difluoride led to four products: 9-fluorophenanthrene, 
9,1O-difluorophenanthrene, 9,10,1O-trifluoro-9,lO-dihydrophenanthrene and 
9,9,1 O,lO-tetrafluoro-9,l0-dihydrophenanthrene. All efforts to detect the primary 
addition product were unsuccessful. However, the formation of tri- and tetrafluoro 
products clearly showed that addition of fluorine with XeF, took place with 
9-fluorophenanthrene and 9,lO-difluorophenanthrene. 

Agranat and explored the use of XeF, for the preparation of many 
fluorinated polyaromatic ring systems, which are otherwise very difficult to synthesize, 
e.g. 14, 15 and 16. 

Thc fluorination of heteroarornatic molecules with XeF, has received much less 
attention. Yurasovaj; found that reaction with uracil produced 5-fluorouracil. Anand 
and Filler6s dcmonstratcd that pyridine reacted with xenon difluoride and 2-fluoro-, 
3-fluOrO- and 2,6-difluoropyridine were isolated. 8-Hydroxyquinoline was converted 
to 5-fluoro-8-hydroxyquinoline. Fluorination of imidazo( 1,2-b)pyridazine with xenon 
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1 . O M  XeF2 

2. 0 M XeF2 
* 

I gF 
+ 

(10%) 

F 

(35%) (20%) (11%) 

difluoride gave no fluorinated products66 and only 3-substituted chloro or bromo 
derivatives were isolated. Chloro products were formed in CC14, CHC13 and CH2C12, 
while bromo products were produced in CHBr3 as solvent and in the presence of HF 
or trifluoroacetic acid. 

IV. REACTIONS OF XENON DIFLUORIDE WITH VARIOUS ORGANIC 
MOLECULES 

Substitution reactions at saturated carbon atoms with xenon difluoride have received 
little attention. Podkhalyzin and Nazarova6‘ found that the reaction of adamantane 
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with xenon difluoride in carbon disulphide resulted in 1 -fluoroadamantane. Zajc and 
ZupanZ9 have demonstrated that in the HF-catalysed reaction with acetylacetone the 
monofluoro product was formed, while further fluorination gave 

(35%) 

3,3-difluoro-2,4-pentanedione. HF-catalysed fluorination of 5,S-dimethylcyclo- 
hexa-1,3-dione gave a complex mixture in very low yield. However, it has been 
discovered that a new catalyst, i.e. the cross-linked polystyrene-4-vinylpyridine 
complex with boron trifluoride in the presence of cross-linked polystyrene-4-vinyl- 
pyridine led to difluoro product in high yieldz9. 

O T  

XeF2 

"go H3C CH3 a N - B F 3 / a N  * H3C CH3 

The choice of catalyst has great influence on the course of the fluorination reaction 
with xenon difluoride, and depends on the structure of the organic molecule, its 
reactivity and the stability of the products. The similar influence of catalyst has been 
pointed out in the fluorination of indan-1 ,3-dione7". HF-catalysed reaction gave one 
rearranged product in low yicld, while Nafion-H-catalysed reaction in the presence of 
cross-linked polystyrene-4-vinylpyridine resulted in 2,2-difluoroindan-l,3-dione in 
high yield, while further fluorination in the prescnce of hydrogen fluoride gave 
2,2,3,3-tetrafluorochroman-4-one. (Nafion is the trade name for a perfluorinated 
resin-sulphonic acid available from the Du Pont Company. The H-form was generated 
from the commercial potassium salt.) 

0 0 

XeF2/H F l E  

F 

X e F 2 / H F  I WF; 0 

Xenon difluoride reactions with sulphides have been studied by three g : r o ~ p s ~ ~ - ~ ~ .  
Zupan71 found that phenyl methyl sulphide gave phenyl fluoromethyl sulphide, while 
further fluorination led to phenyl difluoromethyl sulphide. Rcactions with 



15. Xenon halide halogenations 675 

cis-2,6-diphenyltetrahydro- 1 -thio-4-pyrone and thiochroman-Cone produced 
dehydrogenated products, while reaction with 3.3-dibromothiochroman-4-one gave 
the 2-fluoro-substituted dcrivative7*. In a room-temperature reaction, diphenyl 

XaF? XeF, 
Ph-S-CH3 - Ph-S-CH2F - Ph-S-CHF2 

g%,, pir Br 

0 0 

sulphide was converted to sulphone and sulphoxide7? and no evidence for difluoro- or  
tetrafluorosulphorane was given. Marat and J a n ~ e n ~ ~  have isolated 
difluorosulphuranes in acetonitrile at low temperature (-20 to -SoC), where 
decomposition was prevented by [(CH3)3Si]2NH. Reactions with thiols led to 
disulphides. Formation of difluorosulphuranes has been observed from phenyl 
trifluoromethyl sulphide, while reaction of the selenium analogue also gave the 
corresponding d i f l ~ o r i d e ~ ~ .  

F 
XeF2 I 

Ph-S--R Ph-S-R + X  
I 
F 

Ph-SH +XeF2 - Ph-S-S-Ph 

(CH,),C-SH + XeF, - (CH3),--S-S-C(CH,)3 

Gibson and J a n ~ e n ~ ~  have studied fluorination of various organosilicon compounds 
and found that the chlorine atom is readily replaced by fluorine. 

XeF, 
R3SiC' R3SiF + CI, 

R = Me. Et 

XeF2 
(CH,),SiCI2 - (CH,),SiF, + CI, 

Alkyl and aryl phosphines give alkyl or aryl hydrodifluorophosphoranes, while 
reaction with phenyldichlorophosphine results in oxidative fluorination and the 
substitution of chlorine by Gibson and Janzen found that methyliodine(II1) 
difluoride could be prepared by reaction of methyl iodide with xenon difluoride7'. The 
reaction has been extended to the preparation of various aryl- and alkyl-substituted 
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F 
XeFl R, I 

R,PH P-H + X e  
R’ I 

F 
XeF, 

Ph3P - Ph3PF2 + X e  

iodo(II1) d i f l u ~ r i d e s ~ ~ ” .  The easy preparation of this type of fluorinating reagent 
promoted investigation of the fluorination of various organic molecules8@-x8. 

XeF2 /F 
R-I R-I, 

R = CH3. CH(CH312. CBH,X 
F 

(e = polymer backbone 

V. REACTIONS OF OTHER XENON HALIDES 

Xenon tetrafluoride and xenon hexafluoride should be handled with great care 
because of thc possible formation of highly explosive xenon oxides, and all their 
reactions studied so far have been carried out in Monel vacuum lines. The  discovery 
that both compounds form stable intercalates with graphitc has increased their utility. 

It has been found that the chemical reactivity of the three xenon halides runs in 
parallel with the increasing amount of fluorine in the Differences in 
chemical reactivity with organic substrates were nicely illustrated by their reactions 
with perfluoropropeneI0; xenon difluoride gave no reaction, xenon tetrafluoride led to 
perfluoropropane, whilc in the case of xenon hexafluoride, tetrafluoromethane and 

XeF, XeF 
CF, + CF3CF3 c-- CF3CFZCF2 A CF3CF2CF3 

hexafluoroethane were formed. An 18 h reaction with ethene gave three products, and 
a free radical mechanism was suggested”. 

CH2=CH2 + XeF4 

‘XeF3 + ‘CH2-CH,F * FCH,-CH,F 

CH2=CHF CH3-CHF 

CH2F- CH F, CH,CHF, 

20% 35% 
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For the fluorination of benzene derivatives" with XeF,, which yielded biphenyl, 
fluorobiphenyl and other products, a free radical mechanism was also suggested. 
Fluorination of hexafluorobenzene gave perfluorocyclohexane (1 1 %), 
perfluoro-l,4-~yclohexadiene (20%) and perfluoro-l,3-cyclohexadiene (4%). 

F / 
6 + 0 + 

+ Other products 

F 
Selig, Agranat, Rabinovitz and coworkers have made an important contribution to 

the use of XeF, and XeF6 for the fluorination of aromatic  molecule^^-^^^^. They found 
that XeF,, XeF6 and XeOF, form stable intercalates with graphite. In the fluonnation 
of benzene, naphthalene, anthracene, phenanthrene, pyrene and other polycyclic 
aromatic hydrocarbons, fluoro-substituted products were produced. Kagan and 

F F 

C19XeF6 * + &lQ + 

(20%) (18%) 

(10%) 

(60%) 

coworkersg0 found that various /I-diketones and p-ketoesters could be fluorinated with 
C19XeF6, giving monofluoro and difluoro products. Fluonnation of uracil and 
barbituric acid gave monofluoro products in high yield'". 

( 90% ) 
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1. INTRODUCTION: THE S R N ~  REACTION 

The substitution of a halogen in an organic molecule by a nucleophile may be rep- 
resented as shown in equation (1). where R represents a wide variety of organic 
moieties, X is one of the halogens and A- is an incoming nucleophile. The wide range 

681 
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R X + A -  - RA+X-  (1) 

of substitution processes which result from variations in the nature of R and changes in 
solvent, halogen and/or nucleophile, include the SN1  and sN2 processes, mainly 
occurring in saturated systems, and the  SNAr and aryne mechanisms in aromatic 
systems'. T h e  aryne mechanism was proposed in 19532 and since then, with the 
exception of unusual substitution processes with limited general utility such as the 
multi-step SN(ANR0RC) reaction3, only one, new, widely applicable substitution 
reaction has  been added t o  the above well established processes involving organic 
halides. T h e  basic steps (2)-(5)  in this substitution reaction a re  presented, in general 
form, in Scheme 1. This sequence of reactions has been variously described as  an 

R X + e  - [RX]-' (2) 
[RXJ-' - R ' + X -  (3) 

R'+A- - [RAI- '  (4) 

[RAI- '  + RX - RA + [RX]-' (5) 
SCHEME 1 

electron-transfer chain substitution process4, o r  as  a substitution reaction involving 
radical anions and free radicals as intermediates5. Bunnett, recognizing the formal 
similarity between step (3) and the rate-determining unimolecular step in SN1 
reactions, and also appreciating the need for a simple symbolism to represent this 
reaction6, suggested the description ' S R N l ' ,  standing for substitutiori. radicahuc/eo- 
phific, u n i m o f e c u f ~ r ~ .  This particularly useful designation is used throughout this 
chapter. 

The SRNl reaction has been mentioned briefly in general reviews on the chemistry 
of radical  ion^^.^ and also in other contexts'.l0-l2. Kornbluni has extensively reviewed 
the SRNl reaction in which a nucleofuge is displaced from a saturated carbon a t ~ m j . ~ ,  
and Bunnett has reviewed aromatic substitution by the SRNl mechanism6. 

II. GENERAL SCOPE OF THE SRN1 REACTION 

The  types of substrates which are known to undergo S R N l  reactions comprise two 
major classes. The first group consists of molecules in which the nucleofuge is directly 
attached to a saturated carbon, whilst in thc second the  nucleofuge is attached to the 
carbon of an  unsaturated, usually aromatic, system. Although the first class of sub- 
strates invariably contain unsaturated groups of some sort, they will be referred to as 
belonging to  the saturated sysfetn, whilst the second group will be referred to as  the 
umatrirated o r  nromatic system; i.e. the two classes are defined by the nature of the 
carbon bearing the nucleofuge. 

A. Substitution in Saturated Systems 

The reactivity of the majority of the substrates in this class usually depends on the 
presence of a nitro group in either the substrate o r  the n u ~ l e o p h i l e ~ . ~ ,  although excep- 
tions are knownI3. Thc  0- and p-nitrobenzyl, the sterically hindered p-nitrocumyl and 
other substituted cumyl systems and also various a-nitroalkyl derivatives undergo a 
variety of SRNl reactions. T h e  discovery of these reactions, their development and a 
comprehensive set of typical examples have becn presented elsewherc in this series4. 
The  sterically hindered neopentyl system in the p-nitrobenzyl derivative (1) has also 
been shown to undergo SKNl reactions (c.g. reaction 6)14. 
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B. Substitution in Aromatic Systems 

1. Discovery 

Although the SRNI reaction in saturated systems had been demonstrated several 
years ear lie^-^-^, it was not until 1970 that an S R N ~  reaction invoking an aromatic 
halogen compound was discovered. Kim and Bunnett subjected the halotrimethyl- 
benzenes 2-4 and their respective isomers 5-7 t o  treatment with potassium amide in 
liquid ammonia'. The  halides 2 , 3 , 5  and 6 gave the same mixture of trimethylanilines 
8 and 9 (8/9 = 0.68), as  expected from a reaction proceeding through the common 
aryne intermediate 10. However, the iodo compounds 4 and 7 gave appreciably lower 

Me Me  Me 

Me Me 

(2 )  x = CI (5) x =  CI (10) 

(3) X = Br (6) X = Br 

(4) x = I ( 7 )  x = I 

( 8 )  X = NH, (9 )  X = NH2 

proportions of cine substitution products. Product ratios for 8/9 of 1.59 and 0.17 
respectively were obtained. This observation and its interpretation in terms of the 
occurrence of an S R N l  reaction lead Bunnett and his coworkers into an extensive study 
of aromatic substitution by the SRNl mechanism6. 

2. Nature of the aromatic moiety 

A wide range of aromatic and heteroaromatic systems has been shown to undergo 
the S R N l  reaction. The  simple halobenzenes (Scheme 1, R = Ph), readily participate 
in S R N 1  The following substituents on the benzene ring d o  not have a 
deleterious effect: aIky17.1S.20-25.34.36 (but see comments on steric effects, Section 
III.C), a l k o ~ y ~ . ~ ~ . ~ ' - ~ ~ . ~ ~ . ~ ~ . ~ " ,  b e n z ~ y l ~ ~ . ~ ' - ~ ~ ,   cyan^'^.'^, ionized ~ a r b o x y * ~  (but not 
ionized h y d r ~ x y ) ' ~ . * ~ ,  diaikylaminoes and amino g r o ~ p s ~ ~ . ' ~ .  The nitro group, whose 
presence is so effective in promoting both S R N l  reactions in the saturated system and 
S N A r  processes, effectively prevents the sR,I reaction on aromatic  substrate^'^. 
Internal S R N l  reactions, resulting in cyclic products, also take place on benzene rings 
bearing both alkyl and alkoxy g r o ~ p s ~ ~ , ~ ~  or the carboxamido f ~ n c t i o n ' ~ .  The presence 
of a second halogen on the benzene ring gives rise to  products whose nature depends 
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o n  the halogens, their relative positions on the benzene ring, and also on the nucleo- 
phile”-”.32~36.37.50-53. The complications involved in these systems are discussed 
further below (see Section 1V.C). Halonaphthalenes21-23~26~37~39~42~s4~55, halo- 

and 9 - b r o m 0 p h e n a n t h r e n e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  also react readily under S R N ~  
conditions. Only one case has been reported involving 9-bromoanthracene”. 

The  SRNl reaction also occurs in various halogenatcd heteroaromatic systems. These 
include p y r i d i n e ~ * ~ * ’ ~ * ~ ~ ,  q ~ i n o I i n e s ~ ~ , ~ ~ . ~ ~ - ~ ~ ,  isoquinolines6‘, thiophene@ and 
 pyrimidine^^^. Wolfe and coworkers have been the major contributors in the area of 
nitrogen-containing heteroaromatic systems63. The  S R ~ ~  mechanism o r  a related 
electron transfer process may also be operative in the reaction of 3-bromoquinoline 
with potassium s u p ~ r o x i d e ~ ~ .  

In addition to  the SRNl reactions summarized above, in which the halogen is 
attached t o  an  aromatic system, simple vinyl halides have been found t o  undergo 
substitution reactions which appear to belong to the S R ~ ~  classification66. 

C. Nature of the Nucleofuge 

The  nucleofugic group in SRNl reactions is not limited to  the halogens. Although 
reactions involving halide as the nucleofugc are the subject of this chapter, it should 
be noted that other groups, often poor nuc!eofuges in SN1 and SN2 processes can be 
involved in Sml reactions. 

In the saturated systems these groups include nitro, arylsulphonyl, azido, aryloxy, 
pentachlorobenzoyloxy, pyridinium, trimethylammonium, dimethylsulphonium and 
p-toluenesulphonyloxy4~s~y. More recent additions to  this impressive array are  the 
p h e n y l ~ u l p h i n y l ~ ~  and arylsulphinyloxy68 groups. 

In aromatic substrates, in addition to the halogens, the foilowing groups 
have been demonstrated t o  act as  nucleofuges, with varying degrces of succcss: 

Me3N+-IS.18-20 7 Ph 2 s  +-17.19 , and PhI+-IY. The  most useful list of nucleofuges for 
the aromatic system has been compiled by Rossi and Bunnett19. 

(EtO),P( =O)O- 15.17-19.69.70 Ph0-7.15.17.lY ArS-15.19.”%, PhSe- 17.19 , 

D. Nature of the Nucleophile 

T h e  nucleophile in SRNl processes normally performs two functions. First, i t  may 
act as  a single-electron donor in the initiation step of the reaction (see Section 1II.A). 
Secondly, it acts as  a radical trap in the key propagating step in the SRNl reaction, 
namely step (4), Scheme 1. This function of the nucleophile is mandatory o r  otherwise 
the reaction fails (see Section 1II.C). 

The  range of nucleophiles which are  known to participate in S R N ~  reactions is 
dependent on the substrate. Different arrays, with some common members, are 
involved in substitution at saturated and unsaturated carbon. 

1. Saturated systems 

The  nucleophilcs which engage in substitution reactions at saturated carbon include 
the anions derived from primary and secondary nitroalkanes, S-kcto esters, malonic 
and monoalkylmalonic esters. monoalkylmalononitriles, a-cyano esters and a-cyano 
ketones4.’. I n  addition to these ambident nucleophiles, which normally bond through 
carbon in SRNl reactions, the anions derived from P - d i k e t o n ~ s ~ ~ . ~ ~  simple ketones73 
and  triethylphosphon~acetatc~~ also react in a similar fashion. These latter reactions 
utilize a-halonitroalkanes as  ketone equivalents in condensation reactions, as  shown in 
equations (7)73 and (S)72. Cyanide ion also appears t o  react, although only one 
example has been reported74. 
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0- Li+ 

+ M e C  ‘NO, /C’ 10 THF - 4 5  “C ( 5 / 3 4 e 2 N 0 2  ~ k M e 2  (7) 

MeCO, /COPh 

I II ‘5” DMF .) e:: (8)  

0- Na+ 0 
+ 

35 “C. hi. 
Ph A+ /c\ 

Me CH 

Other n u ~ l e o p h i l e s ~ ~ ~ ,  in which the attacking atom is a heteroatom, are nitrite, azide, 
a r e n e t h i ~ l a t e ~ ~ ,  arenesulphinate and aryloxide, together with certain amines. A recent 
report adds dialkyl phosphite ion to this list (equation 9)76. 

0 

2. Aromatic systems 

It is noteworthy that many nucleophiles which react with substrates in the saturated 
systems are quite unreactive towards aromatic substrates. The anions formed from 
p-dicarbonyl compounds, such as  malonic esters, acetoacetic esters and 2,4-pentane- 
dione, are unreactive towards both halo benzene^^^ and 2 - h a l o q ~ i n o l i n e s ~ ~ * ~ ~ .  Arene- 
sulphinate and nitromethanide ions also appear to be unreactive6. A preliminary 
report in  which phenoxide ion was claimed as an active nucleophile in aromatic SRNl 
reactions78 involving halobenzenes has proven to be unrepr~ducible~’. By means of 
electrochemical techniques, S a ~ k a n t ~ ~  has demonstrated that the following nucleo- 
philes are also unreactive towards 2-haloquinolines: CN-, SCN-, OH-, PhO-, 
MeCONMe- and MeCONH-. 

Despite the failure of the above anions to participate in aromatic S R N ~  processes 
(also see Section III.C), a number of nucleophiles effectively bring about substitution. 
These nucleophiles can be conveniently classified6 according to the atom which 
becomes attached to the aromatic moiety, and this atom may be nitrogen, sulphur, 
selenium, tellurium, phosphorus or, and this is by far the largest group, carbon. 

Amide ion appears to be the only nitrogen-based nucleophile to react in a Sml 
process and, unless precluded by substrate structure (e.g. as in  equation or by 
suitable control of reaction conditions, incursion of substitution by the aryne 
mechanism can take place. 

I I y’H2 

Ilq. NH3 

K’KNH2 - 
The divalent, group VIA atoms react readily as 

a l k a n e t h i ~ l a t e ~ ~ . ~ ~ ,  phenyl ~ e l e n i d e ~ ~ . ~ ~  and phenyl telluride37. Typical examples are 
given in equations (1 1)” and (12)37. 

(Et0)zPO- 22*30.32.33*51-53, PhP(0Bu)O- 38, 

PhzPO- 38, (EtO),PS- 38 and (Me2N)2PO- 38. These reactions are synthetically useful 
The phosphorus-based anions are 
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+ PhS- h v :  Iiq.NH3 . &OMe boMe (91%) 

Br SePh 

(72%) 
since they allow attachment of a phosphorus-based moiety to an aromatic ring. Earlier 
reports of this type of reaction, for example the reaction of lithium diphenylphosphide 
with simple phenyl halidesg1, have also been shown to be SRNI processes34. The  
examples given in equations (13)38 and (14)22 are illustrative of the utility of these 
reactions. 

(93%) 

Carbanions involved in reactions with aromatic halides inchde the enolate ions from 

a m i d e ~ ~ ~ . ~ ~ .  C y a n ~ m e t h y l ’ ~ ~ ~ ~ ~ ~ ~ . ~ ~  and other a-cyanoalkanideI8 anions, both 2- and 
4-picolyl anions20, and carbanions formed from 1,3-pentadiene, 1-(p-anisyl)propene, 
indene and fluoreneI6 also react. Although, as discussed above, the monoanions from 
fl-diketones are unreactive, the dianions, for example from benzoylacetone58 or  acetyl- 
acetone2’, react very satisfactorily. The  arylation of all of the above nucleophiles o n  
carbon has been rationalized by a perturbation molecular orbital treatmenta2. This 
theoretical approach also predicts8’ which of several carbons will be the principal site 
of arylation in anions such as the dianion of benzoylacetone (equation 15)58 and 
pentadienide ionI6. 

acetone 15.17,23.29.40,45.46.54.56.57,5Y,60.62.66 and/or other ketones16.2528.3 1.35.47.46, esters48 and 

The yiclds from many of these SRNl reactions, which are synthetically the arylation 
of a carbanion, are cxcellcnt for enolatcs which are symmctricai (equations 16 and 
17)23.s66, o r  can form only a single enolate ion (cquation 18)29. Unfortunately, mix- 
tures, usually reflecting the proportion of the various cnolates in the system, often 
result in unsymmetrical cases (equation 1 9)16. 
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YH2COMe 

(16) 
,O- K t  

+ CH2=C, h u ;  IIq. NH3 . 
MeoQoMe Me 

I 

OMe OMe 
(92%) 

0 - K t  hu: liq.NHj 0 
(1 7) 

CMe2COCH Me2 CHMe2 

(97%) 

(87%) 

KNH2. hu 

(1 9) 

Further examples, in which the S R N ~  reaction of a carbanion with an aromatic halide 
have proved t o  be of remarkable utility, include the final step in Semmelhack and 
coworkers' synthesis of cephalotaxine (equation 20)47, an  example of a cyclic variant 

PhBr + MeCOEt liq.NHJ * PhCH2COEt + PhCH(h4e)COVle 

(19%) (61%) 

OMe 
(94% 

of the SRNl reaction4*, a n d  several recent procedures for the synthesis of benzo[b]- 
furans4O, in dole^^^.^^, ox in dole^^^ and  4 - a z a i n d o l e ~ ~ ~  (e.g. equation 2 1). 

E. Range of Solvents 

In  the saturated systems, dipolar aprotic solvents such as dimethylformamide 
(DMF), dimethyl sulphoxide (DMSO) a n d  hexamethylphosphoramide (HMPA) 
appear t o  be the  solvents of choice, promoting both nucleophilicity and  electron- 
transfer capability, increasingly in the  order D M F  < DMSO < HMPA, and also being 
inert to the radical intermediates i n ~ o l v e d ~ . ~ .  Ethanol has  been used successfully in the 
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p-nitrobenzylE3, a-nitroalkylE4 and p-nitrocumylE5 systems. Benzene and dichloro- 
methane allow the S R N ~  reaction to proceed even more rapidly than in dipolar aprotic 
solvents when tetrabutylammonium mi-nitronates, which are readily soluble in these 
solvents, a r e  allowed to  react with p-nitrobenzyl and p-nitrocumyl  system^^^^^^. 

In the aromatic system Bunnett has made a systematic study of possible solventsz7, 
and liquid ammonia and dimethyl sulphoxide appear to be the solvents of choice6, 
although dimethylformamide and acetonitrile look promising. Acetonitrile also seems 
to  be satisfactory in electrochemically initiated processes4*. In strong contrast with the 
saturated system, hexaniethylphosphoramide is most unsatisfactoryz7. 

111. DIAGNOSTIC AND MECHANISTIC FEATURES OF THE S R N ~  REACTION 

A. Initiation 

The initiation s tep of the SRNl reaction, which is formally presented in equation ( 2 ) ,  
Scheme 1, corresponds to acceptance of a single electron by the substrate t o  form a 
radical anion. There is a diversity of sources which can act as  one-electron donors in 
the S R N l  process. 

Initiation by a solvated electron o r  by an alkali metal dissolving in liquid ammonia 
is intimately involved in the discovery of the aromatic Sml process and in the early 
development of this reaction'. Addition of potassium metal to liquid ammonia con- 
taining the a 1 halide and nucleophiles such as ketone e n ~ l a t e s ' ~ , ' ~ , ~ ~  and cyano- 

often not as convenient, since competing reduction and other processes (see Section 
1II.D) ~ ~ ~ ~ r r e d ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  The  first step in the reaction sequence (22)16 is another 

PhBr + CH 2- ""CH- CH-CH-CCH2- -- - Ph(CH,),CH3 (22) 

example of alkali metal-stimulated reaction in liquid ammonia. It is also noteworthy 
that the reaction of o-haloanisoles, which normally give in-anisidine via an  aryne 
mechanism, with potassium amide in liquid ammonia give only o-anisidine, formed by 
a n  S R N l  process. when an excess of potassium metal is present7. The  claim7x that 
sodium amalgam in aqueous r-butyl alcohol can stimulate Sml processes has been 
recently disputed79. The  kinetic processes involved in reactions closely allied to the 
SRNl reaction, brought about by reactions of halobiphenyls with potassium, have been 
studied by ESR spectroscopyE8. The only reports of alkali metal-stimulated processes 
in saturated systems is the initiation of the reaction of p-nitrocumyl chloride with 
nitrite ion and othcr related reactions by sodium in hexamethylphosphoramideEy. 

Electrochemical initiation of aromatic SRNl processes has proven to  be of remark- 
able ~ t i l i t y ' ~ .  A typical example is given in reaction (23)43, wherein one decidcd 

methyl anion'  Y s4 proved quite successful. Initiation involving heteroaryl halides was 

K H2/Pd 

(74%) 

CI 

(80%) 
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advantage of electrochemical initiation over solvated electron stimulation becomes 
manifest. The 4'-chloro group iq the product is unaffectcd when judicious choice of 
electrode reduction potential is made. 

Radical anions have also been uscd as the source of electrons necessary for initiation 
of S R N ~  processes, but their use has been restrictcd mainly to substrates in the 
saturated systems containing nitro groups. These initiators include the radical anions 
from naphthalene".", trimesitylboraneH9 and nitrobenzene'l, and also sodium 
sup~roxide" ,~~.  

The most common source of single electrons required in step (2) is the nucleophile 
itself involved in the S R N ~  reaction, as shown in equation (24) (cf. equations 2-5). 

R X + A -  - [RXI- '  + A (24) 

This mode of initiation seems to be the most common in the saturated systems. These 
normally have relatively low lying antibonding orbitals (IT*) associated with the nitro 
group, which can readily accommodate the additional electron. The ease with which 
nitro compounds form radical ions is well d o ~ u m e n t e d ~ " - ~ ~  and their production by 
single-electron transfer from anions is also well knownY5. The process whereby the 
electron is transferred is believed to be through some form of charge-transfer complex 
both in the saturated96 and aromatic3" systems. The electron transfer from nucleophile 
to substrate is often, but not always, light catalysed. This phenomenon has been used 
as one of the diagnostic tests for occurrence of the SRNl r e a ~ t i o n ~ - ~ .  Quantum yields 
from a quantitative study of the photostimulated reaction of iodobenzene with diethyl 
phosphite ion were found to be in the range of 20-503"; quantum yields in thep-nitro- 
cumyl system as high as 6000, and in reaction of a-nitro esters as high as 220, have 
been observedYh. In some cases, e.g. o-haloiodobenzenes, the S R N ~  reaction occurs 
under photostimulation, and quite different processes (see Section 1V.C) occur in the 
darks3. 

Entrainment of S R N l  reactions is also possible and may take one of two forms. The 
addition of a catalytic quantity of a nucleophile which is a potent initiator to a solution 
of the substrate and an inactive electron-transfer nucleophile, but one which is an 
adequate radical trap, will promote reaction. Numerous examples of this circumstance 
have been reported in the saturated s y ~ t e m ~ . ~ ,  but appear to be rare, or perhaps not 
commonly utilized, in the aromatic series. One example is found in the reaction of 
2-chloroquinoline with acetone enolate. The rate of rcaction is increased dramatically 
in the presence of 10 mol% dilithiobenzoylacetones9. A second mode of entrainment is 
observed when small quantities of a more reactive aryl halide is added to a lethargic 
reaction. A typical example is the immediate increase in the rate of the dark reaction 
of p-bromotoluene with potassium diphenylphosphide upon addition of more reactive 
p - i ~ d o t o l u e n e ~ ~ .  

A single example of radiolytic initiation of an S R ~ ~  reaction by P-radiation (from 
6oCo) has been reported". The homolytic cleavage in reaction (25) has also been 
suggested98 as a direct source of the radical component. 

6. Intermediacy and Dissociation of Radical Anions 

The dissociation of simple alkyl halides electrochemicallyYY or o n  electron transfer 
from radical anionsIo0 appears, in general, to be nearly synchronous with electron 
transfer and is further complicated by subsequcnt carbanion formation. Many of the 
systems which undergo S R N l  reactions proceed via radical anions whose presence has 
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been demonstrated independently. The formation and dissociation of the radical 
anions involved in p-nitrobenzylln'*102 and p-n i t r~cumyl"~  derivatives in the saturated 
series, and pheny177.103-'06 and various heteroaryl halides77.80.104.1n7,1n~ have been 
extensively studied and in general lend support to the thesis that steps (2) and (3) 
(Scheme 1) should normally be considered as sequential, and not concerted as in 
equation (26). 

R X + e  - R ' + X -  (26) 
T h e  actual mechanistic details of dissociation of radical anions appear to have 

received scant consideration. A rather convenient representation of the dissociation of 
p-nitrobenzyl chloride radical anion is reproduced in equation (27)"j and is described 

as  an internal elimination. Utley and coworkers have suggested a similar process in 
substrates containing methoxycarbonyl s u b s t i t u e n t ~ ~ ~ ~ .  An alternative proposal by 
Neta and Behar describes this same dissociation in terms of an intraniolecular electron 
transferlo* in which the electron is transferred from the nitrophenyl group to the 
halogen and then dissociation ensues. This latter description may be generalized as  
shown in equations (28)-(30). T h e  process shown in equation (27) should lead to 

planar p-nitrobenzylic radicals, and this is generally a s s u ~ n e d ~ . ~ .  The process shown in 
equation (30) could conceivably lead to a pyramidal (sp3) radical. An experimental 
demonstration of this hypothesis would be a n  SRNl reaction proceeding with retention 
of configuration. Although it has been demonstrated that certain optically active 
benzylic substrates do  racemize when undergoing substitution by the S R N ~  processg6, 
other  substrates in  which collapse of a pyramidal benzylic radical is sterically hindered 
do undergo S R ~ I  reactions with retention"0. 

C. Trapping of Radicals by Anions 

Thc trapping of a n  anion by a radical to give a radical anion, step (4) of the overall 
SRNl process (Scheme 1). is in fact formally identical with the reverse of step (3). 
N o  examples of trapping with a halide as nucleophile have been demonstrated. 

Independent observations of this process have been made in the trapping of phenyl 
radicals by nitrite ion"' and mi-nitronate ions"'. p-nitrophenyl radical by cyanide 
ion'13, methyl radical by mi-nitronate ions"4, and of both t-butyl'" and 3-cyclo- 
hexenyl radicals'l6 with a variety of nucleophiles. 

The bulk of information on the trapping of radicals by anions has, however, been 
deduced from studies on SRNl p r o c e ~ s c s ~ - ~ . ~ .  The range of nucleophiles which undergo 
this process have been discussed above (Section 1I.D). Whether a given nucleophile 
will be an efficient trap for a given radical still seems to be in the realm of exper- 
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imental science. Energy considerations and rationalization based on molecular orbital 
correlations seem to indicate that, other factors being equal, thc basicity of a given site 
may influence the radical-anion formation step (4), to a greater extent than the 
stability of the resulting radical ion1I7. Hencc the failurc of aryl radicals to be trapped 
by the monoanions of P-dikcto compounds, when both dianions of the same com- 
pounds and monoanions of simple ketones do act as efficient traps, is rationalized. It is 
also abundantly clear that the softness of thc attacking atom in the nucleophile is 
important7', since sulphur- and phosphorus-based nucleophiles are very efficient 
radical traps. 

Somewhat surprisingly, very few data appear in the literature concerning the relative 
efficiency with which anions trap radicals. Only data from compctitive reactions can 
be relied upon since the relative ratcs of the  initiation step, if nucleophile-induced as in 
equation (24), can be expected to be nucleophile dependent. S a ~ C a n t ~ ~  has established 
a two-tiered qualitative ordcr with PhS-, p-CIC6H$-, (EtO),PO-, CH3COCH2- and 
PhCOCH2- as reactive and CH2CN-, Ph3C- and lutidine carbanion as very reactive 
towards 2-quinolyl radical. Bunnett and Gloor have shown that the cyanomethyl anion 
is much more reactive than the enolate of acetone with bromobenzcne18, but with 
1-chloronaphthalene Rossi and coworkers found them to react at  comparable ratesz6. 
Komin and Wolfe showed that 2-pyridyl radicals display a preference for combination 
with tertiary enolates over primary enolates, and furthermore that the reactivity of 
acetone enolates are counterion dependent56. In a rcccnt study, performed in the 
successful refutation of an SRN2 process, whose propagation steps would be (31) and 
(32), the relative rcactivities of dicthyl phosphite ion and pinacolone enolate were 

[PhX]-' + Y - [PhYI-'  + X- 

[PhY]-' + PhX - PhY + [PhXI-' 

determined to be 1.35 * 0.08 and nucleofuge indcpcndcnt"*. In this latter study it is 
suggested that the ratcs of reaction of both the  nucleophilcs is approaching the 
encounter-controlled limit. More recent results by Russell and  coworker^"^ in the 
saturated system again demonstrate that the relative rate of reaction of pairs of nucleo- 
philes is independent of the nucleofuge but reveal that it is critically dcpcndent on 
the nature of the countcrion, free countcrion concentration atzd solvent. In the 
trapping of the I-methyl-] -nitrocthy1 radical by a series of nucleophiles (equation 33), 

Me$NO, +A- - Me&, [ -a,]' (33) 

in competitive expcriments, it has bccn found that the anion of diethyl malonate is 
1 0  timcs as reactive as thc anion of 2-nitropropane with Kf[2.2.2]-cryptand in 
dimethyl sulphoxide but only 0.25 as reactive with lithium as the cation. Similarly, this 
same ratio of anion reactivities, but with lithium as counterion, varies from grcatcr 
than 70 in tetrahydrofuran to 0.24 in dimethyl sulphoxide. These latter results119 
clearly show that relative reactivities of nucleophilcs with radicals are not open to 
simple prediction. 

The regiocheniistry of attack of radicals upon ambidcnt nucleophiles has been 
rationalized in both the and aromatic systemsx2 by application of 
perturbational molecular orbital theory. The point of attack in the saturated system 
is often the more sterically hindered although cxccptions are k n ~ w n ' ~ . ' ~ ' .  
Hencc the kinetically determined products in the reaction of p-nitrobcnzyl c h l o r i d ~ ~ . ~  
and the a-t-butyl analogueI4 with the anion of 2-nitropropane are predominantly the 
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C- and 0-alkylates respectively. In tertiary p-nitrobenzylic substrates reversible C- and 
0-alkylation has been invoked to explain the usual predominance of C-alkylation68, 
although other evidence does not rule out kinetic, sterically controlled, selection of 

The problem of regiochemistry aside, the Swl reaction in both saturated and 
aromatic systems can be utilized to prepare remarkably congested molecules, and 
appears to be tolerant of often severe steric hindrance. The preparation of highly 
branched compounds in the saturated system has been ably exploited by Kornblum 
and  coworker^^.^. The aromatic SRNl process is unaffected by o-methyl groups 
(reactions lo7, and 3420) and even when the halogen is flanked by two isopropyl 
groups some substitution still takes place (reaction 35)23. 

I .  

Q CH2- ++Me Me - QCH2+ Me (34) 

Me' K +. 

(87%) 
i-Pr, 

Pr-i + CH3COCH2 Pr-i  (35) 

i-Pr 
(37%) (16%) 

( a t  55% conversion) 

D. Chain Propagation, Termination and Competing Processes 

The propagating steps (3) and (4) have been discussed immediately above. The step 
( 5 )  of Scheme 1, which involves electron transfer between radical anions and neutral 
mo:ecules has ample p r e c ~ d e n t ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ .  The chain nature of the Swl process has 
been d e m o n ~ t r a t e d ~ - ~  by measurement of quantum yields in photostimulated reactions 
(see Section 1II.A) and by inhibition studies (see Section 1II.E). 

The actual termination processes possible in SRNl reactions have only been margin- 
ally considered. Some termination (or prctermination6) and other competing reactions 
which have been suggested are  collected in equations (36)-(42). 
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The sense of cleavage of radical ions, which is pertinent to process (36), has been 
examined in the aromatic system1'. All the halogen derivatives predominantly cleave 
according to equation (3), Scheme 1, but the cleavage presented in equation (36) 
(R = phenyl, X = I) or the electron transfer process (37) (R = phenyl, A = (EtO)*PO) 
may be a termination step in the reaction of iodobenzene with diethyl phosphite ion3". 
Processes (37)-(39) appear to be common in aromatic systems. Reduced hydro- 
carbons, resulting from protonation of R-, appear as producis in  many S R N l  reactions 
and become significant by-products, if not major products, in alkali metal-stimulated 
p r o c e ~ s e s ~ . ~ ~ . ~ ~ , ~ ~  (also see Section 1V.B). particularly with heteroaromatic sub- 
s t r a t e ~ ~ ~ . ~ ~ . ~ " . ~ ~ .  It is not clear which of equations (37) or  (38) is operative in the 
absence of solvated electrons. Termination according to equation (40) is possible but 
obviously cannot be experimentally verified since the product is that normally 
produced in S R N l  reactions. Varying amounts of symmetrical dimers form in the 
saturated s y s t ~ m ~ . ~ ,  verifying the occurrence of termination step (41); in benzenoid 
systems, however, attempts to detect biphenyl have been unsuccessful3". The termin- 
ation step (42), involving hydrogen abstraction, does not appear to interfere with the 
relatively well stabilized radicals involved in the saturated system. The possibility of 
phenyl radicals produced in SRNl processes abstracting hydrogens from dimethyl 
sulphoxide has been consideredz7-'" but has been mainly discounted in view of the 
reported relatively low activity of aryl radicals towards this solvent 126. The abstraction 
of hydrogen atoms from acetonitrilc and the relative merits of the electron transfer 
steps (37), (38) and (42) have been discussed and evaluated by Sa~Cant '~.  

One significant termination/competing process in the reaction of aryl halides with 
ketone enolates is P-hydrogen abstraction from the enolate ion by the intermediate 
aryl radical. The stability of the resulting radical ion, a ketyl of the corresponding 
a,p-unsaturated ketone (e.g. see reaction 43), and its consequent failure to maintain 

the S R N l  propagation cycle, would explain the sluggishness of reactions of aryl halides 
with certain ~ n o l a t e s ~ ~ .  This process has been noted in cyclic Sml reactions and to a 
less significant extent in  the reactions of h a l ~ p y r i d i n e s ~ ~  and h a l o q ~ i n o l i n e s ~ ~ ~ ~ ~ ~ .  The 
ultimate fate of the ketyl formed in equation (43) appears to be disproportionation to 
yield the a$-unsaturated ketone, which undergoes Michael addition with the original 
enolate to give an unsymmetrical diner (Me2CHCOCMe2CH2CHMeCOCHMe2)31, 
rather than the symmetrical one originally thought to form35.s9. A good example of 
incursion of hydrogen atom abstraction is found in the methoxide ion-induced 
reactions of some heteroaryl halides in methanol in the absence of an efficient radical 
trap. A radical chain dehalogenation occurs127. 

Another significant competing reaction in S R N 1  processes is fragmentation of the 
intermediate radical anion of the product before electron transfer step (9, Scheme 1, 
can occur. These fragmentations and their consequences are observed in the reactions 
of phenyl halides with cyanomethyl18 and alkanethiolat~'~ ions and are presented in 
equations (44) and (45). Similar complications in the reaction of halonaphthalenes 
with PhTe- also occur37. These reactions do not, in general, interfere in naphtha- 
lene26*54 and heterocyclic systems54, or in halobiphenyls and halobenz~phenones~~.  

[PhCH2CN]-' - CN- +PhCH2' (PhCH,), (44) 
PhX 

[PhSEtI-' - E t ' +  PhS- Ph2S SRN' 
(45) 
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The absence of fragmentation in these latter systems has been rationalized by 
molecular orbital  consideration^^^-^^^^^. The only example of product radical anion 
fragmentation leading to alternative products in the saturated system is found in the 
a,a-dimethyl-5-nitro-2-thenyl system, wherein reaction with benzenethiolate in the 
presence of benzenethiol leads initially to the expected sulphide but on prolonged 
reaction leads to the reduced product (Scheme 2)128. 

Suitably substituted allylic substrates have been found to undergo S R ~ ~  reactions 
with allylic rearrangement, and are consequently termed SRN1‘ reactions129. 

SCHEME 2 

E. Inhibition of SRN1 Reactions 

A large number of substances have been found to inhibit the radical chain process 
involved in Sml reactions. The use of inhibitors as diagnostics for operation of this 
mechanism appear in  many publications concerning the reaction. The  inhibitors 
normally act in either or both of the following capacities. They may trap radical inter- 
mediates or act as electron scavengers5. Oxygen is an excellent inhibitor in the 
saturated system5 and in some aromatic  system^'^.^^, but either has no effect32 or  
inexplicably accelerates reaction in others28. Di-t-butyl nitroxide and m- andp-dinitro- 
benzene appear to be universally successful inhibi tors5~17~28~30~32~34~56~58-60~~.  Other 
compounds which have exhibited inhibitory properties are a ~ o b e n z e n e ~ ~ ,  tetraphenyl- 
hydrazine and 2-methy1-2-nitro~opropane~.~~, benzophenone28, anthracene and 
n a ~ h t h a l e n e ~ ~  and galvinoxyl and p-benzoq~inone~.  

A typical example of the use of oxygen as a mechanistic probe is to be found in the 
elucidation of the mechanisms of the reactions in equation (46). The reaction in the 

CI S02Ar  

(95 - 98%) 
5-nitro series is totally inhibited by oxygen and is an SILul process. whereas the 
reaction in the 4-nitro series is completely unaffectedI3O. The mechanism in the latter 
case is probably analogous with that found in other 4-nitrothenyl derivativesJ3’. 

IV. SPECIFIC HALOGEN EFFECTS 

The only halogen which has been uscd as a nucleofuge in  cuniyl systems is c h l ~ r i n e ~ , ~ .  
In p-nitrobenzyl systems the use of halogens other than chlorine allows successful 
operation of a competing SN2 p r m e s ~ ~ . ~ .  The reactions of a-chloro-, a-bromo- and 
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a-iodonitroalkanes have been ~ t u d i e d ~ . ~  but not in  a comparative fashion except to the 
extcnt that particularly in the b r ~ r n o ~ . ~ ' . ' ~ ~  and i ~ d o ' ~ ~  derivatives nucleophilic attack 
on the halogen may occur. Accordingly the majority of S R ~ I  reactions of a-halonitro- 
alkanes have been performed with the a-chloro derivatives. The discussion in this 
section is limited to the effect of variation of halogens in aromatic systems except for a 
brief discussion of benzylidene dihalides. 

A. Relative Reactlvities of Monohaloarenes 

The relative reactivities in SRNl processes of substrates ArX with a given aromatic 
nucleus invariably increase as X is changed through the series F, Cl, Br and I. This 
conclusion has been reached by comparison in a pair-wise competitive fashion of the  
relative reactivities of aryl halides with nucleophiles6. This result may seem expected 
when one considers the radical anion dissociation step (3) in combination with usual 
nucleofugalities of the halides, a trend which appears to be supported by electro- 
chemical104 and other'"?*'34 studies. Nevertheless, when the kinetic complexity of the  
S R N ~  process (Scheme 1) is considered, with its involvement of initiation, dissociation, 
electron transfer and in addition various termination steps, i t  is remarkable that the 
abovc reactivity order appcars to be without exception. Some of the observations on 
which the relative reactivity order is based include qualitative observations of relative 
reactivities of individual substratcs with a givcn as well as the 
following reactivity ratios (symbolized as, for example, kI/kBr)28 determined by 
competitive experiments between pairs of halobenzencs in the photostimulated 
reaction of acetone enolate in liquid ammonia: k,/kB, = 8.3, kBr/kCI = 450 and 
kC,/kF = 29135. The ratio k d k B r  has been determined for scveral nucleophiles. For both 
diethyl phosphite ion32 and butyl phenylphosphonite ion", kl/kBr is approximately 
1000, for (Me2N)2PO-, Ph2P- and (EtO),PS-, all in liquid ammonia, values of 500, 
300 and 45  respectively were ~ b t a i n e d ~ ~ , ~ ~ .  For the reaction of pinacolone enolate in 
dimethyl sulphoxide the ratio k I /kBr  was 628. This very large dependence of the kI/kBr 
value on the nucleophilc has bcen interpreted as reflecting a changc in the selFctivity 
of the electron-transfer step ( 5 ) ,  Scheme 1, from the radical anion [PhA]- to the 
halobenzene as the nature of the nucleophile (A-) is varied6. The reaction of six aryl 
iodides with pinacolone enolate in dimcthyl sulphoxide gave a maximum difference 
in reactivity, reacting separarely, of almost 400-fold, but a maximum difference from 
reactions performed in competition with bromobenzene of less than twofold. These 
differences, which again demonstrate the need to consider the many steps in Sml 
processes, were attributcd to the influence of initiation, propagation and termination 
steps in the separate reactions as against differences in only the propagating steps 
(assuming reasonable chain length) in  competitive expc r i rnen t~~~ .  

B. Effect of Halogen Identity on Product Distribution in Monohaloarenes 

During initial studies o n  the utility of the aromatic SRNl process, Bunnett and 
Rossi15 observed that in the reaction of acetone enolate with halobenzenes under 
stimulation by solvatcd electrons (from potassium in liquid ammonia) not only the 
expected product phenylacetonc (1  1) but also the reduction products l-phenyl-2- 
propanol (12) and benzene (cf. equation 39) were formed. Furthermore, the co- 
formation of these by-products was linked to thc nature of the halogen, being greatcst 
for fluorine and lcast for iodine". Rccently this rcsult has becn quantified and 
explained in terms of an elaborated S R ~ I  m e ~ h a n i s r n ' ~ ~ ,  which includes the termin- 
ation processes, involving solvated electrons, (47) and (45), and the product- 
protccting step (49). 
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NH 
Ar‘ 2 Ar- A ArH (47) 

[ArCH,COMe]-’ 2 [ArCH,COMe]2- ArCH2CH(O-)Me (48) 

(49) 
Base 

ArCH2COMe - ArCH=C (O-)Me 

Ar CH ,COMe 

(11) A r =  Ph 

(13) Ar = mesityl 

ArCH2CH (OH) Me 

(12) Ar = Ph 

(14) Ar = mesityl 
Me 

(1 5 )  

The proposed explanation describes, in a somewhat military fashion136, raids of 
electrons upon aryl halide molecules, which ‘annihilate’ the electrons with 
production of halobenzene radical anions. The iodobenzene radical anion fragments 
rapidly, undergoes the S R N l  cycle to give the product (ll), which is protected from 
further reaction by enolate formation (equation 49) before another raiding party 
of electrons arrives. At the other extreme the fluorobenzene radical ion fragments far 
more slowly and both the ketyl intermediate, [11]-’, and the phenyl radical are inter- 
cepted and reduced by a second wave of electrons as shown in equations (47) and (48). 

This concept of product distribution which is dependent on the nature of a leaving 
group which has already become detached from the substrate at the point of product 
selection has been termed a ‘left group’ effect’37. This concept is further developed in a 
study of the reaction of the four halomesitylenes in liquid ammonia in the presence of 
both acetone enolate and arnide ions as radical traps. Under stimulation by solvated 
electrons these reactions gave the ketone 13, the alcohol 14, the amine 15 and mesity- 
lene. The ratio (13 + 14)/15 is constant irrespective of the halogen, whereas the ratio 
13/14 increases and the proportion of mesitylene decreases as the halogen is varied 
from fluorine, through chlorine and bromine to iodine. These results ‘demonstrate a 
very unusual juxtaposition of constancy and sharp variability of product ratios within a 
single reaction series”37 and reveal a remarkable effect of halogen variation on the 
S R N l  process. 

C. SRNl Reactions of Dlhaloarenes 

Consideration of the product distributions obtained from the reaction of dihalo- 
benzenes vb.ith ben~enethiolate”.~”, diethyl phosphite ion22.32-51-53 and phenyl selenide 
and phenyl telluride37, and of 2,6-dihalopyridines with pinacolone enolateS6, has led to 
both an elaboration of the propagation steps of the SRNl reaction as shown in Scheme 
3 (equations 50-55, with Q = C6H4 for dihalobcnzcnes) and to powerful additional 
evidence in support of the SRNl mechanism6. 

The propagation sequence consisting of steps (50)-(52) will lead to mono- 
substitution whilst that consisting of steps (50) ,  (51) and (53)-(55) will lead to di- 
substitution. The overall product distributions in these reactions is decided by the 
relative rates of steps.(52) and (53). 

One critical factor in deciding the relative importance of the mono- and disubsti- 
tution processes, and also in the selection of which of two different halogens, X and Y ,  
will be lost initially ( i t .  act as Y in Scheme 3), is the ease of carbon-halogen bond 
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[X-Q-Y]--' - X-Q + y- (50) 
X - Q  +A- - [ X-Q-A]-' 

[X-Q-A]-' + X-Q-Y X-Q-A + [X-Q-YI-' (52) 

[X-Q-A]-'- A-QO' + X -  (53) 

(51 1 

(54) A-Q' +A- - [A-Q-AA]-' 

[A- Q-AI-' +[X-Q-Y] - A-Q-A + [X-Q-YI-' (55) 

SCHEME 3 

cleavage in the intermediate radical ions. This cleavage rate is known to be in the order 
C-I > C-Br > C-CI > C-F (see Section 1V.A). 

Dihalobcnzenes in which fluorine is one of the halogens have been found to give 
only monosubstituted products in which the fluorine is retained22.23.32.50.53. The C-F 
bond does not cleave in either step (50) or  (53). 

Diiodobenzenes give only disubstituted products22. Clearly the cleavage step (53), 
when X = I, is far more efficient than stcp (52). In similar fashion, bromoiodo- 
benzenes give mainly disubstituted products accompanied by only small amounts of 
the monosubstituted p r o d ~ ~ t s ~ ~ * ~ ~ - ~ ~ - ~ ~ .  The absence in these latter two series of 
significant proportions of monosubstituted products, which normally are less reactive 
than the starting r n a t e r i a l ~ ~ ~ ,  is excellent evidence that the radical anion, and not the 
neutral form, of the monosubstituted compound is the reactive intermediate. 

Both 0- and p - c h l o r o i o d ~ b e n z e n e ~ ~ ~ ~ ~ ~ ~ ~  behave in a similar fashion to the bromo- 
iodobenzenes. m-Chloroiodobenzene appears to be at the borderline between mono- 
and disubstitution; with diethyl phosphitc ion, monosubstitution predominates22, 
whilst with benzenethiolate ion, disubstitution occurs5o. An increase in the stability of 
the radical anion of the monosubstituted compound, caused by the presence of the 
electron-attracting PO(OEt), group in the former case, is invoked to explain this 
difference32. 

The lower reactivity of nz-chloroiodobenzene, with diethyl phosphite ion, compared 
with the p-isomer has becn correlated with electrochemical results32. 

The o-haloiodobenzenes react as described above under light stimulation; in the 
dark, however, a variety of ionic processes occur53. 

The reactions of both 2,6-dibromo- and 2,6-dichloropyridine with pinacolone 
enolate give excellent yields of the disubstituted products without accumulation of 
monosubstituted  intermediate^^^. 

The effect of variation in substrate concentrations o n  the proportions of mono- and 
disubstitution have been studied and the results are consistent with a reduction in the 
rate of birnolecular step (52) whilst the rate of the unirnolecular step (53) is unaffected. 
Consequently the overall rate of reaction decreases but the relative amount of 
disubstitution increases52. 

D. SRN1 and ERcl Reactions of Benzylidene Halkles 

The anion of 2-nitropropane and p-nitrobenzylidene dichloride react readily to 
produce not only the expected monosubstitution product 16 but also the styrene 17138. 
This result has been interpreted in terms of a normal SRNl cycle (equations 56-59) 
operating in competition with a subsequent radical chain climination process, termed 
ERcl (equations 60-62 and 64), as summarizcd in Scheme 4. The  dimer of 2-nitro- 
propane (18) and its radical anion are intimately involved in the propagation steps of 
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(16) X = CI 

(19) X = Br 

(17) R = p-02N 
(20) R = p - N C  

(21) R = p - M e 0 2 C  

(22) R = m-Me02C 

ArCHXY + [CMe2N02]- - [ArCHXYI-' + CMe2N02 (56) 

ArkHX + [CMe2N02]- - [ArCH (X)CMe2N02 I-' (58) 

[ArCH(X)CMe2N02]-' + ArCHXY - ArCH(X)CMe2N02 +[ArCHXY I-' (59) 

or 

[ArCHXYI-' - A k H X  + Y- (57) 

[ArCH(X)CMe2N02]-' - ArkHCMe2N02 + X-  (60) 

ArkHCMe2N02 + [CMe2N02]- - ArCH=CMe2+ kMe2N02  + NO2- (61) 

kMe2N02 + [CMe2N02]- - [ Me2C(N02)CMe2N02]-' (= [18]-' (62) 

[l8]-' +ArCHXY - [18] + [ArCHXYI-' (63) 

[l8]-' + ArCH(X)CMe2N02 - [la] + (ArCH(X)CMe2N02]-' (64) 

SCHEME 4 

these processes (equations 62-64). In the reactions of both p-nitrobenzylidene 
dichloride (X = Y = C1) and the corresponding bromide chloride (X = CI, Y = Br)139, 
the SRNl cycle predominates, i.e. step (59) is more efficient than step (60). Further- 
more, in the latter case none of the monobromo compound (19) could be detected, 
again demonstrating the preference for C-Br cleavage over C-CI cleavage in radical 
anions (e.g. step 56). 

In the reaction of p-nitrobcnzylidene dibromide (X = Y = Br) only the styrene 17 
was formed and none of the monobromo compound 19, which was independently 
shown to be less reactive than the starting material, could be deteetcdI3'. This result, 
which finds its parallel in the behaviour of diiodobenzenes (Section IV.C), indicates 
that the radical anion [19]-' and not the neutral molecule 19 is the reactive inter- 
mediate and that its cleavage (equation 60) is much faster than the electron transfer 
step (59). 

The reactions of m-nitrobenzylidene dihalides follow the radical pathways of 
Scheme 4 but incursion of competitive ionic processes takes place140. Moderate yields 
( 3 5 4 5 % )  of the styrenes 20-22 can, however, be obtained on treatment of the 
appropriately substituted benzylidene dibromides with the lithium salt of 2-nitro- 
propane under somewhat more vigorous conditions (Me2S0, 60°C) than needed for 
the nitro derivatives. 
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1. INTRODUCTION 

In spite of the scarcity, and the lack of uniformity, of information available about 
reactions involving solid organic halides, which makes difficult a systematic approach 
to the subject, the decisive factors for writing this chapter were the new trends and 
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strategies offered by such reactions in the growing field of solid state organic 
chemistry. 

The basic differences between reactions in the solid state and those in fluid and 
amorphous systems are based on three aspects of crystalline order. First, all the 
molecules in a given crystal occur in a unique conformation (in some cases in a small 
number of conformations). Second, the geometries relating different moiecules, and 
the types of possible intermolecular approaches, are limited in the crystal but not in 
other phases. Third, the relative arrangement of molecules - the molecular packing - 
absent in  fluid or amorphous systems, dominates the chemical behaviour of the solid. 
These three aspects are closely interrelated and one may not be able to determine 
which factor is responsible for the particular chemical behaviour of the crystal. In 
general the conformational effect will be important in monomolecular reactions and 
the crystal structure and molecular packing effects in bimolecular and polymolecular 
ones. 

In order to accomplish the aims of this chapter in the best possible way, let us divide 
the reactions involving solid organic halides into five classes: thermal solid state 
reactions; photochemical solid state reactions; gas-solid reactions; reactions at solid 
surfaces; miscellaneous reactions. The above reactions have been reviewed in general, 
but none of these reviews has treated specifically their chemical and mechanistic 
aspects in terms of the halide participation. In this light the following chapter will treat 
reactions which involve solid organic halides as starting material, as intermediate, or as 
product. 

II. THERMAL SOLID STATE REACTIONS 

A. Aromatic Diazonium Salts 

In a study of the structure and solid state chemistry of the ionic salt 3- 
carboxynaphthalenediazonium bromide (la) Gougoutas and Johnson' reported that 
replacement of the diazonium group by the indigenous bromide ion occurs in quantita- 
tive yield in the crystalline matrix. Later, Gougoutas2 studied the crystal structure and 
solid state behaviour of the corresponding mN2+ x- - Solid 

COOH 

(la) X = Br 
(lb) X = I 

crystalline diazonium 

mx COOH 

iodide, lb,  and 

+ N2t (1 1 

showed that this compound presents a facile solid state conversion to the aryl iodide, 
2b. Thermogravimetric studies2 indicate that the diazonium iodide is considerably less 
stable than the bromide. The latter hydrated structure decomposes' stepwise: 
endothermic loss of water of crystallization and exothermic decomposition with evolu- 
tion of N2 and formation of polycrystalline (2a). By contrast, the decomposition of l b  
to 2b proceeds with evolution of both N2 and water of crystallization. This difference 
in solid state chemistry of the triclinic structure la  and of the orthorhombic structure 
lb is attributed to the fundamentally different packing of these molecules of hydrogen 
bonding which in both structures link each halide ion to two water molecules. and each 
of the latter to two halide ions. 

The corresponding tetrafluoroborate (X = BF4) is more stable and such derivatives 
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serve, through solid state decomposition with evolution of N 2  and BF3, as practical 
laboratory precursors of aryl fluoridcs3. 

B. Decarboxylation 

p-Aminosalicylic acid hydrochloridc can undergo relatively facile dehydrochlorina- 
tion. O n  this basis, it was suggested4 that the decarboxylation of this compound 
involvcs initial loss of HCI, followed by dccarboxylation, sublimation of 
m-aminophenol, and finally hydrochlorination of thc m-aminophenol product 
(cquation 3). 

COOH COOH coo- 

@OH .-+ @""+HCI - P O H  ..... - 
NHsCI NH2 NH2 

p o H + c o 2  -3% q o H M  

One explanation of the solid state reaction is that i t  proceeds through the crystal by 
addition of a carboxylate proton either to ArCOOH or ArCOO-,  as does the reaction 
in aqueous solution. 

C. Biologically important Molecules 

Choline chloride (3) crystallizes in a stable orthorhombic modification and an un- 
stable, high temperature, cubic modification referred as a-form and /I-forrn5*6. The 
a-form is the most ionizing radiation-sensitive compound known (G factor for radical 
formation about 2 and G factor for radiolysis as high as 55 000, four orders of mag- 
nitude higher than G-values commonly observed for primary proccsses of radiation 
damage in organic molecules) while the high tcmpcrature /I-form is normally radiation 
sensitive. The differcncc in radiation sensitivity between thc two crystalline forms is 
probably related to the crystal packing of the two forms. This is supported by the fact 
that cholinc chloridc in solution is normally radiation sensitive ( G  = 3) and choline 
iodide shows n o  elevated reactivity. Probably, the chain reaction leading to the overall 
rcaction of equation (4) is favoured with the particular geometrical arrangement of the 
a-form, since the sensitivity of choline chloride crystals to ionizing radiation is grcatly 
reduced at elevated temperatures7 and the stabilization is associated with the phase 
transition from the orthorhombic t o  the facc-centred cubic formx. An examination of 

[(CH,),NH]+ CI- + CH3CHO (4) 
Solid 

[(CH,),NCH2CH20HI+ CI- 

(3) 
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the packing in the a-form indicates that the sensitivity in radiation may be due to the 
fact that the propagation proceeds rapidly through the stacks of choline molecules, like 
a topochemically controlled polymerization. 

This phenomenon was studied in detail by the group led by Lemmony*lO, and it  was 
found that choline bromide was the only other similar compound that decomposed at  a 
comparable rate. 

A number of nitrogen mustards exhibit antitumour activity and there has been 
considerable interest in 5-[ 3,3-bis(2-chloroethyI)- 1 -triazeno]pyrazole-4-carboxamide 
(4) and 5-[ 3,3-bis(2-chloroethyI)- 1 -triazeno]imidazole-4-carboxamidc (5). These 
compounds showed significant activity in experimental tumours but have been disap- 
pointing in many clinical trials6. The reason for these features lies in the fact that these 
two anticancer agents undergo solid state cyclization reactions which render them 
nearly useless because of the difficulty involved in stabilizing these compounds during 
storage. Thus 4 undergoes spontaneous ring closure to form the compound 
1 -(2-chloroethyl)-3-(4-carbamoylpyrazol-3-yl)-A2- 1,2,3-triazolinium chloride (6)  
(equation 5 )  and compound 5 cyclizes similarly to 7 (equation 6). The structures 
of the products 6 and 7 were established by crystal structure determinations’ l.I2.  

0 0 

(4) 

(5)  (7) 

The solid state reactions raise the question of whethcr the bis-2-chloroethyl-l- 
triazenes crystallize with one chloroethyl group in a conformation favourable to ring 
closure such as the bipyrimidal geometry of the N2-CH2CH2CI complex which is 
favourable to an SN2 reaction. A favourable Conformation (8) to this ring closure was 
proposed13 but the geometry at the reaction centre is not perfectly trigonal bipyrami- 
dal, with the chloride anion leaving as the nitrogen attacks because of the suggested 
N-H-CI hydrogen bond. Thus, in this series i t  seems that the most important crystal 
structure is that of the starting matcrial. Finally, it should be stressed that, of practical 
importance here. are experiments directed towards crystallizing these bis-2- 
chlorocthyltriazenes in unrcactive solid state modifications in order to be useful as 
clinical agents. 
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111. PHOTOCHEMICAL SOLID STATE REACTIONS 

A. Anthracene Halides 

Cohen, Schmidt and their coworkers in a systematic chemical and crystallographic 
studyI4 have shown that halo-substituted anthracenes, like cinnamic acidsI5, fall into at 
least three packing typcs (cquation 7) .  

R(9) 
I 1 

Isomorphous 

Space group 
p 2  I2 12 I 
p2 ,2 ,2 ,  

or 

Head-to -tail Head-to- head 

a-type 

hv ;I::] __f Head-to-tail dimer 
1 -c1 

1 ,S-Dichloro 
1 -( 2 ,CDichlorophe nox y car bon y 1)) I-kd-to-tail d h e r  

9:;:) --% Head-to-taildimer 

Light-stable 
1 ,lo-Dichloro 

9-Br 

;--:A) Light-stable 

The  a-type units are packed pairwise across centres of symmetry such that the 
C(9)-C( 10’) distances are short (3.6 A). The monosubstituted anthracenes, whether 
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substituted at position 9 (R = CI, Br) o r  elsewhere (I-chloroanthracene, second 
modification) produce the topochemically expected I-dimer in low yield. 

The anthracene halides which crystallize in the P-type fall into three classes: first, 
1 ,5-dichloroanthracece and 2,4-dichlorophenyl ester of 1-anthroic acid which dimerize 
to the topochemical hcad-to-head dimers; secondly, a light-stable group (R = Br, 
second modification); third, a group yielding the 1-dimer {R = C1, second modifi- 
cation; CN}. 

The y-types ( 1 -chloroanthracene; 1 -cyanoanthracene) have the molecular planes 
not parallel and thc distances between the  meso-atoms of neighbouring molecules are 
greater than 5A. As expected these compounds are light-stable in the crystalline state, 
though thcy photodimerize in solution. 

The photochemistry of these compounds shows that structural features other than 
the topochemical ones formulated during the dimerization of cinnamic acids15, are 
involved in solid state photocheniical dimerizations. Thus, as is seen in equation (7),  
one form of the dimorphic 9-chloroanthracene and 9-cyanoanthracene yields centric 
head-to-tail dimers whereas mirror symmetric head-to-head dimers would be expected 
from the topochcmical proformation theoryI5. However, this perverse behaviour of 
the 9-halo-substituted anthracenes is also found in a mcchanism involving crystal 
imp~rfection'"-'~. 

6. Azo&,is-isobutyronitrile 

A considerable factor of importance in unimolecular reactions in  the solid state is 
the fact that the fragments of dissociative processcs cannot readily diffuse apart and 
also their rotational motions may be restricted. An cxample of this behaviour is 
providcd by McBride and coworkers2n who studied the photolysis of azo-bis-iso- 
butyronitrile, which crystallizcs from methanol in two modifications. Photolysis of 
cither modification generates pairs of cyanopropyl radicals which collapse to give 
abnormally high yields of the disproportionation products isobutyronitrile and metha- 
crylonitrile. low yields of the symmetrical coupling product tetramethylsuccino- 
dinitrile, and little or  none of thc unsymmetrical coupling product dimethyl-N-(2- 
cyano-2-propyl) ketcnirnine, which predominates in  solution reaction (cquation 8). 

CN CN CN 
I I  I 

(CH3)2C-Cc(CH3J2 + (CH3)&H + CH2=C-CN 
I 

(40%) (55%) (5%) 

The authors, discussing the relativc yields, argue on the basis of their X-ray results2' 
that an important factor in  determining the molecular packing is the dipole-dipole 
attraction of the antiparallel nitrile groups. The path leading to the ketenimine, 
although i t  possibly might n o t  distort greatly the reaction cavity, is energetically 
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unfavourable because it counteracts the dipole-dipole attraction, while the dispropor- 
tion reaction can proceed without disrupting the cavity or the nitrile framework. One  
of the radicals formed can rotate about its C-C-N axis so that a methyl replaces the 
nitrogen and follows hydrogen transfer (equation 9). 

N E N  

IV. GAS-SOLID REACTIONS 

A. Bromination 

Schmitt2’ showed in 1863 that solid cinnamic acid reacts with bromine vapour to give 
cinnamic acid dibromide (equation 10) while the bromination of anthracene in the 
solid state was noted in 187023. Many examples of this type of reaction followed 

wcooH+ Br2 - (O)-CHBrCHBrCOOH 

(10) 

primarily for synthetic reasons. Thus Buckles and coworkers24 studied a large group of 
solid aromatic compounds and found that they react with bromine vapour to yield 
products in which thep-positions of unsubstituted phenyl groups were brominated and 
in which olefinic double bonds, not highly substituted, added bromine in a way 
expected in solution bromination by an ionic mechanism. They interpreted the reac- 
tion as occurring in either an  absorbed face or in a thin film of solution on the surface 
of the solid. Evidently the work has been directed a t  understanding the influence of 
crystal structure upon the course of the reaction. Thus Labes and coworkersz5, follow- 
ing a survey of the reactions of several solid aromatic hydrocarbons with bromine, e.g. 
naphthalene to 1,4-dibromonaphthalene, anthracene to 9,lO-dibromoanthracene and 
9,10-dibromo-l,2,3,4-tetrabromotetrahydroanthracene, perylene to 3,9- and 3 , l O -  
dibromoperylene, performed a quantitative study of the decomposition of a 
perylene-bromine charge-transfer complex in the solid state to 3,9-dibromoperylene 
(equation 11) and viewed it as an intimate, stoicheiometric mixture of reactants 

Solid Gas Solid 

Br 

Br 
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TABLE 1. Bromination of solid organic compounds by bromine vapour 

Compound Bromination product 

truns-Stilbene meso- 1.2-Diphenyl- 1,2-dibromoethanc 
cis-Stilbcne meso- 1,2-Diphcnyl-l,2-dibrornoethane 
Mesaconic acid D,L-er~thro-a,P-Dibromomethylsuccinic acid 
Citraconic acid D.l--threo-a,P-Dibromomethylsuccinic acid 
trans-Dibenzoyle thylene meso- 1,4-Diphenyl-2,3-dibromobuta- 1,4-dionc 
cis-Dibcnzoylethylcnc D.L- 1,4-Diphcnyl-2,3-dibromobuta-l,4-dionc 
trans- 1,2-Di-p-chlorobenzoyle thylene meso- 1,4-Di-4-chlorophenyl-2,3-dibromobuta-1,4-dione 
ci.Y-l,2-Di-p-chlorobenzoylethylene D,L- I ,4-Di-4-chlorophcnyl-2,3-dibromobuta-l,4-dione 
trans- 1.2-Di-p-met hylbenzoylcthylene meso- 1,4-Di-4-methylphenyl-2,3-dibromobuta-1,4-dione 
cis-l,2-Di-p-methylbenzoylethylene meso-l,4-Di-4-methylphcnyl-2,3-dibromobuta-l,4-dione 

ordered at  the molecular level in which the course of the reaction reflected the 
minimum amount of atomic or molecular movement. 

Hadjoudis and S ~ h m i d t ’ ~ - ~ ”  demonstrated that solid a,P-unsaturated acids, amides 
and ketones yield, on exposure to bromine vapour, dibromides in quantitative or 
near-quantitative yield, even where addition of bromine in solution has been reported 
t o  be difficult. Some representative cases are shown in Table 1. In general the addition 
of bromine proceeds by trans-addition to cis- and tram-substituted ethylenes; the 
abnormal direction of addition to cis-substituted ethylenes and stilbenes was attributed 
to  cis-trans isomerization prior to or  during addition to  crythro- or meso-dibromides. 
The  solid state cis-trans isomerization was demonstrated by treatment of solid olefins 
with iodine vapour”. By performing brominations of several crystalline modifications 
of the same compound, i t  was possible to show that the crystal structure plays a role in 
the course of brornination*6. 

After the above studies on polycrystalline materials Panzien and Schmidt3’ per- 
formed a topochemically controlled gas-solid reaction in a single crystal which 
resulted in two enantiomeric dibromides in different yields. These workers used non- 
chiral disubstituted ethylenes that crystallize in chiral space groups. In a given enan- 
tiomorphic single crystal, all molecules adopt a prochiral conformation of a single 
chirality. Thus, in the heterogeneous bromination of single crystals of 4,4’-dimethyl- 
chalcone (space group Pzlz,z,) with a gaseous bromine, a 6% excess of one enantiomer 
was obtained. This excess can rise to 22% depending upon experimental condi- 
t i o n ~ ~ * . ~ ~ .  These results have been interpreted by assuming formation of a bromonium 
ion as an intermediate, formed preferentially from the side of the molecule having the 
least steric hindrance a t  the C=C bond. 

Lahav and  coworker^^^, in order to circumvent drawbacks such as the preparation of 
large homochiral crystals, employed chiral ethylenes in which trans addition of 
bromine gas could yield two diastereoisomeric dibromides. Thus truns- 
cinnamoylalanine (X = H) and 2-chloro-trans-cinnarnoylalanine (X = Cl), resolved 
and racemic, both yield diastereoisomeric products in ratios of 55:45 to 60:40 upon 
solid state bromination for the first case, while for the second the resolved crystal 
yields a ratio of almost 50:50  and the racemate a ratio of 60:40, as determined by 
NMR integration of the methyl groups. The steric influence of the chlorosubstituent 
probably plays a primary role in determining the configuration of the reaction product. 

These cxperiments show that i t  is possible to modify the reaction pathways by 
incorporating a flexible molecule into a rigid crystal lattice. 

In the course of gas-solid reactions Naae35 showed that the ionic addition of 
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Single crystal 

Enantiomer ratio. 53:47 

H CH, H CH, 

N-C-COOH Br N-CC-COOH 
I I  I I  aqgpo Br2 A qd0 A 

X X 

7 ? 4 3  
Polycrystalline 

I 1  
N-C-COOH 

(1 3) + 

X 

bromine to solid (E) -  and (Z)-p-HOOCC6H4CF=CFX (X = CI, CF3), leads to the 
mms-dibromo adduct while the radical reactions indicate a slight preference for cis 
addition. For X = CF3, the Z isomer preferentially adds bromine cis under either ionic 
or radical conditions. The  E isomer also shows a preference for cis addition but the 
reaction is complicated by competing mechanisms. It should be noted that solution 
reactions for X = CF3 are mainly non-stereoselective. The reaction of (E)-10 in the 
solid state with exposure to more intense light causcs a loss of stcrcospecificity. An 
explanation of this result may be the two pathways for bromination of (E)-10. The 
chain propagation step, reaction with bromine gas, gives a slight preference to the cis 
adduct. This is in agreement with the 38:12 diastercoisomer ratio for the solid-gas 
reaction under normal illumination. Thc competing path is a chain termination step 
where Br' reacts with the radical to give equal amounts of the diastereoisomers. This 
path is favoured by the more intense light as this increases the bromine atom concen- 
tration. A comparison of the ionic brominations of 9 with 10 demonstrates a diffcrence 
in mechanism and the author believes that a bromonium ion is involved with 9, while a 
non-bridged, open cation is thc major intermediate for 10. 
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\ / Solid I I  6'2 I I  

I I  
/C=C, 7 -C-$- - -C-C- +Br'  

gas 

Br Br 
I 

((€)-lo) Br 

rhreo (cis- addition ) 

4 

I I  

I I  
-C-C-Br 

Br 
50 : 50 (er y throlthreo) 

6. Dehydrohalogenation 

Schmidt and coworkers36 investigated the dehydrohalogenation of organic halides 
with bases because many of these systems were expected to adopt, during elimination, 
a transition state in which the reacting hydrogen is in an antiperiplanar orientation to 
the leaving halogen and therefore these reactions were expected to yield cis and trans 
ethylenes, depending on the conformation of the reactant in the transition state. 
Molecules with two eliminatable hydrogens on the P-carbon may populate two con- 
formations, which upon anti-elimination will yield a mixture of ethylenes (equation 
16). 

H*: Hb X 

I-... 
HY 

X = halogen 
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With these guidelines in  mind the authors investigated the reactions of rneso-B.fi'- 
dichloro and dibromo adipic esters with ammonia and gases. The gaseous amine 
induces double dehydrohalogenation of the solid organic halides and yields practically 
pure diesters of trans,trans-hexa-2,4-diencdioic acids while the /?-elimination of the 
same compounds in  solution results in  a complex mixture of products such as 
tratis,trans and cis,trans diene esters and amides. The molecular skeletons of the 
isomorphous dibromo and dichloro diesters are centrosymmetrical and fully 
extended37 while the two enantiotopic hydrogens (Ha) are almost antiperiplanar to 
the leaving halogens, in agreement with the anti-type e l i m i n a t i ~ n ~ ~  (equation 17). .i1;6"' H, / H  

- Amine CH30,C- CH3OZR 
gas 

H 
+ 

2 Arnine. HX (17) 
o=c 

I X = CI or Br H, / o x  
W C \ H  

The /?-elimination reactions of the corresponding rneso-a,a'-dimethyI homologues 
provided further evidence for this rne~hanism~'-~ ' .  These molecules have only one 
eliminatable hydrogen for each halogen and are centrosymmetric in the crystal4" and 
both enantiotopic a-hydrogens are antiperiplanar to the leaving hydrogens (equations 
18 and 19). 

Br . 

Br 

R 

'R 

Br 

Similar studies on the meso derivatives of the a,a'-dichloro and dibromo adipodi- 
nitriles (R = CN) demonstrated an identical mechanism as for the esters. 

Crystals of rneso-2,3-dihalogeno-1,4-dicyanobutanes behave differently, yielding 
a mixture of the trans,trans, ck,trans and cis,cis muconodinitriles instead of the 
expected (based on a topochemically controlled reaction from the conformations of 
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'@''A '*N + i h N  +.>w CN H 

CN 
CN 

H H  H H  H CN 

(20) 
X = CI or Br 

the molecules in the crystal) &,cis isomer (equation 20). This difference was inter- 
preted in terms of a mechanism involving pre-reaction equilibration of rotamers in the 
solid40. 

Hb 
X 

V. REACTIONS AT SOLID SURFACES 

Kornblum and Lurie4* investigated the homogeneous and heterogeneous alkylation of 
phenol and the results illustrate certain constraints imposed on reactions proceeding 
on the surface of a crystal. This homogeneous alkylation of sodium phenoxide by allyl 
bromide in ethylene glycol dimethyl ether gave 99%) allyl phenyl ether (equation 21) 
while heterogeneous alkylation gave o-allylphenol as the major product (equation 22), 
and therefore some feature of the surface reaction leads to  a strong preference for 
attack at  an ortho carbon of the benzene ring. 

0 N; 
I 

Homogeneous 
+ CH2=CHCH2Br 

(99%) 

CH2CH=CH2 

(22) 
Helerogeneous 

+ CH2=CHCH2Br 

(54%) 

T h e  absence of oxygen alkylation at  the crystal surface (equation 22) is explained by 
the stabilization of the incipient bromide ion by ion pair formation with one of the 
sodium ions which cluster about the oxygen anion (equation 23). Therefore, in this 

Fast b C H 2 C H = C H 2  ___) 

OH 
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case, no unfavourable Coulombic repulsion exists between the sodium ions, as  it does 
in the case in solution where the covalent bonding to the oxygen nucleophile dissipates 
charge on the oxygen, thus depriving the sodium ions in the proximity of the oxygen of 
one of their counterions (equation 24). Thus, since ion migration in the solid is less 
ready than in solution, the resulting repulsion between the sodium ions is not relieved. 

Br6- 

CH,CH=CH2 

Patchornik and K r a ~ s ~ ~  acylated phenylacetic acid by ‘immobilizing’ the acid on an 
insoluble polymeric carrier. Phenylacetic acid was treated with chloromethylated 
polystyrene (equation 25; @ = polymer), and the resulting ester was acylated with an 
acid chloride and trityllithium. The derived polymer was isolated by filtration, washed, 
dried and treated with HBr in trifluoroacetic acid to give the desired ketone. By 
running the acylation heterogeneously, self-condensation of the ester was avoided. 

e C H 2 C I  4- C&i,CH2COOH - @CH2OCOCH2C6H5 

As in many solid state reactions, reactions at  solid surfaces may have an advantage 
over their homogeneous counterparts in  the case of product isolation. 

VI. MISCELLANEOUS REACTIONS 

A. Solid State Polymerization 

Electron beam irradiation of urea and thiourca clathrate complexes yields very 
interesting resultss. Thus the clathrates of urea containing vinyl chloride or 
acrylonitrile and of thiourea containing vinylidene chloride were found to 
polymerize 44. 

Structural studies show that the canal-type polymer possesses a highly stereoregular 
structure as compared with the normal poly(viny1 chloride)4s and therefore the 
geometric arrangements of monomer molecules in the crystal lattice may be of decisive 
importance. In connection with this it was found that the cyclic monomer 11 
polymerizes only in the crystalline state and that the polymerization of large single 
crystals leads to the production of fibres whose orientation is determined by the crystal 
lattice of the 
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CH2Br CH2Br 

CH2-0 I I 

I Solid I 
BrCH2-C-CH, - - C H ~ C C H ~ O -  ( h p B r  1 

B. Szilard-Chalmers Reactions 

When various nuclei capture slow neutrons they emit prays, the momentum of which 
is balanced b y  the recoil of the emitting nucleus, which results, almost always, in the 
rupture of covalent bonds in which the atom of this nucleus participates. If the nucleus 
is that of a halogen, part of an organic molecule, the new halogen isotope will be 
radioactive and the radioactivity may be concentrated in an aqueous extract. The  
percentage of the radioactivity remaining in the organic layer after water extraction is 
termed ‘retention’ and the whole phenomenon comprises the well known 
Szilard-Chalmers reaction. 

Libby4’, considering the theory of retention in Szilard-Chalmers reactions, 
suggested that the radioactive recoil halogen atom X*, being heavier than the other 
atoms present in the organic molecules, will have a large probability of transferring 
most of its energy in a single collision only if it collides with another halogen atom. In 
this case, the halogen atom X* and the radical may be retained in the ‘cage’ of 
neighbouring molecules to recombine to  a molecule similar to the one from which X* 
was derived or to escape and decelerate by multiple collisions with light atoms to the 
point at which another such collision will make X* be trapped in a solvent cage. Then 
it will recombine with the radical formed by its last collision to form an organic halide 
other than the original material. These two processes are shown for the case of 
methylene bromide in equations (27) and (25) .  The cage effect operates differently in 

High energy 

CH2Br2 + Br* - kH2Br + Br* + Br 

h i 2 B r  +Br *  - CH2BrBr* 

Low energy 

CH2Br2 + Br’ - kHBr2 + Br*+ H 

kHBr2+  Br’ - CH Br2Br’ 

the liquid and in the solid states, and this is reflected in differences in the products 
obtained from neutron irradiations of liquid and solid samples, as  was d e m o n ~ t r a t e d ~ ~  
for the cases of n-propyl bromide and isopropyl bromide (Table 2). 

Fox and Libby4R believe that compounds whose yield is enhanced in the solid by 
factors of less than 2 are formed from collisions with very high energy X* atoms, while 
those with factors of more than 2 are formed from collisions with X* atoms whose 
energy had already been largely dissipated by previous collisions. This conclusion is 
based on the idea that high energy collisions produce local melting and that therefore 
the cage effect is similar to that in the liquid state. 
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TABLE 2. Neutron irradiation of n-propyl bromide and isopropyl bromide5 

Irradiated Irradiated 
Radioactivc bromine, % liquid solid Solid/liquid 

n-Propyl bromide at - 110°C 

CH3CH2CH2Br 

CH2BrCHzBr 
CH3CHBrCH2Br 
‘Retention’ 

CH3CHBrCH3 
14.6 
2 .o 
5.6 
4.2 

39.2 

26.8 
3.4 
6.2 

17.4 
88.1 

Isopropyl bromide at -80°C 

1.8 
1.7 
1 . 1  
4.1 

CH3CH2CH2Br 
CH3CHBrCH3 
CH2BrCH2Br 
CH3CHBrCHzBr 
‘Retention’ 

4.1 
10.1 

4.4 
5.8 

35.6 

29.9 
12.8 

4.8 
18.2 
88.7 

7.3 
1.3 
1 . I  
3.1 

VII. MOLECULAR PACKING MODES 

A. Acyl Halides 

The solid state and gas-solid reactions, the dehydrohalogenation of solid dihalobutane 
derivatives and the current activity in the area of asymmetric synthesis in  chiral crys- 
tals, call for more systematic crystallographic work in order to elucidate more precisely 
the role of the molecular conformations in the solid and the packing arrangement of 
the ensemble of the molecules as controlling factors of the mechanisms in such reac- 
tions. Systematic work along this line of investigation has been undertaken by Leser 
and Rabinovich4’ who chose to study the molecular packing modes of a number of 

dicarbonyl halides in relation to  the R - C Z S  functional group (X = CI, Br) and its 
attached residue (R). The available published crystal structure data on acyl halides is 
scanty (some other acyl halides have been studied by electron diffraction and micro- 
wave s p e c t r o s ~ o p y ~ ~ )  but this group is very reactive even in the solid state and there- 
fore can, in principle, participate in solid state reactions. 

From the analyses of terephthaloyl chloride5’, muconyl chloride5*, biphenyl-2,2’- 
dicarbonyl chloride53, adamantane-l,3-dicarbonyl chloride54 and terephthaloyl 

crystal structures, the above authors observed that no single primary 
interaction dominates the packing modes of these compounds. Hal-0 interaction of 
the type observed in oxyallyl bromide by Groth and Hassels6 was found only in-tere- 
phthaloyl chloride. Instead, Hal-Hal interactions and/or antiparallel G O  
dipole-dipole interactions were observed while the C-H-0 contacts were present in 
all the crystal structures analysed. The aromatic acyl halides, except biphenyl-2,2’- 
dicarbonyl chloride, pack with a short (4 A) axis”’. 

The importance of the packing modes in general, and the relation to the chemical 
reactivity of the crystals, was explored in length by Schmidt and his coworkerss8. 
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1. INTRODUCTION 

Among the organohalogen compounds, those with halogen atoms bound to a single 
ligand and residing in the + 1 oxidation state are the most familiar to organic chemists. 
However, hypervalent organohalogen species containing a halogen atom surrounded 
by 10 or  12 valence electrons and attached to two, three, four or five ligands are not 
uncommon. The capacity for existence in higher oxidation states increases with the 
size of the halogen atom. Thus hypervalent organoiodine compounds are far more 
numerous than hypervalent organobromine and organochlorine compounds, and 
hypcrvalent organofluorine compounds are unknown. 

The very first hypervalent species with at lcast one carbon ligand bound to  a halogen 
atom was reported in 1886 by Willgerodt, who prepared iodosobenzene dichloride by 
the reaction of iodobenzenc with molccular chlorine’. The syntheses of 
iodosobenzene, iodoxybenzene and iodosobenzene diacetate were reported by the 
same investigator in 1892’ and the first iodonium salt, phenylb-iodopheny1)iodonium 
bisulphate, prepzred by the autocondensation of iodosobenzene in concentrated 
sulphuric acid, was reported by Hartmann and Meycr in 18943. 



18. Hypervalcnt halogen compounds 723 

07 CI 

iodosobenzene 
dichloride 

iodosobenzene iodoxybenzene 

0 
II 

0-C- CH3 
I I  
0 

iodosobenzene 
diacetate phenyl(p-iodopheny1)iodonium bisulphate 

The discovery of the ‘iodoso’ family of compounds initiated a period of intense 
activity directed toward the synthesis of numerous analogues. In 1914, Willgerodt 
published a monograph entitled Die organischeri Verbindungen mit mehnvertigem Jod 
in which the early work was thoroughly summarizedJ. In this publication, over 480 
aryliodoso and aryliodoxy derivatives arc tabulated, these having been prepared from 
approximately 160 iodoarenes. In addition to molecules containing the functional 
groups present in the compounds already mentioned, Willgerodt’s compendium 
includes aryliodoso difluorides, dinitratcs, dibenzoates, hydroxychromates, 
hydroxyacetates, hydroxynitrates, hydroxyiodates, hydroxyperchlorates, sulphates, 
chromates and oxydifluorides, some of these being more common than others. The 
general structures are summarized in Table 1. 

Willgerodt also reviewed the iodonium salts and the relatively few aliphatic iodoso 
compounds that were known up to 1912. 

Since that time. the chemistry of hypervalent organoiodine compounds has been 
reviewed by several authors. Two general articles have appeared, one published by 

TABLE 1. Aryliodoso and aryliodoxy derivatives tabulated by 
Wil I eerod t4 
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Sandin in 1943’ and another by Banks in  19666. As part of a lengthy book chapter on 
the inorganic chemistry of the halogens, published in 1972, Downs and Adams present 
a concise ovcrview of polyvalent organohalogen chemistry’. In 1956, Beringer and 
Gindler published an extensive compendium of the physical properties of the 
polyvalent organoiodine compound known up to that time*, and, in 1975, Olah 
published a book entitled Halonium Finally in 1981, Varvgolis reviewed 
the chemistry of the (diacyloxyiodo)arenesgb. 

The last decade has witnessed a surge of interest in the chemistry of hypervalent 
organohalogen compounds. An encyclopaedic coverage of all that has been 
accomplished in this area is far too ambitious for the space allotted here, but in this 
chapter we shall attempt to present a review of the chemistry of hypervalent 
organohalogen compounds not generally regarded as halonium salts, with particular 
emphasis on somc of the more important research of the past 15 years. 

In this chapter, the prefix ‘organo’, when applied to hypervalent halogen compounds, 
is reserved for those molecules in which at least one ligand is attached to the halogen 
atom via carbon, thus excluding such species as I(OOCCF3)3 and I(OCH-&. 
Following the suggested nomenclature of Martin’”, organohalogen(II1) compounds 
are also referred to herein as organohalinanes and organohalogen(V) compounds as 
perhalinanes. The names (diacetoxyiodo)benzenc, (dichloroiodo)benzene, etc., are 
generally used in preference to iodosobenzene diacetate, iodosobenzene dichloride, 
etc. 

In Table 2, a classification scheme for the diversity of known hypervalent 
organohalogen compounds is presentcd, and a number of representative structures are 
shown. This classification system, similar to that previously suggested by Banks, is 
based on the oxidation state of and the number of carbon ligands attached to the 
halogen atom. For discussions of much of the earlier preparative methodology for 
organoiodine(II1) compounds, the reader is directed to review articles already cited. 

II. ORGANOIODINANES: STABILITY AND OCCURRENCE 

Any discussion of the occurrence of organoiodinanes must first confront the 
ambiguities associated with the term ‘stability’. A stable compound is generally 
regarded as one that can be kept at room temperature (or above) under atmospheric 
conditions for reasonable periods of time without noticeable decomposition. The 
stability of an organoiodinane must be measured against the relative thermodynamic 
stabilities of the  products (especially organoiodine(1) products) into which it can 
decompose and against the activation energies for the particular modes of 
decomposition. Furthermore, an organoiodinane might be perfectly stable to thermal 
degradation at elevated temperatures but not stable to the reactions initiated by 
atmospheric moisture or oxygen at room temperature. 

It will prove expedient to focus first on the dissociative mode of decomposition of 
organoiodinanes illustrated by the following general reaction (L = ligand). In this 

L 

L 
case, those compounds RILz with the smallest equilibrium constants will be the most 
stable. Some specific examples are given in equations (2)-(5). For most of these 
reactions, equilibrium measurements have either not been made or the reactions have 
not yet been directly observcd. 

In principle, the reaction enthalpies could be approximated by simple bond energy 
computations. However, the iodine-ligand bond energies of hypervalent organoiodine 
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TABLE 2. Classes and examples of organohalinanes and organoperhalinanes 

(1) Organohalogen(II1) compounds 

(a) One carbon ligand, one heteroatom ligand 

-N-S02Ar 
I 

0 0 0 
II 

CICH=CH-I 
II 

Arl(S04) Ph- I+ 
II 

CF3- I Ar-I 

(b) Two carbon ligands 

NC@NcN "\, 0 2 N p  Ph- I+ 0- 
-C(N02)2 

I 
C(COOCH3)2 

p - N02C6H4- I + 

I 
Ar-I+ 

Ar-J+ 

( c )  One carbon ligand, two identical he!eroatom ligands 
OOCCH, CI OOCCF, 0-1-0 

I I 

I I 
OOCCH, CI 

I 
CF3 -I 

I 
OOCCF, 

Ar-I Ar-I 

0-Br-0 

cF3&&3cF3 
(d) One carbon ligand, two different hcteroatom ligands 

OH CI ONO, Er-1-0 0 

I 
OTs 

A r l  I Ph-I I CF,-I I &3cF3 a o \ i - o H  

I 
CI I N  

I 
OC(CH,), 

CH,O' 

( e )  Two carbon ligands, one heteroatom ligand 

ao)Q Ar 
I 

R 
I -  

R-F SbF6 Ar--! X- 
+I 

X- 

( f )  Three carbon ligands 
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TABLE 2. (Continued) 

(2) Organohalogen(V) compounds 

(a) One carbon ligand, two heteroatom ligands 

0 0 
II II 

Ar-l=O CF3-I=0 

0 0 
(b) One carbon ligand, three hcteroatom ligands 

(c) One carbon ligand, four heteroatom ligdnds 
c 

(d) Two carbon ligands, two heteroatom iigdnds 

Ar 

Ar -If X- 
I 

O4 
( e )  Two carbon ligands, three heteroatom ligands 

F 

compounds are not known. Furthermore, the bond energies of halogen(II1) 
compounds cannot be confidently estimated from those of the corresponding 
halogen(1) compounds. For example, the fluorine-bromine bond energy in BrF is 
59.42 kcal mol-' while the average bond energy in BrF3 is 48.2 kcal rno1-I I1. Although 
the I--L bonds in aryliodinanes are hypercovalent, a useful mnemonic for a qualitative 
understanding of the stabilities of organoiodinanes relative to their molecular 
dissociation products is to view them as disalts of general structure (Ph12+)2L-. Those 
ligands L-, which might be readily oxidized by the  hypothetical species Ph12+, should 
either afford iodinanes of low thermal stability or not give them at all. 

For example, the successful isolation of numerous aryldichloroiodinanes (ArIC12) 
stands in stark contrast to the absence of the corresponding aryldibromoiodinanes 
(ArIBr2) and aryldiiodoiodinanes (ArI12) in the chemical literature. Only the 
generation of (dibromoiod0)benzene at low temperature has been claimed and will be 
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discussed later in this chapter. Apparently, the equilibrium constants for the oxidative 
addition of molecular bromine and molecular iodine to the iodine atom of iodoarenes 
are prohibitively low. Since bromide ion and iodide ion are more readily oxidized than 
chloride ion, it might be expected that the formation of dibromoiodinanes and 
diiodoiodinanes will be at least less favourable than the formation of 
dichloroiodinanes, if not altogether prohibited. 

The dimercaptoaryliodinanes (ArI(SR)2) are also unknown. This, in conjunction 
with the known ability of (diacetoxyiodo)benzene to efficiently oxidize thiols to 
disulphidesI2 suggests that, if dimercaptophenyliodinanes are formed as intermediates 
in such oxidations, the relative stability of iodobenzene and disulphide is sufficiently 
great to disfavour iodinane isolation (equation 4). Such results are clearly consistent 
with the disalt mnemonic and the low oxidation potentials of alkyl- and arylthiolate 
ions. 

(Diacetoxyiodo)benzene is commercially available and can be stored for months at 
room temperature without noticeable decomposition. Triphenyliodine, on the other 
hand, decomposes readily at - 10°C to iodobenzene and biphenyl (equation 5)l3,l4. 
This, too, can be explained by the disalt model since the oxidation of phenyl anion to 
phenyl radical by Ph12+, with the ultimate formation of biphenyl, should be more facile 
than the oxidation of acetate ion to the acetoxy radical eventuating in peroxyacetic 
anhydride. 

The fact that no acyclic arylbrominane (ArBrL2) or  arylchlorinane (ArClL2) has 
ever been isolated is likewise consistent with the disalt concept. Such species as ArC12+ 
and ArBr2+ would be expected to suffer electron-transfer reduction by L- far more 
easily than Ar12’. This conclusion is borne out indirectly by electrochemical studies on 
the aryl halides. The anodic oxidation of iodobenzene in aqueous acetic acid has been 
found to yield (diacetoxyi~do)benzene~~ and, in acetonitrile-benzene-lithium 
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perchlorate, to yield diphenyliodonium perchloratelG. Anodic oxidations of 
chlorobenzene and bromobenzene, on the other hand, afford products derived from 
oxidation of the aromatic ringI7. 

Such arguments must, however, be cautiously applied since organoiodine(II1) 
compounds are not in fact constrained to one mode of decomposition. For example, 
the thermal decomposition of (diacetoxyiodo)benzene in chlorobenzene proceeds to  
give the products shown in equation (6)18. Two decomposition pathways are evident, 

0 
PhCl II 

PhI(OOCCH3)z - CH3I + Phl + PhOCCH3 + CH3COOH + 

70.4% 26.0% 74.6% 22.7% 10.8% 72.5% 

(mole % per mole of (diacetoxyiodo) benzene) 

the major one involving the initial formation of an ion pair [PhiOAc OAc-] and 
ultimately leading to iodomethane, acetoxybenzene and carbon dioxide and the minor 
one involving the initial formation of a radical pair [PhIOAc 'OAc] and ultimately 
leading to acetic acid, chlorotoluenes and some carbon dioxide. 

A n  investigation of the thermolysis of (ditriphenylacetoxyiodo)benzene 
(PhI(OOCCPh3)2) in benzene a t  7 9 3 ° C  revealed the homolytic process to be the 
dominant mode of decompo~it ion '~.  

Equilibrium constants for the dissociation of various (dich1oroiodo)arenes to  
iodoarene and molecular chlorine in solvents of differing polarity (i.e. CCI4, 
CH3COOH, CH3N02) have been measured and are generally quite small2". For 
example, for (dich1oroiodo)benzene at 25"C, equilibrium constants of 0.4 x M 
(CH,NOZ), 2.0 x M (CC14) were determined. In 
the solvent nitromethane, the reaction constant, p, was found to be +2.4. However, 
the complete thermal decomposition of (dich1oroiodo)benzene in the solid state leads 
to the complex mixture of products shown in equation (7) in addition to a 2.1% yield 

M (CH3COOH) and 2.0 x 

CI CI 

0.9% 2.5% 1.7% 27.3% 28.6% 36.8% 

(7) 
of unidentified materialz1. In refluxing benzene, the decomposition products are 
iodobenzene (67%) and chlorobenzene (30%). Once again, two competing modes of 
decomposition have been proposed, one involving initial homolysis of an  
iodine-chlorine bond and another involving initial heterolysis of an  iodine-chlorine 
bond. 

The  (dich1oroiodo)alkanes are rare and those which are  known are extremely 'un- 
stable'. (Dichloroiodo)methane, the most stable representative, decomposes a t  
- 28"C22, in contrast to (dich1oroiodo)benzene which can be handled conveniently a t  



18. Hypervalent halogen compounds 729 

room temperature. However, this stability comparison does not involve the dissocia- 
tive equilibria to chlorine and the corresponding iodo compound. (Dichloro- 
iodo)methane decomposes instead to chloromethane and iodine monochloride, 
probably by nucleophilic hetcrolysis of a carbon-iodine bond, perhaps by the reaction 
mechanism shown below. Although nucleophilic heterolysis of the carbon-iodine 

CI 
+ 

(8)  SN2 
CH31-CI CI- - CI -CH-J + ICI 

I 

I 
CH3-I -= 

CI 

bond in (dichloroiodo)benzene, possibly by the SNAr mechanism, may well acount for 
the production of chlorobenzene during its thermolysis, the nucleophilic mode of 
decomposition would be expected to proceed with much higher activation energy at 
aryl carbon. The fact that a-(dichloroiodo)sulphonesz3~z4 and (dichloroiodo)alkenes8 
can be prepared and isolated as stable crystalline compounds at room temperature is 
consistent with this logic. 

Iodosobenzene is another case in point. Its thermal decomposition does not yield 
iodobenzene and molecular oxygen. Instead, iodosobenzene disproportionates to 
iodobenzene and iodoxybenzene6 (equation 9), a common mode of reactivity for 
compounds in intermediate oxidation states. 

0 0 

2 Phl - Phl + Phl=O 
I1 A I! 

(9) 

111. ORGANOIODINE(III) COMPOUNDS: STRUCTURE AND BONDING 

A. Molecular Structures of Organolodlnanes 

Except for a single crystal X-ray study of a bromonium ylide, no quantitative 
structural information is available for any organobromine(II1) or organochlorine(II1) 
compounds. Fortunately, single crystal X-ray structures of some organoiodine(II1) 
compounds have been published. Among these are solid state structures of (di- 
ch1oroiodo)benzene (1) (published in 1953)25, (diacetoxyiodo)benzene (2)  
(published in 1 97726 and 197927), bis(dich1oroacetoxyiodo)benzene (3) (published in 
1 979)27, [ hydroxy(tosyloxy)iodo]benzene (4) (published in 1 977)28, 1-hydroxy- 
1,2-benziodoxol-3( lH)-one (5) (published in 1965)29, l-acetoxy-l,2-benziodoxol- 
3( 1H)-one (6) (published in 1 972)30, 1-(m-chlorobenzoy1oxy)-1 ,2-benziodoxol- 
3(1H)-one (7) (published in 1974)3', l-(o-iodobenzoyloxy)-1,2-benziodoxol- 
3( lH)-one (8) (published in 1 972)32 and 1,2-dichloro-l,2-benziodazol-3( 1H)-one 
(9) (published in 1975)33. 

0 OCC HC I, OTs 
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I 

0-I-ooc 

"M (7) 

CI 
I 
N-I-CI 

These compounds share one common structural feature in that all possess one aryl 
ligand and two heteroatom ligands bound to trivalent iodine. To our knowledge, no 
X-ray studies of any aliphatic iodinanes or triaryliodinanes have yet appeared in the 
chemical literature. Single crystal X-ray studies of several diaryliodonium salts have 
been published, but they will be considered here only as they relate to the structures of 
compounds 1-9. 

An examination of the bonding parameters of iodinanes 1-9, summarized in Table 
3, reveals several general structural features: 

(1) Organoiodine(II1) compounds are approximately T-shaped and one must resist 
the temptation to draw trigonal structures. The same configuration has also been 
observed with the inorganic halinanes7 and with diaryliodonium salts. 

(2) The most electronegative ligands of organoiodine(II1) compounds are invari- 
ably colinear; that is, they exhibit structure A below and not the isomeric structure B, 
at least in the solid state. 

Oi' L2 

( A )  (6)  

(3) The carbon-iodine bond distances in acyclic aryliodinanes are approximately 
equal in length to the sum of the covalent radii of carbon and iodine. Variable car- 
bon-iodine bond distances are observed with cyclic aryliodinanes and probably mani- 
fest the electronic requirements associated with the placement of an iodine atom into a 
five-membered ring. 

(4) When the electronegativities of the two hcteroligands are nearly equal, both 
iodine-ligand bonds exhibit bond distances greater than the sum of the appropriate 
covalent radii. They are, however. significantly shorter than ionic bonds. 

(5) When the electronegativities of the heteroligands differ significantly, the length 
of the bond to the less electronegative (more basic) ligand is very nearly that expected 
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from covalent radii (or perhaps a little shorter). The bond to the more electronegative 
(less basic) ligand, however, is elongated, even more so than with the symmetrical 
iodinanes. 

(6) With cyclic aryliodinanes, the planc of the benzene ring is constrained to the 
same plane as that of the L1-I-L2 t riad. . However, in the acyclic aryliodinanes, those 
planes are almost orthogonal. 

(7) In organoiodine(II1) compounds with acyloxy ligands, secondary bonding be- 
tween the carbonyl oxygen atom and the iodine atom appears to be important. 

5. Bonding Models for Organohallnanes 

The electronic configuration of elemental iodine is [ Kr]4d105s25p55d". Thus, one 
qualitative model for the bonding in organoiodine(II1) compounds is one in which 
iodine utilizes a set of 5sp2-5pd hybrid orbitals in which one of the sp2 orbitals is singly 
occupied and used to bind the equatorial ligand and the remaining sp2 hybrid orbitals 
are doubly occupied, non-bonded and lie in the equatorial plane. The two axial ligands 
are covalently bound to a pair of singly occupied pd hybrids, diametrically opposed 
and perpendicular to the equatorial plane (i.e. [ Kr]4dIo ( 5 s ~ ~ ) '  ( 5 s ~ ~ ) '  ( 5 s ~ ~ ) ~  (5pd)' 
(5pd)'). Overall, the hybrid orbitals are directed toward the corners of a trigonal 
bipyramid as illustrated below. 

L' 

LO- I 
I,,,& 
I"' 
L2 

An alternative and slightly more quantitative model is one in which the iodine atom 
in organoiodine(II1) compounds is not hybridized at all. In this model, one of the three 
ligands is bound by normal covalent overlap to the singly occupied 5p  orbital at iodine. 
The remaining ligands are attached, onc to each lobe, to one of the doubly occupied 5p 
orbitals of the iodine atom, resulting in a linear three-centred four-electron bond 
[3c-4e]. Such covalent bonds are termed 'hypervalent' and are distinct from normal 
covalent bonds. Although it may be tacitly assumed for this model that the remaining 
unshared electron pairs and the three ligands are directed toward the corners of a 
trigonal bipyramid, there is no evidence that this is actually the case and that the 
unshared pairs are not best described as residing in 5s  and 5p orbitals on iodine. 
Indeed, the periodinanes appear to exhibit square pyramidal structures. The terminol- 
ogy, equatorial and axial, employed herein relates to a presumed trigonal bipyramide 
geometry about iodine in organoiodinanes. 

Such a treatment of the bonding at iodine in organoiodinanes is analogous to the 
Huckel molecular orbital (HMO) description of ally1 anion which predicts a [3c-4e] 
n-bond with two significant features: (1) the n-bond orders between adjacent carbon 
atoms are 0.5 and ( 2 )  the electronic charge is distributed primarily at the terminal 
carbon atoms. In the case of the iodinanes, sigma overlap of a 5p orbital on the iodine 
atom with the u orbitals of two ligands (e.g. thc two chlorine ligands in PhIC12) 
generates three u molecular orbitals, one bonding, one approximately non-bonding 
and one antibonding. The four u electrons occupy the two lower energy levels and lead 
to a-bond orders of about 0.5, with most of the electron density residing at the ligand 
sites (see Figure 1).  The entire triad will, of course, be neutral in the organoiodinanes, 
but the iodine-ligand bonds will be highly polarized (i.e. X6--IZ6+-X6-). This model 
has been thoroughly discussed by Musher, who has applied it to a variety of hyperval- 
ent molecules and who cites the work of those who pioneered its use34. It has more 
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0 
L 

v3 
c -  f -  1 -  - 

FIGURE 1 .  Hypervalent bonding model for organoiodinanes in which the iodine atom is 
bound to one equatorial carbon ligand and two axial, univalent heteroligands. The molecular 
orbitals for the [3c-4e] bond are shown. 

recently been employed by Martin in his work on hypervalent sulphur and halogen 
compounds (references to his work are given in later sections of this chapter). 

It has already been noted that electronegative axial ligands stabilize organo- 
halinanes. This is to be expected from the inheretit nature of the [3c-4e] bond which 
places more electron density at the ends of the L-I-L triad than at the centre. Thus, 
triphenyliodine is less stable than (diacetoxyiodo)benzene because the more electro- 
negative acetoxy ligands can accommodate negative charge better than the phenyl 
ligands can. It is important to remember that even in symmetrical compounds such as 
IC13 and IPh3, onc covalent iodinc-ligand bond and two hypercovalent iodine-ligand 
bonds (i.e. one [3c-4e] bond) are anticipated, and the chemical behaviour of the axial 
ligands should be distinct from that of the equatorial ligand. 

C. Organoiodinanes: Bond Lengths, Bond Angles and the Hyperwalent Bond- 

The hypervalent bonding schcme, when applied to the organoiodinanes, anticipates 
the existence of T-shaped molecules with elongated a-bonds to the axial ligands. The 
T-configuration is approximately realized for all of the aryliodinanes listed in Table 3, 

ing Model 
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the experimental carbon-iodine-heteroligand bond angles ranging from 77 to 92.8". 
Geometric distortions from 90" may manifest secondary intramolecular interactions 
and intermolecular interactions associated with crystal packing. 

A number of years ago, Pauling published an empirical relation between the bond 
order n, the experimental bond distance D(n) ,  and the computed covalent bond 
distance D(1) for a chemical bond: D(n)  = D(1) - 0.6 log n35. Application of this 
equation to the organoiodinanes is in qualitative accord with the [ 3c-4e-j bond. It has 
recently been noted by Amey and Martin for example, that the iodine-chlorine bond 
distances in (dichloroiodo)benzene, being 0.22 A longer than the sum of the covalent 
radii of the iodine and chlorine atoms, afford computed bond orders of 0.4536. With 
(diacetoxyiodo)benzene (1977 structure), the computed oxygen-iodine bond orders 
are 0.47 and 0.56 respectively. Bond orders for the iodine-heteroligand bonds of 
compounds 1-9, calculated from Pauling equation, are summarized in Table 4. 

In each of the aryliodinanes 1,2,3,6,7 and 8, the heteroligands are either of equal 

TABLE 4. Iodine-heteroligand bond orders for aryliodinanes 1-9 calculated from the 
Pauling equation 

Compound Bond D(n) ,  8, D ( 9 ,  8, D(n)  -D( l ) ,  8, n 

1 I- C1( I )  

I-Cl(2) 

~~ ~ 

2.54 2.32 
2.54 2.32 

1977 structure 
2.1 86 1.99 
2.143 1.99 

0.22 
0.22 

0.43 
0.43 

0.196 
0.153 

0.47 
0.56 

2 1979 structure 
2.159 1.99 
2.153 1.99 

0.169 
0.163 

0.52 
0.54 

2.136 1.99 
2.163 1.99 

0.146 
0.173 

0.57 
0.52 

3 

1.940 1.99 
2.473 1.99 

- 0.05 
0.483 

1.21 
0.16 4 

2.00 1.99 
2.30 1.99 

2.1 1 1.99 
2.13 1.99 

2.13 1.99 
2.1 1 1.99 

0.01 
0.31 

0.12 
0.14 

0.96 
0.30 5 

0.63 
0.58 6 

7 
a-polymorph 

0.14 
0.12 

0.58 
0.63 

a-Polymorph 
2.1 1 1.99 
2.15 1.99 

2.08 1.99 
2.14 1.99 

2.06 2.03 
2.56 2.32 

P-Polyrnorph 

I--0(1) 
I--(2) 

I-%) 
1--0(2) 

I- N 
I-CI 

0.12 
0.16 

0.63 
0.54 8 

a-poly morph 
P-polymorph 0.09 

0.15 

0.03 
0.24 

0.71 
0.56 

0.89 
0.40 9 
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or  comparable basicity and, as a result, the iodine-ligand bonds are of comparable 
bond order and rangc from 0.43 to 0.71. However, in  each of the compounds 4,5 and 
9, the heteroligand basicities differ significantly. The more basic (less electronega- 
tive) ligand is bound more tightly to iodine than either ligand of the symmetrical 
iodinanes while the less basic (more electronegative) ligand is bound less tightly to the 
iodine atom. for example, in [ hydroxy(tosyloxy)iodo]benzene, the heteroligands are 
HO- and TsO- (rccall the disalt mnemonic discussed earlier), and the computed 
I-OH and I-OTs bond orders are 1.21 and 0.16 respectively. This bond order 
assymmetry is consistent with the [3c-4e] bond and finds precedent in HMO descrip- 
tions of [3c-4e] n-bonds. For example, in proceeding from ally1 anion to the corres- 
ponding enolak systcm (H&-CH-O)-, both the n-bond order and charge distribu- 
tion symmetries are lost. The less electronegative (more basic) end of the molecule, 
C(2), is bound more tightly to the central carbon atom (n-bond order >0.5) while the 
more electronegative (less basic) oxygen atom is less tightly bound (n-bond order 
(0 .5)  to that atom. Furthcrmore, the electronic charge is shifted largely to the more 
electronegative (less basic) atom. 

At what point an organoiodinc(II1) compound may bc correctly regarded as 
either hypercovalent or ionic is difficult to assess. Even those molecules generally 
accepted as iodonium salts may possess hypercovalent character. Alcock and Coun- 
tryman have recently reported single crystal X-ray structures of diphenyliodonium 
chloride, bromide and iodide, all of which exist as centrosymmetric dimers in the solid 
state. They concluded that the iodine-halogen bond distances in all three salts arc 
consistcnt with a bond order of approximately 0.3537. The bond orders, computed from 
the Pauling relation, are I-Cl (0.053), I-Br (0.053) and 1-1 (0.052). 

X =  CI. Br. I 

Furthermore, even if an organohalinane is hypercovalent in the solid state, i t  may 
exist as an ion pair specics in solution. For example, the fact that the proton magnetic 
resonance (PMR) spectrum of (diacetoxyiodo)benzene, recorded in organic solvents, 
exhibits a singlet for the methyl groups is consistent with either a hypercovalent 
structurc or an ionic structure (PhIOAc)+ OAc- in which the acetoxy ligands are in a 
state of rapid degenerate exchange. 

Finally, it is emphasized that geometric parameters of organoiodinanes must cer- 
tainly be affected by intermolccular interactions in the solid state. 

D. Secondary Bonding and Modes of Crystal Packing 

The observed molecular bond distances and angles in the aryliodinanes 1-9 are 
influenced by secondary intramolecular contacts and by intermolecular interactions 
attending the various modes of crystal packing. The crystal structures of (diacetox- 
yiodo)benzene (2) and bis(dich1oroacetoxyiodo)benzene (3) have been examined with 
a particular focus on secondary bondingz7. In compound 2, the 1-0(1) and I-0(2) 
bond distances were found to be equal. The I-O(3) and I-O(q bonds are much 
longer, but 0(3) and 0(4) are almost equally displaced from the iodine atom and at a 
distance significantly less than the sum of the van der Waals' radii of iodine and 
oxygen. The iodine atom, the four oxygen atoms and C(l) are coplaner, this plane 
describing a dihedral angle of 75" with respect to the plane of the benzene ring. These 
weak secondary contacts may account for the small compressions of the C-1-0 bond 
angles from 90". 



738 Gerald F. Koser 

(2) 

In compound 3, the 1-0(1) and 1 - 0 ( 2 )  bond distances are not equal nor are the 
carbonyl oxygen atoms, 0(3) and 0(4), symmetrically located about the iodine atom. 
Molecules of 3 crystallize as centrosymmetric ‘dimers’ in which the carbonyl oxygen of 
one of the dichloroacetoxy ligands on each iodine is in secondary intramolecular 
contact with one of the iodine atoms and in intermolecular contact with the other. The 
remaining dichloroacetoxy ligand on each iodine atom is unidentate. The I, C( , ) ,  0(1), 
O(?), OY) and 0(4) atoms in 3 exhibit small deviations from a common plane, the 
dihedral angle of which is 79.2” relative to the plane of the benzene ring. 

It is noteworthy that an earlier structure determination of (diacetoxyiod0)ben- 
zene (2) revealed unequal 1-0(1 and 1-0(3) bond distances, but, the secondary 
bonding interactions were not a n a i y ~ e d ~ ~ .  

Gougoutas, Etter and coworkers have analysed the crystal structures of a variety of 
benziodoxoles, especially as they relate to topotactic transformations. For those ben- 
ziodoxoles with acyloxy ligands bound to iodine, secondary bonding between the 
oxygen atom of the acyloxy function and the iodine atom is important. For example, in 
the a- and 8-polymorphs of 1 -(o-iodo-benzoyloxy)-1,2-benziodoxol-3( 1H)-one (8), 
the oxygen-iodine(II1) intramolecular contacts are at 2.85(6) A and 2.75(4) A respec- 
tively. Four fundamental intermolecular packing modes have been recognized and 
related to the ‘lactone’ carbonyl stretching frequency of the iodole nucleus38. 

E. Solutlon-phase Studbs 

The T-configuration about iodine in the organoiodinanes is corroborated by one 
study of such compounds in solution39. The 5-aryl-5H-dibenziodoles 10 and 11 exhibit 
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temperature-dependent PMR spectra. In solution (toluene-d8, benzene, chloroben- 
zene, tetrahydrofuran, tetrachloroethylene) at low temperatures, the methyl groups of 
10 and 11 appear as a pair of singlets which coalesce as the temperature is raised, the 
coalescence temperatures ranging from i 5 to 6G"C (decomposition is significant abovc 
40°C). The line shape changes are reversible and arc consistent with degenerate 
thermal isomerization of the aryl ligands about T-shaped iodine. However, the obser- 
vation of large negative entropies of activation and irreproducible rate constants for 
the isomerization of the same compound at the same temperature were interpreted as 
evidence against a unimolecular degenerate isomerization mechanism (equation 10). 

(10) R = H  
(11) R =  CF3 

F. Hypervalent Bonding in Organoiodoso Compounds 

Hypervalent bonding theory may bc extended to include divalent ligands as Musher 
has, for example, in his treatment of the sulphur-oxygen 'coordinate' bond of thionyl 

II 

n 
FIGURE 2. Hypervalcnt bonding model for organoiodinanes in which the iodine atom is 
bound to one equatorial carbon ligand and one axial divalent ligand (i.e. oxygen). The 
molecular orbitals for the [ 2c-4~1 bond are shown. 
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fluoride34. Divalent ligands may be pictured as adding to iodo compounds by the 
interaction of two singly occupied atomic orbitals on the ligand with a doubly occupied 
5p orbital on the iodine atom. The simplest elecironic description of such a bond 
predicts the existence of three molecular orbitals; one bonding and doubly occupied, 
m e  non-bonding, localized on the divalent ligand and doubly occupied, and one 
antibonding and unoccupied. 

The result is a non-linear molcculc exhibiting a C-I-L bond angle of 90" and a 
highly polarized I-L bond with considerable positive charge density at iodine and 
negative charge density at the ligand site. This polarity is an inhcrcnt property of the 
[2c-4e] hypervalent bond, and i t  is to bc expected that ligands of high electronegativ- 
ity will stabilize such molecules more effcctivcly than ligands of low electronegativity. 
It is not surpri5ing then, that while many iodosoarcnes and iodoxyarenes are known, 
the corresponding sulphur analogues have not been prepared. 

IV. ALKYLIODINANES 

A. Occurrence 

Tricovalent alkyliodinanes are rare, and we are aware of no reports in the chemical 
literature describing the isofarion of iodosoalkanes ( R r  I= 0), (diacyloxy- 
iodo)alkanes (RH-I(OCOR)2) or iodoxyalkanes ( R r I O 2 )  where RH is a hyd- 
rocarbon radical. A few (dich1oroiodo)alkancs (RH--IC12: RH = methyl, ethyl, 
n-propyl, n-butyl, i-propyl, t-butyl) have long been known, these having been gener- 
ated by the action of molecular chlorine on the corresponding alkyl iodides at low 
temperature, but they are extremely unstable4". (Dichloroiodo)methane, a yellow 
crystalline solid, appears to be the most stable of the known saturated aliphatic di- 
chloroiodinanes, and, as discussed in Section II (equation 8), it decomposes at -28°C 
to iodine monochloride and chloromethane. (Dich1oroiodo)iodomethane (12) has also 
been prepared and exhibits a decomposition point of -1 I .5"C40. The synthesis of 
(dibromoiodo)methanc (13) by the oxidative addition of molecular bromine to 
iodomethane has been describedq0. This compound, obtained as orange-yellow 
needles which decompose at -45"C, is unique and appears to be the only alkyldi- 
bromoiodinane yet observed. 

ICHzICIz CH31Br2 

(1 2) (1 3) 
The carbon atom directly bound to the dichloroiodo function in (dichloro- 

iodo)alkanes seems to bc significantly more prone to nucleophilic substitution than 
the carbon atom attached to iodine in the corresponding iodoalkanes (i.e. IC12- is 
apparently a better leaving group than I-) .  This is manifested in the reaction of 
neopentyl iodide with chlorine, which gives r-amyl chloride and 2,3-dichloro-2- 
m e t h y l b ~ t a n e ~ ~ .  The initial formation of (dich1oroiodo)neopcntane in this reaction 
and its subsequent ionization-rearrangement to ethyldimethylcarbenium dichloroiod- 
ate has been proposed: thc products arise either by nucleophilic capture of the cation 
or via a /?-elimination followcd by chlorine addition (equation 11). 

The stereochemistry of iodine-chlorine exchange in reactions of alkyl iodides with 
chlorinc has been ~ t u d i e d ~ l . ~ ~ .  Chiral 2-iodooctane, with molecular chlorine in various 
solvents (c.g. pctroleum ether. CH2CI2. CH,C12/CH30H) gives chiral 2-chlorooctane 
with predominant iriversiori of configuration. the ( k , J k r C t )  ratio depending on the 
particular solvent cmployed. The initial formation of chiral 2-(dichloroiodo)octane 
followed by nucleophilic displacement of dichloroiodate ion by molecular chlorine, 
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CI 

741 

CI Cl 

la2- 

(CH,),C(CI )CH(CI)CH3 

perhaps via an intermediate ion pair, is one plausible mechanism for this reaction 
(equation 12). When chiral 2-iodooctane is treated with bromine in petroleum ether 

ICI, IcI2- CI 
CIZ I I 

CH3eH(CH2)5CH3 - CH3-CH(CH2)5CH3 + ICI + cI2 CH3-CH-(CH,),CH, 

(1 2) 
for 2 h at -78°C and then for 1 h at 0°C 2-bromooctane is likewise obtained with 
predominant inversion of configuration (kinv/kre, = 3.5). This is consistent with a 
mechanism involving the intermediate formation and nucleophilic collapse of 
2-(dibromoiodo)octane (14). 

& Br - I-Br CI 

CI-I-CI 

CH3-CH(CH2)5CH3 I Pi 
CI 

(1 4) (1 5) (1 6) 

In 1968, the alicyclic dichloroiodinanes 15 and 16 were synthesized in the hope that 
they might exhibit some kinetic stability toward nucleophilic species43. Both com- 
pounds, however, were found to be unstable above 0°C (the decomposition products 
were not reported), and attempts to hydrolyse them to the corresponding iodoso 
compounds were unsuccessful. 

The ability of electronegative ligands to stabilize iodinanes is well established, and it 
might be expected that difluoroalkyliodinanes will be more stable than dichloroalkyl- 
iodinanes. (Difluoroiodo)methane has been synthesized by treatment of excess 
iodomethane with xenon difluoride in the presence of anhydrous HF at room tempera- 
ture. It has not, however, been isolated free of solvent (equation 13)44. 

F 

F (excess) 
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The addition of alkyl Grignard reagents to diphenyliodonium salts leads to a variety 
of products4s. For example, the reaction of ethylmagnesium bromide with diphenyl- 
iodonium chloride in ether at - 40°C gives benzene, iodobenzene, ethylbenzene, 
biphenyl and iodoethane. When such additions are conducted below O'C, yellow- 
orange precipitates are formed which then decolorize as they are stirred at  room tem- 
perature. Additions near the ether boiling point are accompanied by a transient 
flash of colour. The formation of intermediate alkyldiphenyliodinanes and their 
subsequent homolytic decomposition has been proposed to explain these obser- 
vations (equation 14). 

Ph 
1 E l 2 0  

RMgX + (Ph;Ph)X- R-1 - PhH + Phl + PhPh + PhR + RI (14) 
I 
Ph 

It seems clear that the successful isolation of stable organoiodinanes of general 
structure R-IL2 (where L is a heteroatom ligand) is rendered more probable when the 
carbon atom bound to iodine is kinetically resistant to nucleophiles. This fact has been 
corroborated by the isolation at room temperature of crystalline (dichloroiodo)arenes, 
(dichloroiodo)alkenes8 and a-(dich1oroiodo)sulphones (17)23.24 shown below. How- 

0 CI 
II I 

I 
CI 

II 
R-S-CH2-I 

0 

cver, the iodososulphones and diacyloxysulphones have not been reported. The disap- 
pointing instability of (dich1oroiodo)cyclopropane (15) may reflect alternate modes of 
decomposition unique to its structure such as ionic and/or free radical chlorination of 
the strained carbon-carbon bonds of the cyclopropane ring; the (dich1oroiodo)arenes 
are known to be excellent chlorinating reagents for alkenes and alkanes6. The instabil- 
ity of 16 may be partially due to steric interactions between the tertiary bridgehead 
carbon and the dichloroiodo function which cannot be totally relieved by any angle of 
rotation about the carbon-iodine bond. It is noteworthy, however, that 16 is signifi- 
cantly more stable than 2-(dichloroiodo)-2-methylpropane, which has been reported 
to decompose at  - 100°C. 

Recent efforts to prepare aliphatic iodinanes have focused on the capacity of 
fluorine atoms in the aliphatic residue to impart some measure of stability. (Difluoro- 
iodo)trifluoromethane was first reported in 1959, having been prepared by the direct 
fluorination of iodotrifluoromethane at - 8OoC?. It was described as a 'white, hygro- 
scopic substance', stable to about O'C, but decomposing at room temperature to the 
mixture of products shown in equation (15). The preparation of a series of (difluoro)- 

F 
FCC13/ -- 80 "C 1 Room temp. 

CF3-I + F2 - CF,-I * CFSI + CF,+ IF, + I2 (15) 
I Nz(9) 

F 

perfluoroalkyliodinancs, including (difluoroiodo)trifluoromethane, by the action of 
chlorine trifluoride on several perfluoroalkyl iodides was reported in 1 96947. The 
stoicheiomctry of this ligand transfer reaction is critical. Thus, with an excess of the 
iodo compound, difluoroiodinanes are obtained, but with an excess of chlorine tn- 
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fluoride, tetrafluoroperiodinanes are formed instead. The compounds (difluoro- 
iod0)pentafluoroethane (18), (difluoroiodo)nonafluoro-n-butane (19), (difluoro- 
iodo)tridecafluoro-n-hexane (20) and (difluoroiodo)heneicosafluoro-n-decane (21) 
have been synthesized and observed to be moderately stable as long as they are kept 
from moisture and glass. Compounds 18, 19 and 20 were usually obtained as low 
melting solids, but they were sometimes isolated in high melting modifications 
(m.p. > 200°C), while compound 21 was isolated only as a high melting solid. The 

F 
I 
I 

RF-I (excess) + CIF, - RF-I +CI2 

F 
(18) R F  = CF3CF2 

(19) RF = CF3CF2CFZCF2 

(20) RF = CF3(CF2)4CF2 

(21) RF = CF3(CF2)eCF2 

high melting materials werF suggested to be 'dimeric' and possibly to be iodonium salts 
of general structure ( R F ) ~ I  IF4. Although the  (difluoro)perfluoroalkyliodinanes were 
reported to undergo hydrolysis, no evidence was presented that the corrcsponding 
perfluoroiodosoalkanes (RF--I=O) were formed. 

Perfluoroalkyliodinanes with ligands other than halide attached to the iodine atom 
have also been prepared. When heptafluoro-n-propyl iodide is treated with sulphur 
tetrafluoride, under rather stringent conditions, (difluoroiodo)heptafluoropropane 
(22) is obtained. The oxidation of the iodide with 80% hydrogen peroxide in trifluoro- 
acetic acid-trifluoroacetic anhydride gives (ditrifluoroacctoxyiodo)heptafluoro- 
propane (23) in 65% yield. When 23 is subjected to hydrolysis with cold, aqueous 
sodium bicarbonate, perfluoroiodosopropane (24) is obtained as a light yellow powder 
which 'decomposes rapidly on storage'48 (equation 17). 

SF4 * 
/ autoclave. 2h.70"C CF3C F2CF2- I F, 

CF3CF2CF2- I 
I 
0 - C- CF3 

II 
0 

(23) 

CF,CF2CF21=o 

(24) 

(Difluoroiodo)heptafluoropropane has been prepared under much milder con- 
ditions from heptafluoro-n-propyl iodide and xenon d i f l ~ o r i d e ~ ~  (equation 18). 
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Neat.  2O'C. N2 atmosphere 
CF3CF,CF21 + XeF, - CF3CF2CF,IF2 + Xe (18) 

The attachment of fluorine atoms to a-carbon in fluoroalkyliodinanes is not essential 
for their isolation. Thus, the oxidation of fluoroiodoalkanes of general structure 
H(CF2CF2),CH21 (n  = 1, 2, 3) with trifluoroperacetic acid gives the corresponding 
bis(trifluoroacetoxy)iodinanes 25, 26 and 27 while similar oxidation of the diiodo- 
fluoroalkanes, ICH2(CF2),CH21 (n = 3, 4), gives the tetra(trifluoroacetoxy)iodinanes 
28 and 2950. When compounds 25 and 29 are subjected to  the action of sulphur 
tetrafluoride, the corresponding fluoroiodinanes 30 and 31 are formeds0. The hydrolysis 
of compounds 25-27 does not yield the corresponding iodoso compounds but leads 
instead to the meso-oxy derivatives 32. 

H (C F2CF2 1°C H 21 ( OOC C F3 1 

(25) n = 1 

(26) n = 2 

(27) n = 3 

HCF2CF2CH21F2 

(30) 

( CF3C0 0) IC H ,(C F2 1°C H, I (OOCC F3 l2 

(28) n = 3 
(29) n =  4 

F21CH2 (CF2),CH21F2 

(31) 

H (CF2CF2 ),CH,I - 0 - I C H2( CF2CF2),H 
I 

OOCCF, 
I 

CF,COO 

(32) 

Finally, several 'iodoso' derivatives of trifluoromethyl iodide, in addition to the 
iododifluoride, have been reported and they are tabulated below. 

CF31=0 51 CF31(OOCCF3)2 52 C F3 I ( 0 N 0 253 CF31(CI)ON02 53 

CF,I(F)ONO, 53 

B. Aikyliodinanes as Intermediates in Oxidations of lodoalkanes 

Although the non-fluorinated iodosoalkanes and (diacy1oxyiodo)alkanes have thus 
far eluded isolation, they have been implicated as transient intermediates in the oxida- 
tion reactions of various alkyl iodides. Three fundamental reaction manifolds have 
been recognized for alkyliodoso  intermediate^^"^'. 

(1) Nucleophilic substitution. The diacyloxyiodo and iodoso functions render the 
carbon atom to which they arc attached hyperelectrophilic. Primary alkyliodoso corn- 
pounds, when gcneratcd in the presence of nucleophiles (Nu-), are extremely suscept- 
ible to SN reactions. 

0 

[R-NU + lo-] (19) 
<O> l l  Nu- 

R-I - R-I = R + I O - -  

(2) Eliniination. Those alkyliodoso intermediates which contain 
/I-carbon-hydrogen bonds and which are sterically or electronically deactivated 
toward nucleophilic attack, eliminate hypoiodous acid and afford alkenes. 
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H I  H 1=0 
\ / - [HOI] + ,C=C, 

( 3 )  Isotnerizaiion with loss ofhydroiodic acid. In rare instances, the oxidation of an 
alkyl iodide eventuates in ketone formation. Such reactions probably proceed by the 
isomerization of alkyliodoso intermediates to alkyl hypoioditcs and subsequent elimi- 
nation of hydrogen iodide across the carbon-oxygen bond. 

H H O  H 
I <o;. I II I 

(21 1 >C-I - >C-I - >C-0-1 >C=O + HI 

1. Oxidative substitution 

The alkyl iodides are apparently inert to such reagents as hydrogen peroxide, ozone, 
periodate, t-butylhydroperoxide, N-chlorosuccinimide, and NaOC1/Bu4N+ HSO; in 
CHC13/H2054*57. rn-Chloroperbenzoic acid (m-CPBA), on the other hand, has proven 
to be an excellent oxidizing reagent for these compounds. The oxidation of primary 
iodoalkanes with tn-CPBA has been reccntly studied by several research groups. It 
proceeds under remarkably mild conditions (CH2CI2, room temperature or below) to 
give the corresponding primary alcohols in good yield and, in some cases, primary 
alkyl rn-chlorob~nzoates~~~~~. Some of these reactions are summarized in Table 5.  

The oxidative replacement of iodine by the hydroxy group is thought to involve the 
initial formation of iodosoalkanes which suffer nucleophilic displacement of hypoiod- 
ite ion by water, the water being introduced as a contaminant in the rtr-CPBA. The 
stoicheiometry of the oxidation of n-heptyl iodide with m-CPBA, chosen as a model 
reaction, has been thoroughly In dichloromethane, to which water had been 
deliberately added, n-heptyl alcohol was formed quantitatively within 8 niin at 27°C. 
The by-products were identified as m-chlorobenzoic acid (m-CBA), molecular iodine. 
iodine pentoxide and molecular oxygen. The iodine and iodine pentoxide were consist- 
ently produced in a 2: 1 mole ratio, thus providing good evidence for the existence of 
hypoiodite ion (or hypoiodous acid) in the reaction medium. The disproportionation 
of hypoiodite ion to iodide and iodate ions is well known, and, in the prescnce of 
m-CPBA, iodide ion would be oxidized to iodine while the dehydration of any iodic 
acid formed would eventuate in iodine pentoxide. It was noted that, while a 1.33: 1 .OO 
mole ratio of rn-CPBA to alkyl iodide is theoretically required for complete oxidation, 
alcohol yields were generally not optimal unless a f  feast two equivalents of m-CPBA 
were present. This observation and the formation of molecular oxygen were attributed 
to a side reaction involving the decomposition of rn-CPBA. The overall reaction 
scheme is summarized in equations (22)-(24). 

n-C7H151 + m-CPBA - n-C7HI51=O + m-CBA 

H2O + n-C7H151=0 - n-C7H150H + HOI 

(22) 

(23) 

(24) 3 HOI - (2 HI) + (HI031 - 0.5 H 2 0  + 0.5 1205 

I 

When the m-CPBA is rigorously dried prior to use, the yield of n-heptyl alcohol 
from I -iodoheptane decreases with a corresponding increase in the yield of n-heptyl 
t n  -chlorobe nzoate. 
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The nucleophilic displacement of hypoiodite ion from intermediate iodosoalkanes 
has been observed in oxidations of secondary alkyl iodides and with nucleophiles other 
than For example, the reaction of n-octyl iodide with rn-CPBA in methanol 
gives methyln-octyl ether i.n Y 1% yield. When acetic acid is the solvent, both n-octanol 
(24%) and n-octyl acetate (72%) are formed. With 2-iodooctane as the starting mater- 
ial, 2-methoxyoctane and 2-acetoxyoctane are obtained in methanol and acetic acid, 
respectively. 

CH30H 
CH3 (CH2)6CH20CH, 

Cff3(CH2)6CH2I + m-CPBA (25) 

OCH, 
I CHJOH 

CH,CH(CH,),CH3 < CH3CH ( CH 2)5CH 3 

(26) 

OAc 
I CH3COOH 

I 
I 

CH3CH(CH2)5CH3 + m-CPBA 

The stereochemistry of these oxidative displacement reactions has been studied, and 
they proceed either with inversion of configuration or retention of configuration de- 
pending on the nature of the substrate employed. The oxidation of S(+)-2-iodooctane 
with rn-CPBA gives R(-)-2-octanol in 56% yield, among other products, and thus 
proceeds with configurational inversion57. On the other hand, the rn-CPBA oxidations 
of trans- 1-iodo-2-methoxycyclohexane and trans- 1-azido-2-iodocyclohexane either in 
dichloromethane or in aqueous t-butyl alcohol and trans- 1- hydroxy-2-iodocyclohexane 
and trans- 1-bromo-2-iodocyclohexane in aqueous t-butyl alcohol all give the corre- 
sponding alcohols with retention of configurations7. The retention of configuration 
observed with the cyclohexane substrates has been explained on the assumption that 
oxidative displacement proceeds with neighbouring group participation. 

I OH 
I 

CH,CH(CH2)5CH3 + (HOI] (27) 
I 

CH,CH(CH,),CH3 + m-CPBA - 
S(+) R ( - )  

Solvent + m-CPBA 

X = OCH,. N,, OH, Br 

+ [HOI] (28) 

The oxidations of trans- 1-acyloxy-2-iodocyclohexancs with rn-CPBA are charac- 
terized by alcohol formation with inversion of configuration. Once again, the 
involvement of the zcyloxy functions in the displacement process is deemed likely. 
However, attack of the nucleophile on the resulting cyclic 1,3-dioxolan 2-ylium ions 
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would be directed to the carbenium ion centre, eventuating in products with cis 
stereochemistrys7. 

Epoxide formation is observed when trans- 1-hydroxy-2-iodocyclohexane and 
3a-iodo-5a-androstan-2P-01 are oxidized with 2.2 equivalents of m-CPBA in 
dichloromethane. In both cases, the products are formed in quantitative yield within 
5 mid7.  

-[HOI]  
+m-CPBA - 

2. Oxidative elimination 

While the oxidations of primary alkyl iodides with rn-CPBA generally proceed 
cleanly to the corresponding primary alcohols, mixtures of products are obtained from 
similar oxidations of the few secondary alkyl halides studied which are not substituted 
at P-carbon. 

For example, the reaction of cyclohexyl iodide with rn-CPBA has been found to 
yield cyclohexanol, cyclohexanone and cyclohexene oxideSS. Under similar conditions, 

o ' + m - C P B A  - C H z C I z  27 "C 0': Do + 0 0  (31) 

54% 14% 32 % 

2-iodooctane is converted into 2-octanol, 2-octyl m-chlorobenzoate, 2-octanone and 
2-octene oxide. The epoxides are thought to arise via the /?-elimination of hypoiodous 
acid from intermediate iodosoalkanes and the subsequent oxidation of the alkenes thus 
formed with rn-CPBA. 

I OH OCOCeHdCI -m 
I CHzCIz I I 

CH3CH(CH2)5CH3 + m-CPBA CH,CH(CH,),CH, + CH3CH(CH2),CH3 

31 % 16% 

0 (32) 

29% 24% 
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The oxidation of cyclohexyl iodide with peracetic acid has been reported to give 

cyclohexyl acetate, vic-diacetoxycyclohexane and l-acetoxy-2-iodocyclohexane, the 
product yields depcnding on the reaction conditionsSR. The latter compound is thought 6 CH3C03H 6 + &OAC + 61 (33) 

to arise by the addition of acetyl hypoiodite to  cyclohexene in a secondary reaction 
following the initial elimination process. The overall reaction scheme is shown in 
equations (34)-( 37). 

0' + CH3C03H 

+ CH3CO2- - 0' 
HOI +CH,CO,H 

nt 

0 

+CH,C-O-l 
II 

OAc 
(37) 

Clean elimination reactions occur when 2-phenylsulphonyl-2-iodopropane and ethyl 
2-iododecanoate are treated with m-CPBA (equations 38 and 39). With 
2-phenylsulphonyl-2-iodo-3-phenylbutane, the oxidative elimination proceeds in 
regiospecific fashion to give the vinyl sulphone having the least substituted double 
bond54 (equation 40). The mechanism of the a-iodosulphone elimination reaction has 

0 
ti 

0 1  
II I CH,CI, 

I1 I I i  
Ph-S-C-CCH, + m-CPBA - Ph-S-CC(CH3)=CH2 (38) 

0 CH3 

0 
II 

CH3CH 2OCCH CH 2(CH 2) 6CH3 
I 
I 

0 I CH3 
I1 I I 

CH3 
0 I 
11 ,CHPh 

0 

+ [HOI) (40) m-CPBA Ph-S-C-CHPh Ph-S-C, 
I 1  CH2 I 1  I 

0 CH, 
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been probed with an appropriately designed tetralin reactant, and the elimination has 
been found to occur exclusively withsyn stereochemistrys4. In view of the fact that the 
phenylsulphonyl and carboethoxy substituents would inhibit carbenium ion formation 
ai the a carbon, a pericyclic syn elimination of hypoiodous acid from a-iodoso inter- 
mediates has been proposed. 

H 

Oxidative elimination and substitution has also been found in reactions of several 
iodoalkanes with tris(trifluoroacetoxy) iodine (I(TFA)3)5y. For example, the reaction 
of I(TFA), with 2-iodobutane in ether affords 2-iodo-3-trifluoroacetoxybutane, but, 
when dichloromethane is the solvent, 2,3-bis(trifluoroacetoxy)butane is obtained. 
Similar results were observed with I(TFA)3 oxidations of 2-iodooctane, cyclohexyl 
iodide and cyclopentyl iodide. 

I 
CH~CHCHCH, 4 5 : ~  (erythro: m e o )  

I 

I 
OOCCF, 

CF3COO 
I 

I 
CH3CHCHzCH3 + 

CH1CI2 

CH,CHCHCH, (45: 55 meso : racemic) 
I 

OOCCF, (42) 

It  seems likely that these reactions proceed via initial ligand transfer from I(TFA)3 
to the iodoalkanes to give (ditrifluoroacetoxyiodo)alkanes followed by /I-elimination 
and subsequent addition of trifluoroacetyl hypoiodite to the resulting alkenes. The 
I-iodo-2-trifluoroacetoxyalkanes thus produced might then suffer oxidative displace- 
ment of the iodine atom when the solvent is dichloromethane. The formation of 
trans- 1 -iodo-2-trifluoroacetoxycyclohexane from cyclohexyl iodide in ether and pre- 
dominantlv cis-1.2-ditrifluoroacetoxycyclohexane from the same substrate in di- 
chloromethane is consistent with 

+ I(OOCCF3)3 

such a mechanism. 

- 
- I o o c c F 3 + u  

(43) 

(44) - + CF3COOH + IOOCCF, U 
0 +IOOCCF3 (45) 

OOCCF, 
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The simple oxidative displacement of iodine from iodoalkanes in the presence of 
I(TFA)3 has been observed in a couple of instances. For example, treatment of n-octyl 
iodide with I(TFA)3 in ether gives n-octyl trifluoroacetate (15%) and n-octyl ethyl 
ether (35%). It has been suggested that such species as I(TFA)3-, (OEt), may exist in 
solutions9. 

V. CYCLIC STRUCTURES AND SOME UNUSUAL ORGAMOHALINANES 

A. Cyclic Structures and Aryllodlnane Stabillties 

Cyclic aryliodinanes are often observed to be more stable than their acyclic 
analogues. For example, triphenyliodine (Ph31) prepared from diphenyliodonium 
chloride and phenyllithium in ether at - 80°C, undergoes facile homolytic decomposi- 
tion at -10°C13.14. The 5-aryl-SH-dibenziodoles 10, 11, 33, 34 and 35, on the other 
hand, can be synthesized at 0°C and persist for several hours to several days at room 
t e m p e r a t ~ r e ~ ' , ~ ~ . ~ ~ .  The unusual thioiodinanes 36 and 37 exhibit a similar contrast in 
thermal stability62. 

\ 
R sm 

(37) 
\ 

(10) R = Me; R'= H 
(11) 
(33) R = H; R ' =  H 
(34) R = H; R ' =  CI 
(35) R = H; R ' =  Me (36) 

sm R = Me; R'=  CF, 

The oxidations of iodoarenes with functional groups ortho to the iodine atom fre- 
quently eventuate in  iodine(II1) heterocycles. For examplc, '0-iodosobenzoic 
a ~ i d ' ~ ' . ~ ~ ,  '0-iodosophenylacetic acid'64 and '0-iodosophenylphosphoric acid'65 exhibit 
the cyclic structures 5, 38 and 39 instead of the isomeric acyclic structures with a free 
iodoso function. 

0 0 

The reaction of o-iodobenzoic acid with molecular chlorine gives 
o-(dichloroiodo)benzoic acid. However, this is an unstable compound which elimi- 
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nates hydrogen chloride in the solid state to give 1-chloro-1 ,Zbenziodoxol- 
3( 1 H ) - 0 n e ~ ~ .  

0 

Cl 

The direct oxidation of 2-iodoisophthalic acid and 2-iodo-m-benzenediacetic acid 
with peracetic acid likewise affords the cyclic products 40 and 41 instead of the corres- 
ponding (diacetoxyi~do)arenes~~. Even the oxidation of o-diiodobenzene with per- 
acetic acid yields the cyclic product 42 with an 1-0-1 bridge instead of its acyclic 
isomer 4P. owo O V O  ~ I \  ,OOCCH3 

'0 OCC t i 3  
I? 

(W (41 ) (42) 

(43) 

The increased stability of cyclic aryliodinanes may result from the conjugative over- 
lap of a p-orbital lone pair on iodine with the n-orbitals of the aromatic nucleus. Since 
the plane of the aromatic ring is constrained to the same plane as that of the L-I-L 
function in the cyclic iodinanes, the orbitals will at least be favourably aligned for such 

an interaction. With the acyclic aryliodinanes, on  the other hand, steric interactions 
between the heteroligands'on iodine and the ortho carbon-hydrogen bonds of the 
benzene ring (cf. la) are apparently large enough to favour a conformation (lb) in 
which the aromatic nucleus is nearly orthogonal to the L-I-L function, at least in the 
solid state. Conjugative overlap between the n-orbitals of the ring and the 5p  orbital 
on the iodine atom is eliminated in such conformations. 
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( la)  (Ib) 

B. Stabllizatlon of Organoalkoxylodlnanes, Organobromolodlnanes and 
Organoalkoxybromlnanes with Cyclic Structures 

Prior to 1979, (dibromoiodo)methane (CH31Br2) and (dibromoiodo)benzene 
(PhIBr2) were the only examples of organobromoiodinanes in the chemical literature. 
The former compound was reported to decompose at  -45°C while the latter was not 
isolated", and an attempt by later investigators to reproduce its synthesis was unsuc- 
c e ~ s f u l ~ ~ .  

Organoiodine(II1) compounds with iodine-bound alkoxy ligands are also rare. The 
production of acetone, benzene, phenyl isopropyl ether, and iodobenzene from 
diphenyliodonium tetrafluoroborate and sodium isopropoxide in isopropanol (equa- 
tion 48) very likely proceeds via isopropoxydiphenyliodine, but the iodinane has not 
been isolated7". Cyclic dialkoxyiodinanes have been implicated as intermediates in the 

- Ph Ph 

i -PrOH I 
Ph-It BF,- + i -Pro-  Na+ - Ph--l 

I 
0- Pr -i 

0 
I /  

Phl + PhH + CH3CCH3 + Ph-0-Pr-i 

(48) 

oxidative cleavage of glycols with (diacetoxyiodo)benzene (equation 49), but they too 
have eluded i ~ o l a t i o n ~ ' * ~ ~ .  Many stable acyclic (diacy1oxyiodo)arenes have been 

OAc 

I o /  'Ph 
+ Ph-I I -= 2 HOAc + Z0'l xoH - 

OH OAc 
2 >C=O + Phl (49) 

reported, but the corresponding acyclic (dia1koxyiodo)arenes (Ar-I(OR)Z) are 
unknown, consistent with the fact that typical alkoxy ligands are much more basic (less 
electronegative) than acyloxy ligands. The alkoxyiodinane structures 44 and 45 have 
been assigned to  the esters of o-iodosobenzoic acid63 and o-iodosophenylphosphoric 
acid65, and [chloro(t-butoxy)iodo]benzene (46) is also known73. [ Methoxy(tosy1- 
oxy)iodo] benzene (47) has been prepared from [ hydroxy( tosyloxy)iodo] benzene and 
trimethyl orthofomate and is a stable crystalline solid as  long as it is kept from moisture, 
in the presence of which it hydrolyses rapidly back to starting material74. All of these 
stable monoalkoxyiodinanes contain two heteroligands of drastically different basicities 
and probably derive their stability from highiy asymmetric [ 3c-4k] bonds. 
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0 

CI 
RO 

(3-p'"' 
OTs 

Martin and his coworkers, exploiting highly electronegative alkoxy ligands in con- 
junction with cyclic structures to full advantage, have recently isolated the first stable 
arylbromoiodinanes, the first dialkoxyiodinanes with an aryl ligand and the first 
arylbrominane. 

Treatment of 2-(2-iodo-4-rnethylphenyl)hexafluoropropan-2-01 first with potas- 
sium hydride and then with bromine gives l-bromo-l,3-dihydro-5-methyl-3,3-bis 
(trifluoromethyl)-l,2-benziodoxol (48), as a bright yellow solid36. The oxidation of the 
alcohol alternatively with trifluoromethyl hypofluorite and with t-butyl hypochlorite or 
chlorine gives the analogous fluoroiodinane 49 and chloroiodinane 50. These com- 
pounds were described as 'stable crystalline solids which may be handled in the 
atomosphere without decomposition' and were even found to be stable above their 

Br-1-0 pg3 

iiiiiiCF3 Q".. 
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melting point@. The bromo- and chloroiodinanes 51 and 52 have also been prepared 
and exhibit lower melting points thzn the perfluoromethyl analogues 48 and 50. The 
bromoiodinane 48 is also more stable toward hydrolysis than the bromoiodinane 5236. 

(3-1-0 

""' 3 ( CH3 1 ,COC I t 0"\.:"3 (11 KOH/H20 

&H3 (2) H B r / P 2 0 5  

(51 1 Br-1-0 

(52) 

The reactions of bromoiodinanes 48 and 52 with the potassium salt of (hexa- 
fluoro)cumyl alcohol eventuate in the stable dialkoxyiodinanes 53 and W6. 

0-K'  
Br 1-0 - 

+ cF2iF3 
I 

R' 

(48) R = CF,. R '  = CH, 

(52) R = CH,, R' = H 

CCI, or CH,CI, 

R'  

(53) 
(54) R = CH,. R ' =  H 

R = CF3, R'  = CH3 

Both of these compounds undergo degenerate ligand exchange with potassium 
(hexafluoro)cumylate in carbon tetrachloride solution, the former more rapidly than 
the latter. An associative mechanism for ligand exchange involving the intermediate 
formation of a trialkoxyaryliodate species was proposed (equation 53) .  The increased 
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reactivity of 53 compared to 54 toward ligand exchange may manifest the greater 
ability of trifluoromethyl groups over methyl groups to stabilize the trialkoxyaryl- 
iodate ion. A similar tetraaryliodatc species had earlier been proposed to rationalize 
the observation of ligand exchange in reactions of iodonium salts with aryllithium 
species75. 

Those molecular features which stabilize organobromoiodinanes and dialkoxy- 
iodinanes have been utilized in the design of the first organobrominane. The reaction 
of diol55 with bromine trifluoride yields the remarkably stable dialkoxyarylbrominane 
5676. This material melts at 153-154"C, is stable indefinitely at room temperature, can 
be sublimed, and is stable to water, dilute hydrochloric acid and dilute sodium hydrox- 
ide. It is also a moderate oxidizing agent. 

(55) (56) 

The ability of the iodinanes 48,50,51 and 52 to function as free radical halogenating 
reagents has been investigated, and they exhibit high selectivity toward benzylic car- 
bon-hydrogen bonds77. 

VI. ORGANOPERHALINANES 

Although iodoxybenzene has been known for nearly a century, organohalogen com- 
pounds with the halogen atom in the + 5 oxidation state, the organoperhalinanes, are 
much less common than the organohalinanes, and only those of the iodine subclass 
have been isolated. The known organoiodine(V) compounds exhibit one of the four 
general structures, I-IV, given below, where L represents a heteroatom ligand and 
where the I-L bonds may be either hypercovalent or ionic depending on the nature of 
the molecule. In some cases, L1 and L2 may be introduced via a bidentate ligand. While 
the general structures are illustrated with aryl groups, some organoperiodinanes are 
known in which the organic ligand is a perfluoroalkyl group. 

Go 

% 
Ar -I 

0 0 L4 

L'/I 
L3 

l I /L ll/L2 l/L2 
Ar -I Ar - I  Ar-1 

L' / 
/ 

Ar 

A. Bonding and Structure 

Hypervalent bonding theory conveniently accommodatcs the organoiodine(V) com- 
pounds according to the principles already discussed in Sections IIIB and IIIF. This is 
illustrated as follows for the general periodinane structures I-IV. 

1. Organoperiodinanes of structural class I 

The expectations of hypervalent bonding theory are roughly corroborated by a 
single crystal X-ray study of p-chloroiodoxyb~nzene~~.  For this compound the 
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Q)El 

Expected bond angles: 

c- I- O( ,) 90" 
c- I- O(2 90" 
0(1)-1-42) 90" 

C-I-O(l), C-1-0(2) and 0 ( 1 ) - 1 - 0 ~ 2 )  bond angles have been determined to be 
94", 95" and 103" respectively. The iodine-oxygen bond distances are 1.60 and 
1.65 A, considerably shorter than the sum of the covalent radii for the iodine and 
oxygen atoms as perhaps owing to strong electrostatic attractions between the charged 
nuclear centres or  to some n-overlap of the p-orbital on oxygen with a 'vacant' 5d 
orbital on iodine, an interaction not accounted for by the bonding model employed 
here. The iodoxy function in p-chloroiodoxybenzene is bisected by the plane of the 
aromatic ring. There are also some rather surprising departures from the expected 
molecular symmetry which probably manifest intermolecular contacts associated with 
crystal packing. In particular, the C-C-I bond angles are 109" and 129", and the 
chlorine atom lies 14" out of the aromatic plane. 

94" 0 

CI 103" 

2. Organoperiodinanes of structural class I1 

I , 
I ,' p- L 

+ d  - Ar-I 
4 

Ar 

Expected bond angles: 

c-I-c 90" c(l)-I-L 90" 
c(q-1-0 90" c(2)- I- L 1 80" 
q 2 ) - 1 - 0  90" 0-I-L 90" 
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Compounds of this structural type are thought to contain an ionic bond between the 
iodine atom and the heteroligand (L- = CF3C02-, IO3-, etc.) and have been dubbed 
'diaryliodosyl salts'. Although no X-ray data are available to verify this, it is not an 
unreasonable assumption. The [ 3c-4eI bond, being constructed from an iodine atom 
and two ligands of significantly different basicity, should exhibit a high electronic 
asymmetry. The carbon-iodine bond should be shortened and the iodine-heteroligand 
bond should be lengthened with a corresponding shift of negative charge density to the 
more electronegative heteroligand relative to similar molecules of class I11 in which 
both ligands of the [3~-4e]-bond are the same. The linear nature of the r3c-k) bond, 
however, should be maintained. 

3. Organoperiodinanes of structural class 111 

I / , 

, 

L' 0' 
Expected bond angles: 

C-I-L' go" L'-1-0 90" 
C-I-L~ 90" L2-1-0 90" 
c-1-0 90" L'-I-L2 180" 

Those molecules of this structural type in which the heteroligands are either identi- 
cal or of comparable basicity, would be expected to contain two elongated I-L 
hypercovalent bonds with bond orders of about 0.5. 

A recent single crystal X-ray study has revealed unequivocally that '0-iodoxybenzoic 
acid' possesses the heterocyclic structure 57 rather than the isomeric acyclic structure 

0 

(57) 
with a free iodoxy function and may, thereforc, be regarded as a class I11 compound 
with L' Z L2.79 The molecule is essentially flat except for 0(3) which lies above the 
molecular plane. The 1 - 0 ( 1 )  and 1-0(2) bond distances are 2.324(3) A and 
1.895(3) 8, respectively, and the C-I-O(l), C-11-0(~) and O(l)-I-O(z) bond 
angles are 75.6(1)", 87.0(2)" and 162.6(1)" consistent with the existence of an elec- 
tronically asymmetric [3c-4e] bond comprised of a central iodine atom and two 
ligands of considerably different basicity. The iodine-oxygen 'double bond' is roughly 
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perpendicular to the molecular plane; the Oc,)-1-O(3), 0(2)-1-0(3) and C-I-O(3) 
angles are 85.5(2)", 98.2(2)" and 101.6(2)O respectively and the I-O(3) bond distance 
is 1.784(3) A. Thus 'o-iodoxybenzoic acid' is a chiral molecule. The asymmetric units 
of the unit cell are dimeric, the two molecules being held together by painvise inter- 
molecular I---0 secondary contacts and each molecule being of the same absolute 
configuration. Thus each crystal of o-iodoxybenzoic acid' is enantiomerically pure. 

4. Organoperiodinanes of structural class IV 

L3 

I oL2 0 I 

I 
I / 

/ 
I ,  

Ar-I 
Ll( I 

L4 
/ 

/ 
I 
I 
I 0' I 

0 L' 
L4 

Expected bond angles 

~ ~ 1 - ~ 1 , 2 . 3 . 4  900 
L I - I - L ~  180" 
~ 3 -  I- ~4 180" 
L 1- 1- L3.4 90" 
~ 2 -  1- ~ 3 . 4  90" 

These molecules are expected to exhibit square pyramidal structures, a consequence 
of one normal covalent bond between the carbon ligand and the iodine atom and two 
orthogonal [ 3c-4eI bonds constructed from iodine and heteroligand pairs. When the 
heteroligands are of comparable basicity, the I-L bonds should be hypercovalent, but 
when they are not or  when a heteroligand is replaced by a carbon ligand, the appropri- 
ate I-L bonds may develop considerably more ionic character. 

6. Dlaryllodosyl Salts 

In the presence of hydroxide ion, iodoxybenzene condenses with itself to give 
diphenyliodosyl hydroxide (58) as an unstable amorphous solidg0. When solutions of 
58, generated in situ, are subjected to the action of trifluoroacetic and acetic acids, 
diphenyliodosyl trifluoroacetate (59) and diphenyliodosyl acetate (60) precipitate, the 
latter compound as its monohydrate*'. The trifluoroacetoxy function in 59 exhibits 
infrared absorption at 1640 cm-'. This is consistent with its formulation as an ionic 
compound since diphenyliodonium trifluoroacetate (Ph21 -02CCF3) shows a corres- 
ponding peak at 1651) cm-' whereas [ bis(trifluoroacetoxy)iodo]benzene 
(PhI(OOCCF3)2), the hypercovalent analogue, exhibits carbonyl absorption at 1700 
and 1740 cm-l. 
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0-  1 1  ,.OOCCH3 
\ \ CH3COOH 

* Ph-IS 

Ph' *H,O 

(60) 
As expected for an onium salt, compound (59) undergoes anion metathesis reactions 

with alkali metal salts. For example, when a solution of 59 in hot water is treated with 
saturated aqueous potassium fluoride, diphenyliodosyl fluoride is precipitated. The 
chloride and bromide salts can be similarly obtained from 59 and aqueous sodium 
chloride or sodium bromide. Iodide ion, on the other hand, reduces the 
diphenyliodosyl cation to the diphenyliodonium ion. 

Di-p-tolyliodosyl salts (X- = CF,COO-, F-, 1 0 3 - )  have been similarly prepared*'. 
Diphenyliodosyl trifluoroacetate reacts with sulphur tetrafluoride in dichloro- 

methane at 0°C to give diphenyl(difluoroiodosy1) trifluoroacetate (61) in 78% yieldg2. 
The I9F NMR spectrum of 61 in dichloromethane exhibits two singlets, one for the 
trifluoromethyl group at + 13.12 pprn (relative to benzotrifluoride) and one for 
iodine-bound fluorines at +22.62 ppm. Under more stringent conditions (CH2C12, 
65"C, 2 h), compound 59 is converted by sulphur tetrafluoride into diphenyl(di- 
fluoroiodosyl) fluoride (62). The IYF NMR spectrum of 62 in nitromethane exhibits a 
singlet at + 89.25 p.p.m. (relative to benzotrifluoride) which may be assigned to the 
fluoride ion and a singlet at +24.5 ppm for the two fluorine atoms attached to iodine, 
consistent with the presence of electronically symmetric and asymmetric [ 3c-4eI 
bonds in this molecule. It is noteworthy that the three fluorine ligands were not in a 
state of rapid dynamic exchange under the conditions of the NMR experiment. 

- 
0 -  I1 , ,OOCCF3 

Ph-1; 
/ 

Ph 
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C. Bis(acy1oxy)lodosylarenes 

(Difluoro)iodosylbenzene, prepared by the action of aqueous hydrofluoric acid on 
iodoxybenzenc, was first reported in 190183. The synthesis of (difluoro)iodosyltri- 
fluoromethane has also been achicvedsl. 

A rather recent development is the addition of the bis(acy1oxy) analogues to this 
class of compounds. Various iodoxyarenes, when treated with trifluoroacetic acid in 
the presence of trifluoroacetic anhydride, are converted quantitatively into the corres- 
ponding bis(trifluoroacetoxy)iodosylarenes84 (equation 57). The iodoxyarenes react 
similarly with acetic acid/acetic anhydride or acetic anhydride alone to give 
bis(acetoxy)iodosylarenes84~85 (equation 58). 

0 
II, OOCCF, CF3COOHI ( CF3CO) 2 0  

A r l o 2  * A r T l  (57) 
CF,COO 

The bis(acy1oxy)iodosyl compounds exhibit moderately high melting points and 
appear to  be reasonably stablc. The IH NMR spectrum of bis(acetoxy)iodosylbenzene 
in acetic anhydride shows the acyloxy ligands to be magnetically equivalent (6H singlet 
at 61.89), consistent with the presence of two equivalent iodine-oxygen hypercovalent 
bonds or  with rapid degenerate ligand exchange (see equation 59). 

0 0 
Solvent 11,00CCH3 (59) 

Ph7.1, 
fl TOOCCH, . 

P h T l f '  
CH3COO CH3C0dL 

D. Tetrafluoro-, Tetraacyloxy- and Fluoroalkoxyperiodinanes 

Iodoxybenzenc and p-iodoxytoluene react with excess sulphur tetrafluoride at mod- 
erately high temperatures to  give quantitative yields of (tetrafiuoroiodo)benzene and 
p-(tetrafluoroiodo)toluerle (equation 60) as white crystalline materials subject to 
hydrolysis and capable of etching glassx6. The I9F NMR spectrum of (tetrafluoro- 
iodo)benzene in dichloroethane is characterized by one singlet resonance at -35.97 
ppm relative to benzotrifluoridc. 

F 

R = H , M e  

Chlorine trifluoride has emerged as a useful reagent for the synthesis of tctrafluoro- 
periodinanes from iodo compounds. Rcaction stoicheiometrics are critical, and 
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chlorine trifluoride must be used in excess or difluoroiodinanes will be obtained 
instead4' (equation 61). 

2 CIF, 

Arl <-1 3 ArlF2 + CI2 
4 CIF3  (61 1 

3 ArlF4 + 2 CI, 

Pentafluoroiodobenzene reacts with excess chlorine trifluoride in perfluorohexane 
at low temperaturcs to give (tetrafluoroiodo)pentafluorobenzenc (equation 62), 

F 

observed to be more stable than (tetrafluoroiodo)bcnzenc and (difluoro- 
iodo)benzcnex7. The treatment of pentafluorobromobcnzene with chlorine trifluoride 
does not eventuate in perbrominane formation but leads instead to products derived 
from chlorine and fluorine addition to the aromatic ring. 

Various perfluoroalkyl iodides are converted by excess chlorine trifluoride into the 
corresponding periodinanes. (Tetrafluoroiodo)trifluorornethane (63) is a white solid 

F 
i / F  

F C-I 

F F  
'I 

(63) 

subject to volatilization at  20°C and sensitive to moisturea8-a9. The IyF NMR spectrum 
of 63 is that of an A3X4 spin system; 6, - 32.4 ppm and 6 ,  - 56.1 ppm (FCC13 
reference), I,, = 18 Hz. The observation of F-C-1-F coupling is consistent with a 
square pyramidal structure for 63 in which the trifluoromethyl ligand is at the axial site 
and in which all four I-F bonds are hypercovalent, instead of an ionic structure in 
which the fluoride ligands are in a state of rapid degenerate exchange. A solution of 63 
in fluorotrichloromethane showed no evidence of decomposition after 12 h at 20"C, 
but its decomposition in the solid state does occur within 4 h at that temperature, the 
products being molecular iodine, trifluoromethyl iodide, iodine pentafluoride and 
tetrafluoromethanc. The following decomposition scheme has been proposedx9. 

CF31F4 - CF4 + IF3 (63) 

(63) 

(Tetrafluoroiodo)trifluoromethane undergoes an interesting metathesis reaction 
with methoxytrimethylsilane or dimethoxydimethylsilane in fluorotrichloromethane at 
20°C giving a series oC methoxyperiodinanes (equation 67) isolated as unstable 
liquidsa9. The number of fluoride ligands replaced depends on the reaction time. For 
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CF3- IF,, t CF3- I(F)4-,(0Me),, n = 0.1, 2. 3 .  4 (67) 

example, after 30 min (methoxytrifluoroiodo)trifluoromethane is obtained, but after 
9 h (tetramethoxyiodo)trifluoromethane is formed. The 19F N M R  spectrum of (di- 
methoxydifluoroiodo)trifluoromethane (64) is that of an A3X2 spin system (lax = 22 
Hz). The coupling constant is thought to be more consistent with the square pyramidal 
structure shown below in which the methoxy ligands are cis rather than the corrcs- 
ponding isomeric structure in which those ligands are tram. 

(Me012Si Me 2 

F 

F \ J  
CF3-I, 

I OC"3 
OCH, 

(64) 

Among the (tctrafluoroiodo)perfluoroalkanes, thermal stability appears to increase 
with the size of the perfluoroalkyl group. Solutions of the perfluorobutyl and per- 
fluoroisopropyl analogues were reported to be stable for weeks, although the solvent 
and temperature were not specified4'. 

Organoperiodinanes with four acyloxy ligands have also been reportedBs. Various 
iodoxyarenes, when treated with trifluoroacetic anhydride in the absencc of trifluoro- 
acetic acid, arc converted quantitatively into the corresponding [ tetrakis(trifluor0- 
acetoxy)iodo]arenes (equation 68). The action of perfluorobutyric acid in combina- 
tion with perfluorobutyric anhydride on iodoxybenzene and its 3-fluoro and 4-nitro 
derivatives likewise affords [ tetrakis(perfluorobutoxy)iodo]arencs. 

R = H. 4-Me, 4-CI. 3-F, 4-F, 3-CF3.  3-NO2,  4-NO2 

The preparation of two stable organoalkoxytrifluoroperiodinanes has recently been 
achieved 10990. The oxidation of 2-iodo-5-methylhexafluorocumyl alcohol with excess 
trifluoromethyl hypofluorite proceeds in Freon-1 13 at  -20°C to give l,l,l-trifluoro- 
3,3-bis(trifluoromethyl)-5-methyl-3H-1,2-benziodoxole (65) in 95% yield. The I9F 

NMR spectrum of 65 exhibits a two fluorine doublet at 13.20 ppm (4 scale, CFC13 
reference) and a one fluorine triplet at 41.57 ppm ( J  = 11 6 ,  Hz), consistent with the 
indicated square pyramidal placement of the ligands about the iodine atom. The 
benziodoxole 65 is stable in contact with water for at least 4 days, but it does hydrolyse 
in aqueous potassium hydroxide to give a white crystalline product thought to be the 
iodoxy alcohol 66 or its cyclic tautomer 67 or a mixture of the two. Various amines, 
when treated first with 65 and then with water are converted into aldehydes. Benzyl 
alcohol and isopropyl alcohol are also oxidized by 65 to the corresponding aldehyde 
and ketone. 

The trifluoromethyl hypofluorite oxidation of 2-iodocumyl alcohol affords the ben- 
ziodoxolc 68 in  87% yield. This compound is much more reactive toward water than 
65, its hydrolysis in the presence of atmospheric moisture being complete within 4 h at 
25°C. 
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VII. ORGANOIODIMANES AND TOPOTACTIC REACTIONS 

The benziodoxoles have recently engendered interest because of their involvement as 
both reactants and products in a variety of ropotacric transformations. Solid state 
reactions of single crystal reactants typically proceed to give product phases which are 
either amorphous or  polycrystalline. Topotactic reactions, on the other hand, are those 
in which single crystals of reactant afford products in ordcrcd single crystal phases with 
preferred lattice orientations relative to the lattice directions of the reactant (i.e. there 
is a reticular correspondence)". The solid state behaviour of bis(aroy1)peroxides of 
general structure 69 has been studied in detail by Gougoutas and his co-workers". 
These compounds undergo several primary and secondary chemical reactions in 
the solid state characterized by specific topotaxis. The primary manifolds include 
peroxide isomerization to (benzoy1oxy)benziodoxoles and peroxide hydrolysis to 
'o-iodosobenzoic acid' and a substituted benzoic acid (equation 71). The initially 
formed (benzoy1oxy)benziodoxoles are subject, in turn, to secondary hydrolysis 
and photochemical reduction. The topotactic manifestations are diverse and not 
necessarily predictable. For example, while the thermal isomerization of the 
2,2'-diiodoperoxidc (70) to the corresponding benziodoxole procccds with a single 
mode of topotactic alignment, the analogous transformation of the 2-chIoro-2'- 
iodoperoxide (69, R = 2-CI) displays four distinct modes of topotactic alignment. 
The crystal morphology is usually retained in these reactions. A detailed knowledge of 
molecular and crystal structures is essential for a clear understanding of topotactic 
reactions, and accordingly, a number of organoiodinane structures have been 
elucidated in the course of these studies. 
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A. Topochemistry of Bis(o 4odobenzoyi)peroxide 

1. Crystal structures of alpha and beta polymorphs of 1- 
(0-iodobenzoy1oxy)- 1,2-benziodoxol-3( 1 H)-one 

The synthesis of l-(o-iodobenzoyloxy)-1,2-benziodoxol-3(1H)-or,e (8) and its 
subsequent recrystallization from organic solvents affords two monoclinic polymorphs 
(designated a and p )  (equation 72). The 8a modification exists as acicular crystals with 

C0,- Ag' 

(11 

I 

12) Recrystallizatlon 

+ 

0 

& I I 
0 k O  

an ill defined melting point owing to its conversion, upon heating, to the p-polymorph. 
With rapid heating (-25°C min-I), $a melts at approximately 180°C. The 8s 
modification crystallizes in prisms exhibiting well defined faces and melting at  190°C. 
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The infrared spectra of 8a and 8s in solution are identical, but in the solid state (KBr), 
they are distinctly different, especially in the carbonyl region. The unit cell parameters 
of both polymorphs are summarized in Table 6. 

modifications of 8 are distinguished both in molecular conformation and 
mode of crystal packing. In 8a, the univalent iodine atom and the carbon-oxygen 
double bond of the exocyclic acyloxy ligand exist in a transoid configuration while, in 
Ss, they are cis to  one another. The a-polymorph crystallizes with two molecules in the 

The a and 

'ti" 0 ...... 

0 
(W 

0 
q-- . . . . . . . . . , .... 

0 

I P 
o b o  

II 
0 

asymmetric unit of the unit cell, the two molecules being mutually coordinated 
through a pair of iodine(II1)-oxygen intermolecular contacts about a pseudo inversion 
centre rendered possible by the trans conformation discussed above. The inter- 
molecular contacts of the p-polymorph involve coordination of the iondine(1) atom of 
one molecule with the iodine(II1) atom of another. Both polymorphs exhibit layered 
crystal structures interlayer contacts being important for the /I-modification (layer 
separation 3.42 a) but not €or the a-modification (layer separation 4.21 A). 

TABLE 6. Unit cell parameters of 8a, 8fl, 70 and o-iodobenzoic acid 

a ,  8, b ,  8, c ,  8, P ,  Z Space group 
~~ ~~ ~ ~~ 

8a 4.21 30.86 22.52 93.3 8 c c  
8fl 8.03 12.58 13.74 91.6 4 P2dc 
70 13.05 4.2 1 15.47 121.1 2 Pc 
o-Iodobenzoic acid 4.32 15.08 11.29 91.5 4 P21IC 

2. Topotaclic isomerization of bis{o-iodobenzoyl) peroxide to 1 - 
(o-iodobenzoyloxy)- 7,2-benziodoxol-3{1 H)-one 

Bis(o-iodobenzoy1)peroxide (70) crystallizes as acicular monoclinic crystals with a 
short lattice repeat of 4.21 A, approximately twice the van der  Waals' radius of 
univalent iodiney3. The approximately flat molecules exhibit a molecular conformation 
in which both iodine(1) atoms are cis to their respective carbon-oxygen double bonds 
and both o-iodobenzoyl groups are locked in a transoid configuration about the 
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central oxygen-oxygen bond. When allowed to stand for several weeks at  room 
temperature or overnight at  1 lO"C, single crystals of 70 are converted topotactically 
(in a single alignment) and with morphological retention to single crystals of 8 
exclusively in its a-modificationgl. This is a remarkable rearrangement since i t  requires 
180" ring jlips of half of the aryl moieties in the starting peroxide; i.e. in  half of the 
o-iodobenzoyloxy groups the iodine (I)/C=O conformation disposition changes from 
cisoid to transoid, but not via a simple bond rotation. Since the short lattice repeat in 
70, a reflection of the layer separation in the crystal, is only 4.21 A, there does not 

0 

A 
Solid state 

* (73) 

(Be4 
appear to be sufficient space for such ring flips, and this is a surprising result. The 
topotaxis is such that the short lattice repeat of 8a (a-axis) is aligned parallel to the 
short lattice repeat of 70 (6-axis), but since their unit cell symmetry axes are not 
aligned, the crystals of 8a are conservatively twinnedy4. 

3. Topotactic conversion of the alpha polymorph of I- 
(0-iodobenzoy1oxy)- ?, 2-benziodoxol-3(1 H)-one to o-iodobenzoic acid 

The 8a pseudomorph (i.e. a daughter crystal with the same morphology as the 
parent crystal), formed topotactically from 70, is subject, in turn, to slower topotactic 
conversion to a monoclinic single crystal phase of o-iodobenzoic acid, the short lattice 
repeat (4.32 A) of which is aligned parallel to the 4 8, repeats of 8a and 709'. It was 
originally thought that o-iodobenzoic acid was formed via atmospheric hydrolysis of 
8a. The expected by-product, l-hydroxy-l,2-benziodoxol-3( 1H)-one (5),  went 

COOH 

. % & I +  & 
(5) OH & < ' *  (74) 

@a) ir0 
hi- 
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undetected and was presumed to be located in amorphous regions of the product 
crystal. This thinking was later revised with the discovery that various benziodoxoles 
are subject to topotactic photochemical reduction to benzoic acids on continuous 
exposure to X-radiation. Even though striking similarities exist between the crystal 
structure of the starting peroxide and the o-iodobenzoic acid thus formed, the direct 
solid state conversion of peroxide to acid has not been observed, and the acid is 
formed after the peroxide phase is no longer evident (equation 74). 

Under non-photochemical conditions, other bcnziodoxoles have been observed to 
undergo topotactic hydrolysis to 5 and the corresponding carboxylic acidg5. 

B. Topochemistry of 2-lod0-2'-chlorobis(benzoyl)proxide 

1. Thermal and photochemical conversion of 2-iodo-2'-chlorobis (benzoyl) peroxide to 
polymorphs of 1 -(o-chlorobenzoy1oxy)- 1,2-benziodoxol-3(1 H)-one 

Unsymmetrical analogues of 70 in which one of the iodine atoms is replaced either 
by chlorine or bromine are isostructural with 70 and undergo similar topotactic 
isomerizations to the corresponding (benzoy1oxy)benziodoxoles. However, their solid 
state behaviour is more complicated. Single monoclinic crystals of 2-iodo-2'-chlorobis- 
(benzoy1)peroxide (71)y3, when allowed to stand for ca 4 weeks at  room temperature, 
are converted topotactically to monoclinic l-(o-chlorobenzoyloxy)-l,2-benziodoxol- 
3( 1H)-one (72), identical to the only polymorph obtainable from solvent recrystal- 
l i z a t i o n ~ ~ * . ~ ~ .  However, while the solid state isomerization of 70 to 8a manifests only 
one topotactic alignment, the isomerization of 71 to 72 proceeds along four distinct 

0 

A 

Solid state 
* (75) 

(72) (monoclinic) 

topotactic manifolds in an approximately 20:2: 1: 1 distribution. In each topotactic 
alignment, the short repeat (7.403 A, a-axis) of the benziodoxole unit cell is aligned 
with the short repeat (4.07 A, b-axis) of the peroxide unit cell, but, since the symmetry 
axes of the reactant and product unit cells are nor aligned, all four topotactic modes of 
alignment are attended by conservative twinning. As with the Sa polymorph obtained 
from 70, the halogen(1) atom in 72 and the oxygen atom of the carbon-oxygen double 
bond of the exocyclic ligand adopt a transoid conformation. Like 8a, 72 crystallizes in 
dimeric units characterized by two iodine(II1)-oxygen intermolecular contacts. Once 
again, i t  is cvident that a 180" ring flip is required for this isomerization despite the 
closely packed (4 A) peroxide layers. Examination of the unit cell parameters given in 
Table 7 reveals that benziodoxole 72 is not,  however, isostructural with benziodoxole 
8a. 

The solid state topotactic isomerization of monoclinic peroxide 71 likewise proceeds 
under the influence of continuous X-radiation or ultraviolet light and eventuates in a 
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TABLE 7. Unit cell parameters for 71, 72. 72' and the solid solution of 2-iodo- and 
2-chlorobenzoic acids 

a ,  A b, 8, c,  8, a, deg j?, deg y ,  deg Z Spacegroup 

71 13.02 4.07 15.39 90 120.9 90 2 Pc 
72 7.403 13.88 13.12 90 102.1 90 4 P21/a 

114 84 2 Pi 72' 13.86 4.00 13.89 100 
Solid solution of 
benzoic acids 14.99 4.06 26.41 90 119 90 8 C2/c 

novel single crystal phase in a single topotactic alignment and unique to 
photoactivationg2. The photochemical product, 72', exhibits the same transoid con- 
formation as  the thermal product, and like 72 crystallizes in dimeric units characterized 
by two iodine(II1)-oxygen intermolecular contacts. However, 72' is a triclinic 
polymorph of 72 with a short lattice repeat very nearly the same as and aligned with 
that of the starting peroxide. 

2. Topotactic photoreduction of the triclinic polymorph of 1 - 
(0- chlorob enzo yloxy) - 1,2- benzio doxol- 3 (1 H) - one 

When the triclinic polymorph 72' is subjected to prolonged X-radiation, it is 
ultimately transformed topotactically to a new monoclinic single crystalline phase 
identified as a solid solution of o-iodobenzoic acid and o-chlorobenzoic acid, the 
crystal structure of which is the same as that observed for pure o-chlorobenzoic acid 
and unlike that of the conventional crystal structure of o-iodobenzoic acidy2. Typical 
total irradiation times are 50 h for the complete conversion of peroxide 71 to 
benziodoxole 72' and 480 h for the complete formation of benzoic acids. The topotaxis 
of the photoreduction is such that the short repeat (4.06 A, b-axis) of the benzoic 
acids single crystal phase is aligned with the short repeats of both 71 and 72'. 

3. Topotactic hydrolysis of 2-iodo-2-chlorobis(benzoyl) peroxide 

The direct topotactic hydrolysis of peroxide 71 to o-chlorobenzoic acid and 'o- 
iodosobenzoic acid' is promoted when single crystals are exposed to a humid atmos- 
phereg2. However, the thermal isomerization of 71 to the benziodoxole 72 competes 
effectively, and, even after 16 days, the peroxide phase is still present. Analysis of 
partially hydrolysed crystals of 71 reveals retz single crystalline phases present simul- 
taneously: starting peroxide, benziodoxole 72 (four modes of topotactic alignment), 
1 -hydroxy-l,2-benziodoxol)-3( 1 H)-one (four modes of topotactic alignment) and 
o-chlorobenzoic acid (one mode of topotactic alignment). The four reticular align- 
ments of 1 -hydroxy-l,2-benziodoxol-3(1 H)-one are generated in a 15:7:5: 1 distribu- 
tion and exhibit the short lattice repeat (-4 A) either parallel or antiparallel to that of 
the starting peroxide. 

C. Generalizations on the Topochernistry of Bis(aroy1)peroxides 

The bis(aroy1)peroxides (69) may, on the basis of their solid state topochemical 
behaviour, be divided in to  two groups: group 1 (R = o-iodo, o-bromo, o-chloro), 
group 2 (R = 0-fluoro, hydrogen, nt-~hloro) '~.  The group 1 peroxides, already discus- 
sed, undergo moderately facile thermal topotactic isomerizations to the corresponding 
benziodoxoles and relatively slow topotactic hydrolyses. The group 2 peroxides, on the 
other hand, undergo facile topotactic hydrolyses and slow topotactic isomerizations. 
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For example, single monoclinic crystals of 2-iodo-3'-chlorobis(benzoyl)peroxide (73), 
upon exposure to atmosphere moisture at 22°C afford single crystalline phases of 
1 -hydroxy-l,2-benziodoxol-3( lH)-one and rn-chlorobenzoic acid each with its own 
mode of topotactic alignmenty*. The topotactic isomerization of 73 to the correspond- 
ing benziodoxole proceeds only at  a higher temperature and has been studied at c .  
SS"C98. 

0 

D. Topochemistry of Alkoxybenziodoxoles 

The solid state hydrolysis and photoreduction of two crystalline polymorphs of 
l-methoxy-l,2-benziodoxol-3( 1 H)-one (74) have been studied by Etter99.*00. The 
photoreduction of the a-polymorph affords four oriented crystalline phases of 
o-iodobenzoic acid, each of which exhibits conservative twinning, while the photo- 
reduction of the /3-polymorph eventuates in a powdered phase of o-iodobenzoic acid. 
Hydrolyis of both polymorphs affords mu1 tiple product phases of 'o-iodosobenzoic 
acid' in various topotactic alignments relative to the parent lattices. The behaviour of 
74a and 748 on hydrolysis is, however, distinct and, in the case of 748, the distribution 
of oriented product phases depends significantly o n  the rate at which hydrolysis is 
allowed to occur. 

0 

OCH, 
(74) 

OCH, 
(75) 

Thc topotactic photoreduction of the naphthalene analogue 75 has likewise been 
observed'"'. 
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VIII. HALONIUM YLIDES 

77 I 

A. Occurrence and Synthesis 

1. Halonium ylides in carbene reactions 

The formation of halonium ylides by direct electrophilic attack of singlei carbenes 
on the lone-pair electrons of organic halides scans  reasonable. Thc facility for such a 
process must certainly depend upon the affinity of the particular carbene for the 

particular halide and upon the stability of the halonium ylide in question. One might 
expect, for example, that those carbenes which arc hard electrophiles (R', R2 highly 
electronegative, high energy LUMO) might be more reactive toward chlorine lone 
pairs than toward iodine lone pairs and those carbenes which are soft electrophiles to  
exhibit the reverse selectivity. Carbenes, such as bis(carbomethoxy)carbene, with two 
substituents capable of stabilizing negative charge at  a-carbon should give ylides of 
higher thermodynamic stability than carbenes, such as methylene, lacking such sub- 
stituents. For a given substituent pair, the order of stability among halonium ylides 
should be iodonium > bromonium > chloronium for at least two reasons: (1) this 
trend parallels the ability of halogen atoms to accommodate positive charge and (2 )  
multiple bonding betwecn carbon and halogen, if i t  occurs, should parallel the ability 
of the halogen atom to 'expand' its valence octet. Finally, with the well known 
halonium salts taken as models, those halonium ylides with R = aryl should be more 
stable than those with R = alkyl. 

In 1954, it was reported that the thermal decomposition of ethyl diazoacetate in 
benzal chloride gives ethyl a-chlorocinnamate in 24% yieldi0'. In a footnote, the 
authors credited a referee with the suggestion that the reaction might proceed through 
the chloronium ylide 76 formed by electrophilic attack of carboethoxycarbene at a 

6 N2C";OzE' ~ (o>- CH-C!:+ I 

CHC12 
:cHC02Et -- I 

CI 

(76) 
( o t . . = C  (CI)CO,Et + HCI (78) 

chlorine lone pair. Although the specific term 'ylide' was not applied, this is probably 
the first proposal for the existence of halonium ylides in the chemical literature. 

In 1968, the photolysis of 3,5-di-fert-butylbenzene-l ,Cdiazooxide (77) in bromi- 
nated and iodinated solvents to give significant yields of 3,3',5,5'-tctra-tert-butyl- 
diphenoquinone (78) was d e s ~ r i b e d ~ ~ ~ ~ " ' ~ .  For example, while the irradiation of 77 in 
benzene gives an 89% yield of 2.6-di-tert-butyl-4-phenylphenol (79), a product of 
solvent incorporation, and less than 1% of 78, similar irradiation of 77 in iodobenzene 
gives a 55% yield (by isolation) of 78. The formation of 78 was proposed to proceed via 
intermediate halonium ylides of general structure 80, analogy for the conversion of 80 
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R - X +  

(80) 

to 78 being drawn from the litcrature. 2-Nitrofluorcnylidenedimethylsulphurane (81) 
was known, for cxample. to give a similar 'dimcr', 82, upon its thermolysis in nit- 
romethancl"s. I t  was subsequently reasoned that the photolysis of 77 in the presencc of 
2,6-diisopropyl-4-bromophenol should generate the bromonium ylide 83, which by 
proton transfer might bc in equilibrium with its tautomer, 83'. Should such a proton 
transfer proceed more rapidly than 'decomposition', a mixture of threc dipheno- 
quinones would be expectcd. When the cxperiment was conducted, in hexafluoro- 
benzene as solvent, this was indeed the case. In addition, the ylide hydrobromide, 84, 
was isolated in 15% yield, although the sourcc of hydrogen bromide was not estab- 
lishcd (equation 79). When 84 was treated with triethylamine in CH2CI2, all three 
diphenoquinones were obtained, consistent with the ylidc hypothesis. 

T h c  intervention of intermediatc halonium ylides in carbon-halogen insertion reac- 
tions of singlet carbenes with organic halides has been r e c ~ g n i z e d * " ~ ~ ' " ~ - ~ " ~ .  In particu- 
lar, thc action of bis(carbomethoxy)carbene and carboethoxycarbenc on ally1 bromide 
and several allylic chloridcs has becn studied in detai1108.1"'. Whcn the carbenes arc 
gencrated by direct photolysis from the corresponding diazo compounds, car- 
bon-halogen insertion is favourcd over n-bond addition, but, when the carbcnes are 
generatcd under conditions of photosensitization. C-X insertion does not compete 
favourably with n-bond addition. With crotyl chloride as the substratc, the C-X bond 
insertion of singlet bis(carbomethoxy)carbcne procceds with 100% allylic inversion 
while the C-X bond insertion of singlet carboethoxycarbenc proceeds with rctention 
and inversion and in lower overall yield1ox. Furthermore, singlet :C(C02CH3)2 attacks 
C-Br bonds twice as fast as i t  attacks C-C1 bonds. These insertion rcactions have 
been interpreted as Stevens rearrangements and [2,3] sigmatropic transpositions from 
intermcdiate halonium ylidcs. This is illustrated in cquation (80) for carboethoxycar- 
bene and crotyl chloride. Thc observation that such carbenes, when gcnerated in the 
presencc of allylic sulphides, gave stable sulphonium ylides which undergo similar 
rcarrangemcnts upon heating provides analogy for this mechanism. The  fact that 
carbon-halogen insertion reactions of methylene and othcr  carbcncs have been shown 
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to involve free radical intermediates does not preclude the possible intervention of 
halonium ylides along the reaction coordinate. The formation of radical pairs from 
halonium ylides is a feasible process. 
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We are aware of only one reaction in which stable halonium ylides are obtained via 
the carbene pathway. The thermal decomposition of dicyanodiazoimidazole in 
iodobenzene, bromobenzene, chlorobenzene, p-chlorotoluene and m-fluoroiodo- 
benzene leads to the isolation of the corresponding halonium ylides 85-89l ' O J ' ~ .  

__f A N;%cN (82) Qp 
R 

(85) X = l .  R = H  

(86) X = Br. R = H 

(87) X = CI. R = H 

(88) x = CI. R = p - M e  

(89) X = I .  R = m - F  

2. lodonium ylides from p-dicarbonyl compounds 

The first stable halonium ylide was reported by Neiland and his coworkers in 
1957112. In an attempt to prepare 2-fluorodimedone, they treated dimedone (90) with 
(difluoroiodo)benzene in chloroform. Ilowever, when the solvent was evaporated and 
the residual material treated with base, phenyldimedonyliodone (91) was obtained 
instead. The condensation of dimedone with iodosobenzene in chloroform, benzene o r  
acetone likewise afforded phenyldimedonyliodone. The iodoniurn ylide was described 
as a 'white felt-like substance' which forms a monohydrate with water and iodonium 
salts with hydrogen chloride and nitric acid. The thermal decomposition of phenyl(2- 
dimedony1)iodonium chloride and the thermolysis of 91 in aqueous hydrochloric acid 
give 2-chlorodimedone (equation 83). 

\ Ph-i+ 

0 Q0" 
CI (83) 
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A general synthesis of iodonium ylides by the condensation of P-dicarbonyl corn- 
pounds with (diacetoxyiodo)arenes in alcoholic base (OH- o r  OR-) was subsequently 
developed"3."4. In those preparations utilizing iodosoarenes instead of (diacetox- 
yiodo)arenes, the addition of base to the reaction mcdium is unnecessary. The conden- 
sation is illustrated in equation (84). 

0 0 9 0 
HO- or RO-IROH li - il 

R1-C-CH2-C--R2 II I I  + Ar1(00CCH3), - R1--C+ .9 C--R2 + 
C 
I 

Ar--I+ 

[ 2CH3COOH] (84) 

For example, the condensations of 1 ,3- indanedi0ne~~~. l '~ ,  dibenzoylmethane'13.116, 
5-phenyl-1,3-~yclohexanedione"~, benzoylacetone"3*l'6, ethyl a c e t ~ a c e t a t e " ~ , ' ~ ~ ,  
dimethyl and diethyl rnalonate"3."9, isopropylidene rnalonate120, barbituric acid and 
N,N-dimethylbarbituric acid"' with (diacetoxyiod0)benzene give the corresponding 
iodonium ylides 92-99. 

Ph 

..: 
Ph 

Ph -I+ Ph - I +  Ph-I+ 0 

Analogous iodonium ylides with nitro122, methy1'23.124 and rnethoxy at 
various positions in the aromatic ring have likewise been prepared from appropriate 
(diacetoxyiod0)arenes and iodosoarenes. 

3. lodonium ylides from phenols 

Phenol and resorcinol undergo oxidative decomposition in the prcsence of 
(diacetoxyiodo)benzene'13. However, electron-withdrawing substituents on  the 
phenol nucleus encourage the formation of iodonium ylides. Thus, the condensations 
of p-nitrophenol and p-carboethoxyphcnol with (diacetoxyiodo)benzene in acetic acid 
and of 2-chloro-4-nitrophenol with o-(diacetoxyiodo)chlorobenzene in acetic acid 
afford the iodonium ylides 100, 101 and 102 r e s p e ~ t i v e l y , ' ~ ~ - ~ * ~ .  Similar condensations 
of (diacetoxyiodo)benzenc with p-hydroxybenzaldehyde and p-hydroxyacetophenone 
did not cventuate in the isolation of the corresponding iodonium ylides, but they were 
detected in the crude products by IH NMR analysis'26. The iodonium ylides 



100-102 appear to be moderately stable solids, and they can be handled at room 
temperature although they can be isomenzed to diary1 ethers. 

4. lodonium ylides from cyclopentadienes 

In view of the relatively low pK, of cyclopentadiene, its treatment with (diacetox- 
yiodo)benzene in the presence of base might reasonably be expected to afford 
phenyliodonium cyclopentadienylide. However, only 'dark products', presumably 
derived from oxidative decomposition of cyclopentadiene, are obtained113. When the 
cyclopentadiene nucleus is substituted with electron-withdrawing groups, ylide forma- 
tion proceeds, and at least 23 such ylides are now known128-130. For example, conden- 
sations of the potassium salts of 2,3,4-tricyanocyclopentadiene, 2,3,5-tricyanocyclo- 
pentadiene and 2,5-dicarboethoxy-3,4-dicyanocyclopentadiene in acetic acid at 20°C 
and 2,3,5-triformylcyclopentadiene in methanol at - 5°C with (diacetoxyiodo)ben- 
zene afford the iodonium cyclopentadienylides 103-106128~'29. 

N C  CN C N  

N C  q N C  4 C N  

CHO 

OH C qLH0 
Ph-i+ 

NC CN 

NC 

NckgcN 
Similar condensations, some of which were conducted in acetonitrile at O"C, of 

cyclopentadienides with substituted (e.g. methyl, nitro, methoxy) (diacetoxy- 
iodo)arenes give the corresponding aryliodonium ylides. The tetracyano analogue 107 
has been prepared from tetraethylammonium tetracyanocyclopentadienide and 
(diacetoxyiodo)benzene in acetic acid containing sulphuric acid. Condensations of 
I-diacetoxyiodo-2-chloroethylene with the appropriate potassium cyclopentadienides 
in acetonitrile have been reported to give the chlorovinyliodonium ylides 108-11012y. 
These compounds are unique since they are the only known stable iodonium ylides 
with an aliphatic ligand attached to iodine. 
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NC 

NC 4 C N  ~ t o o ~ ~ C O C E t  

CICH=CH-I+ CICH=CH-I+ 

$CN 

CICH=CH- I+ 

(1 w (1 09) (1 10) 

5. lodonium ylides from monocarbonyl compounds 

It seems clear that the succcssfui preparation of stablc iodonium ylidcs by car- 
bon-iodine condensation reactions is rendered more probable when the 'carbanion' 
portion of such moleculcs is highly delocalized. Indeed, no halonium ylides derived 
from unactivated rnonocarbonyl compounds have yet  been isolatcd. The reactions of 
various monoketones (e.g. acetone, acetophenone, cyclohexanone) in acetic acid-sul- 
phuric acid with (diacetoxyiodo)benzene give a - a c e t o x y k e t ~ n e s ' ~ ~ - ~ ~ ~  (equation 85). 
[ Hydroxy(tosyloxy)iodo]benzene reacts likewise with monokctones (e.g. acetone, cyc- 
lopropyl methyl kctone, acetophenone, 2-thicnyl methyl ketone) in acetonitrile to give 
a-tosyloxyketones in good yieldI3' (cquation 86). These a-functionalization reactions 

O H  O H  
I i  I 

I I 
t R-C-C-I'Ph -0Ac - I I  I HOAc/H2S0, R-C-C-ti + Phl(OAc12 

H H 
O H  
I i  I 

R-C-q-OAc + Phl (85) 

H 

O H  O H  
I I  I II I 

I I 
R-C-C-H + Phl(0H)OTs CH3CN R-C-C-lI+-Ph -0TS - 

H H 
O H  
I i  I 

I 
R-C-C-OTs + Phl (86) 

H 

may procccd through intermediate phcnyl(a-keto)iodonium acetates and tosylates, 
and should it prove possible to isolate such species, thcir successful deprotonation 
should afford monokctoiodonium ylidcs. Thc condensation of dimedone with [ hyd- 
roxy(tosyloxy)iodo]benzcne in acetonitrile at room tempcrature givcs phenyl- 
dimedonyliodoniurn tosylate, which, upon thermolysis, affords 2-tosyloxydimcdone 
(equation 87), thus providing evidencc that such intermediates might intcrvene in the 

OH 

' ' 0  OTs U 

Ph-? -0Ts 
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monoketone reactions. Furthermore, the iodonium tosylate yields phenyldimedonyl- 
iodone when treated with A similar observation of the a-hydroxylation of 
isophorone, cyclohexanone and acetophenone with iodosobenzene has recently been 
reported, but no iodonium ylides were obtained’36. 

Several ketoiodonium ylides, 111-114, have been prepared by the action of (di- 
acetoxyiodo)benzene and p-(diacetoxyiodo)nitrobenzene on a-nitroacetophenone 
and methyl a-nitroacetate in ether at  20’C, and they decompose rapidly on stor- 
age137.13R. What stability they do enjoy must certainly be due, in part, to the nitro 
group bound to the carbanion centre. The  aryldinitromethylides 115 and 116 have also 

R’ (111) R’ = COPh. R2 = H 

(112) R’ = COOMe. R2 = H 

(113) R’ = COPh. R2 = NO2 

(114) R1 = COOMe. R2 = NO2 

(115) R’ = NO2. R2 = H 
(116) R’ = N02 .  R2 = NO2 

been synthesized and are comparable in stability to ylides 111-114137*138. The conden- 
sation of benzoylacetonitrile with (diacetoxyiodo)benzene in methanolic potassium 
hydroxide gives the a-cyanoketoiodonium ylide 117139.140. However, it was described 
as not being sufficiently stable to give a reliable carbon/hydrogen analysis. 

The action of (diacetoxyiodo)benzene on various a-cyanoesters in methanol at  20°C 
and in methanolic potassium hydroxide at 0°C has also been inve~t igatedl~l .  Various 
products are obtained, but iodonium ylides are not among them. For example, methyl 
2-cyano-2-phenylacetate is converted to the diester 118 and the ether 119 while methyl 
2,3-dicyano-3.3-diphenylpropanoate gives the ketenimine 120 in 85% yicld. 

CN C02Me CN 0 
I I  I 

I 
C02Me 

Ph - C-- OMe 
I I 

I I 
C02Me CN I 

(1 17) (1 18) (1 19) 

C-Ph Ph-C- 
RC,;;,C-Ph 

C 

Ph-I+ 

C02Me 

I C02Me 
CN 

I / C(CNIPh2 
Ph2C(CN)C-N=C=C, 

6. lodonium ylides from heterocyclic compounds 

The isolation of iodonium ylides with the dicyanoimidazole. isopropylidene malo- 
nate and barbituric acid ring systems has alrcady been discussed. A variety of 
iodonium ylides with other heterocyclic ‘carbanions’ is also known. Some of these 
ylides, structures 121-126, are shown be lo^'^^*'^^. 
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0 

X Q 
0' + '0 

Ph-i+ 

(125) X = 0 
(126) X = NH 

7. Iodine-nitrogen ylides 

Very few iodor?ium ylides are known in which the negatively charged centre is some- 
thing other than a 'carbanion', and they are confined to ylides derived from sulphon- 
amides. The reaction of methanesulphonarnide with (diacetoxyiod0)benzene in 
pyridine-ether gives the mesyliminoiodinane 127144. Similar condensations of p -  
toluenesulphonamide with (diacetoxyiodo)benzene, p-(diacetoxyiodo)chlorobenzene 
and p-(diacetoxyiodo)toluene in methanolic potassium hydroxide eventuate in the 
irninoiodinanes 128-130145. 

R 

(128) R = H 
(129) R = CI 
(130) R = Me 

0 
JI 

0 0-CCF, 

- [R-N=C=O] + 2 CF3COOH + Phl 
I /  I 

I 
R-C-NNH, + Ph-I 

1 H2O O-CCF3 
I1 
0 

H O  

RNH2 + C 0 2  (R-N-C-OH] - I Ii  
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Iodonium ylides have not been prepared from carboxamides or amines. Reactions 
of carboxamides with (diacy1oxyiodo)arenes proceed by formal amide decarbonyla- 
tion to the corresponding amines. Indeed, bis(trifluoroacetoxyiodo)benzene in aque- 
ous acetonitrile is an excellent reagent for such conversions. These reactions are 
thought to involve the oxidative rearrangement of carboxamides to isocyanates, hyd- 
rolysis of the isocyanates to carbamic acids and decarboxylation of the carbamic 
acids146 (equation 88). 

8. Halonium ylides from alkanes 

No examples of iodonium ylides with simple alkyl carbanion centres or with 
alkyliodonium functions have been isolated. However, dimethylbromonium and 
dimethyliodonium hexafluoroantimonates have been observed to undergo hydrogen- 
deuterium exchange in D2S04 at 30°C. This exchange is thought to proceed via the 
intermediacy of methylbromonium methylide (131) -and methyliodonium methylide 
(132)'47. 

+ ; ;  
CH3--Br-CH2 

(1 31 1 (1 32) 
9. lodonium ylides from alkenes 

Although, no aryliodoniumethenylides (Ar-i-C=C<) have yet been prepared, a 

reaction has been reported which may involve the intermediate formation of such an 
ylide. An attempt to metathesize (/I-phenylethyny1)phenyliodonium chloride to the 
corresponding tetrafluoroborate salt by its treatment with aqueous fluoroboric acid 
led instead to (2-chloro-2-pheny1ethenyl)phenyliodonium t e t r a f luo r~bora t e '~~  (equa- 
tion 89). It seems plausible that this reaction proceeds by Michael addition of chloride 

I 

+ Ph, .. - + HBF, Ph, ,I-Ph 
Ph-C=C-l-Ph CI- - ,C=C- I - Ph - ,c=c, BFi 

(1 3 3  (89) 
CI CI H 

ion to the alkynyl salt to give the vinyliodonium ylide 133, which is then protonated by 
fluoroboric acid. A collection of the halonium ylides that have been reported so far 
appears in Table 8. 

TABLE 8. Halonium ylides reported in the chemical literaturea 

Ar-It 

R' Reference Ar 

112 
122 

Me Me 2,4,6-Me&HZ, 4-MeCsH4 124 
Me Me 4-MeOC6H4, 3-CI-4-MeOC6H3 125 
H H C6H.5 124 
H C6H5 117 
H a-fury1 ChH5 149 

Me Me C6H5 
Me Me 2-NOlCrjH4, ~ - N O Z C ~ H ~ , ~ - N O ~ C ~ H ~  
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TABLE 8 (Continued) 

Ar-i+ 

781 

R' R2 Ar Reference 

C6H5 
C6H5 
C6H5 
C6H5 
C6H5 
Me0 
Me0 
Me0 
EtO 
EtO 
EtO 
EtO 
Me0 
Me 
CF3 
C6H5 

C6H5 
C6H5 
Me 
Me 

M e 0  
Me0 
M e 0  
EtO 
EtO 
Me 
Me 
Me 
Me 
a-thienyl 
CN 

CF3 

113, 116 
125 
125 
113, 116 
150 
119 
122 
125 
113, 119 
125 
113, 118 
125 
118 
150 
150 
140 

I 
Ar-It 

R' R2 Ar Reference 

o+o 

Ar-1' 

X R' R2 Ar Reference 
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TABLE 8. (Continued) 

Gerald F. Koser 

0- 

R' R2 Ar Reference 

H NO2 C6H5 126 
H COzEt C6H5 126 
c1 NO2 2-ClC6H4 127 

X Ar Reference 

R 

~ 

Ar Reference 

R 4  

Ar -I+ 
~ ~~~ 

R' R2 R3 R4 Ar Reference 



18. Hypervalent halogen compounds 

TABLE 8. (Continued) 

R 4  $RI 

CI CH=CH - I ' 

783 

R' R2 R3 R4 Reference 

H CN CN CN 129 
CN H CN CN 129 
C02Et CN CN C02Et 129 

R' R' 

R 4  R 4  

R' R2 R3 R4 Reference 

H CN CN CN 130 
C02Et CN CN CO2Et 130 

Nc&cN 

Y 
Ar - X+ 

X Reference Ar 

I ,  Br, CI 110,111 
110,111 4-MeC6H4 CI 

3-FC6H4 I 110,111 

C6H5 

Ph-It 

R Reference 

H 142, 151 
Me, Ph 151 
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TABLE 8. (Continued) 

Structure Reference 

0 

+ + + 
NC Ph-I 

N C  NC 

C I 04- I 
'I-Ph 

I 
CN 

130 

C I 04- 

113, 142 

142 

uChem. Absrr., 85, 20763j (1 976)123 lists various aryliodonium ylides wherein A r  = 0-tolyl, 
p-tolyl, 2.4-xylyl and 3,4-xylyl. However, it is not clear in the abstract which ylides were actually 
prepared, and the original document was not obtained by this author. 

B. Thermal Reactions 

1. Stability 

Among those halonium ylides which have been isolated, there are considcrable 
variations in thermal stability. Thus, while some can be kept for days at  room tempera- 
ture without significant decomposition, others decompose within minutes or hours at 
room temperature. Unfortunately, for most iodonium ylides, the products of thermal 
decomposition other than iodoarenes have not been characterized. 

While the pK, values of the carbon acids corresponding to the carbanion moiety of 
iodonium ylides may be used in a qualitative way to predict the likelihood of ylide 
occurrcnce, caution must be exercised in relating such pK, values to relative ylide 
stabilities. For example, the pK, values of acetylacetone and ethyl acetoacetate are 9.0 
and 10.7 respectivelyI5*, and it might be expectcd that phenyliodonium diacetyl- 
methylide (134) should enjoy greater stability than phenyliodonium(car- 
boethoxy)acetylmethylide (95). In fact, the reverse is true. Similarly, the pK, of dinit- 
romethanc (3 .6)  is lower than that of dimedone (5 .6) ,  yet phenyliodonium dinit- 
romethylidc (1 13) is far less stable than phenyldimedonyliodone (91). Obviously. ylide 
stabilities will depend on the activation energies for particular modes of decomposition 
and those modes arc diverse. Among the iodonium ylides derived from /3-dicarbonyl 
compounds, the cyclic ones are generally more stable than their acyclic analogues. 

It is difficult to generalize the effect of substituents o n  iodonium ylide lifetimes since 
the same substitucnt variation may operate in opposite directions in different ylide 
subclasses. For example, p-nitrophenyliodonium dinitromethylide (116) is more 
stable to thermal decomposition than phenyliodonium dinitromethylide (1 13), but the 
reverse is true for phenyldimedonyliodone and its p-nitro analogue. 
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2. Rearrangement 

Iodonium ylides derived from cyclohexanediones are subject to an intramolecular 
rearrangement in which the aryl group bound to iodine migrates to an oxygen atom in 
a formal [ 1,4] sigmatropic transposition. Phenyldimedonyliodone (91) isomerizes to 
phenyl24ododimedonyl ether in various  solvent^^^^.'^^. In refluxing toluene, the ether 
is formed in 47% yield and is accompanied with the formation of iodobenzene (40%). 
Rearrangement to the corresponding ethers likewise occurs with o-nitrophenyl- 
dimedonylidone (95% yield in hot DMF) and p-nitrophenyldimedonyliodone (64% 
yield in hot 1,2-dichloroethane) and to  a lesser extent with the rn-nitro analogue122. 
Similar isomerizations have been observed withp-tolyl- and rnesityldimedonyliodones, 
but no information on yields has been published124. O n  the other hand thep-methoxy 
derivative is not converted to the corresponding ether, even in boiling DMFlZ5. these 
observations are qualitatively consistent with an SNAr mechanism for rearrangement 
(equation 90). 

R 

++) .._.' 

0 
0 "..Q I 

k 

R 

Other iodonium ylides which undergo this rearrangement include the phenylcyclo- 
hexanedionate ylide 94' l 7 - I s 5 ,  the phenoxyiodonium ylides 100-102 (equation 9 1) and 
the heterocyclic malonyl ylides 125, 126, 135-138 (equation 92), the last-mentioned 
group with particular e f f i ~ i e n c y ~ ~ ~ * ' * ~ * ' ~ ~ .  It is interesting that 138 isomerizes to the 
corresponding ether in 92% yield despite the presence of a p-methoxy substituent on 
the aromatic nucleus in contrast to the inertness of p-methoxyphenyl- 
dimedonyliodone. 
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R' R' R3 

A - 
I 

(102) R' = R3 = CI. R2 = NO;! 

A 
Solvent 

(125) X = 0, R = H  
(126) X = NH, R = H 

(135) X = NPh. R = H 

(136) X = NMe. R = H 

(137) X = NH. R = Me 

(138) X = NH. R = OMe 

Not all cyclic dicarbonyl ylides are subject to this aryl migration reaction. It has been 
specifically noted, for example, that the o-nitrophenyl malonate ylide 139 does not 
isomerize in boiling ethanol over a 12 h period, although the dimedone analogue is 
rearranged within a few minutes12". Such a rearrangement has likewise not been 
observed with the barbiturate ylide 98I2I. 

oxo 
:+o 

ow0 0 

I+ I+  

b"". 
Formal 1,3 migration of the phenyl group from the halonium centre to nitrogen has 

been observed with the dicyanoimidazole halonium ylides 85-89110*11' (equation 93). 
It is noteworthy that while the thermal decomposition of dicyanodiazoimidazole in 
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1,2-dichloroethanc does not afford a stable chloronium ylide, the imidazole 140 is 
formed in 81% yield, probably by intramolecular nucleophilic collapse of an inter- 
mediate chloronium ylide (i.e. by formal migration of a /?-chloroethyl group). 

N N-CH2CH2CI v A 

I 
N2+ 

3. Cleavage 

Except for the observation that iodoarene formation often attends iodonium ylide 
decompositions, detailed product studies have thus far been confined to only a few 
iodonium ylides. 

Phenyldimedonyliodone (91) has been studied in the most detail, and its thermal 
rearrangement to phenyl 24ododimedonyl ether and fragmentation to iodobenzene 
has already been discussed. Metal catalysts strongly influence thc thermal reactions of 
91. For example, when 91 is heated in pyridine, phenyl 2-iododimedonyl ether and 
iodobenzene are formed just as they are in toluene, although the ratio of ether to 
iodobenzene is much greater. However, when the ylide is heated in aqueous methanol 
in the presence of pyridine and silver nitrate, the major product is the silver salt of 
2-iododimedone, and not much iodobenzene is formed 153.154. The presence of pyridine 
is important in this reaction, although its mode of action in facilitating the rupture of 
the phenyl-iodine bond has yet to be elucidated. In refluxing ethanol, 91 undergoes 
intramolecular isomerization, replacement of iodobenzene by the solvent, and reduc- 
tive cleavage at the dimedonate-iodine bond, as evidenced by the formation of phenyl 
2-iododimedonyl ether, ethyl dimcdonyl ether and dimedone in addition to iodoben- 
~ e n e ' ~ ~  (equation 95). The presence of Cu(1) speeds up and alters the decomposition 
of 91 in ethanol. In the presence of (10 mol o/o cuprous chloride, 91 reacts at room 
temperature to give 2-iododimedone, a small quantity of phenyl 2-iododimedonyl 
ether, phenetole, ethyl 4,4-dimethyl-2-oxocyclopentanecarboxylate and iodoben- 
zenelZ4 (equation 96). 

The formation of dimedone in the uncatalysed reaction and the /?-ketoester in the 
catalysed reaction is thought to be consistent with a carbcnic mode of ylide fragmenta- 
tion. Loss of iodobenzene from the ylide would presumably afford 4,4- 
dimethylcyclohexane-2,6-dionylidene initially in its singlet state (equation 97). Rapid 
intersystem crossing (ISC) in the incipient carbene facilitated by the proximal heavy 
iodine atom of iodobenzene would eventuate in dimedone. Stabilization of the singlet 
carbene by coordination with copper in thc catalysed reaction has been suggested. The 
p-ketoester then arises via Wolff rearrangement of the carbene and subsequent addi- 
tion of ethanol to the resulting ketene124. 
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0. reflux 

10% 
OEt 
32 % 

i 
15% 

Ph-I+ I I 

(91 1 56% 2% 25% 

PhOEt +Phl (96) 

6% 

The iodonium ylide 94 reacts analogously to 91 in neat pyridine and in methanolic 
silver nitrate containing pyridine, but its copper(1)-promoted decomposition has not 
been studied' 17,155. 

Phenyliodonium dibenzoylmethylide (93) exhibits reactivity patterns similar to 
those of 91 but not identical. In pyridine, for example, ylide 93 is transformed into the 
corresponding pyridinium ylide with loss of i ~ d o b e n z e n e " ~ , ' ~ ~ .  When 93 is heated in 
refluxing ethanol, the major modes of decomposition are reductive cleavage and car- 
benic rearrangement, the respective products being dibenzoylmethane and ethyl 
a-ben~oylphenylacetate'~~. In the presence of cuprous chloride in ethanol, the reduc- 
tive cleavage of 93 does not occur while carbenic rearrangement emerges as  the major 
process, consistent with the selective copper(1) stabilization of singlet bis(ben- 
~oy1)methylene '~~.  Tetrabenzoylethylene is also formed in the copper(1)-promoted 
decomposition of 93. 

The thermolyses of the tosyliminoiodinanes 127 and 130 in benzene at 130°C have 
also been studied. In addition to iodobenzene, the major products are p-toluenesul- 
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C. Reactlons with Electmphillc Reagents 

In general, iodonium ylides react at their carbanion centres with electrophilic re- 
agents, E+ Z-, sometimes yielding stable iodonium salts. However, such reactions 
usually eventuate in cleavage products formed via the replacement of iodoarene in 
the initially generated iodonium ion by the counterion of the electrophilic species 
(equation 100). In assessing their reactivity towards electrophiles, it is important to 

A:- A--E 

(1 00) Ar-t+ - Ar-lt Z-  - Art +Z-A-E 

remember that most known iodonium ylides possess highly delocalized carbanion 
centres directly bound to an iodonium centre, structural features that conspire to give 
ylides of relatively low basicity and nucleophilicity. For example, while the pK, of 
dimedone in water is 5.25, the pK, values of phenyldimedonyliodone (91), 
2-dimethylsulphoniodimedone, 2-pyridiniodimedone and 2-trimethylammonio- 
dimedone are 0.72, 0.46, 1.21 and 2.22, re~pec t ive ly '~~ .  Thus, 91 is far less basic than 
dimedonate ion, less basic than the corresponding pyridinium and trimethylammonium 
ylides and slightly more basic than the corresponding dimethylsulphonium ylide. The 
pK, of 2-(o-nitrophenyl)dimedonyliodone is 0.1 1 lS7. 

The possibility of formation of alkenes and oxiranes from iodonium ylides and 
aldehydes and ketones, analogous to their formation from phosphonium and sul- 
phonium ylides, is illustrated in equation (101). However, we are aware of no such 

I E'Z- I 

\ /o\ / R 
Arl +,C- c\ R'  

R f 
I / 

0 - 0-C-R' 
t =/ II 

Ar-I-C, + R-C-R' - 

reactions in the chemical literature and suspect that they will require localized 
iodonium ylides. In those few known cases where iodonium ylides have been treated 
with carbon electrophiles, they react through oxygen instead of carbon. Furthermore, 
the iodonium ylides are subject to thermal decomposition and rearrangement in 
organic solvents, and it is not likely that their reactions with mild electrophiles such as 
iodomethane and benzaldehyde can be pushed by significantly increasing the reaction 
temperatures. 

1. Bronsted racids 

The reactions of a variety of iodonium ylides with Bronsted acids have been investi- 
gated and some selected examples follow. With some ylides, 'stable' iodonium salts are 
obtained if the reaction conditions arc not too severe. It has already been noted that 
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phenyldimedonyliodone (91) reacts with hydrogen chloride in ether/chloroform at 0°C 
to give phenyl(2-dimedony1)iodonium chloride, but, in refluxing concentrated hyd- 
rochloric acid, it cleaves, to iodobenzene and 2-chl0rodimedone"~. It has also been 
converted to phenyl(dimedony1)iodonium nitrate by reaction with fuming nitric acid in 
ether112 (equation 102). Phenyliodonium dinitromethylide likewise yields 

H X  

i X =  CI. NO3) 

0' 

(91 1 
phenyl(dinitrornethy1)iodonium chloride and fluorosulphate upon treatment with hyd- 
rogen chloride and fluorosulphuric acids in ether, and the p-nitro analogue has been 
converted to the corresponding iodonium chloride (equation 103)'38. The indole 

I 
Ar-1' 

Ar = C6H5. X =CI-. FSO3-. Ar = 4-NO2CcH4. X = CI- 

iodonium ylide (124) reacts with trifluoroacetic and p-toluenesulphonic acids to give 
the corresponding iodonium trifluoroacetate and tosylate. However, when those 
iodonium salts are treated with the more nucleophilic fluoride, chloride, bromide and 
iodide ions, iodobenzene is displaced and the corresponding 3-haloindoles are 
obtainedlS8 (equation 104). With some iodonium ylides, direct cleavage reactions with 

H H 

(1 24) A- = CF3C02-, OTs- X = F. CI. Br. I 

Brgnsted acids are observed. For example, phenyliodonium dibenzoylmethylide 
affords substituted dibenzoylmethanes with hydrochloric, trichloroacetic and 
p-nitrobenzoic acids in methano1116 (equation 105). The barbiturate ylide 98 is simi- 

0 0 
II II 

I 
- Phl + Ph-C-CH-C-Ph (1 05) 

nx 0 0  
1: : I  

Ph/ c \" ... -.J 

Ph-It 

MeOH 

X C \Ph 

x = CI. c13ccoo. 4-02NC6H,C00 
I 

larly converted to halobarbituric acids with hydrochloric and hydrobromic acids in 
ethanol1*' (equation 106). The p-toluenesulphonate salts of amino acids have been 
observed to react with iodonium ylides in one of two ways, the aliphatic acids promot- 
ing ylide cleavage via the carboxyl function and the aromatic acids causing cleavage 
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HN 1 NH HN 

- 0' 42% + o.J+o 

Ph--IC H X  

(98) X = C I ,  Br 

through the amino g r o ~ p ' ~ ~ ~ ' ~ ~ .  Both of these reaction modes are shown in equation 
(1 07) for the cleavage of phenyliodonium dicarbomethoxymethylide with the 
ammonium tosylate derivatives of alanine and o-aminobenzoic acid. 

0 
I1 

Phl + OTS- H3h-CH-C-O-CH (COOCH,), 
I 

C"3 

2. Carbon electrophiles 

The action of electrophilic carbon species on iodonium ylides has, thus far, been 
little investigated. The ylides 91 and 94 have been observed to undergo 0-acylation 
and 0-alkylation reactions with benzoyl chloride and triethyloxonium tetrafluoro- 
borate eventuating in stable iodonium salts117,161 (equation 108). No  examples of direct 

0 
II 

PhCCl 

0 0- 
Ph - I +  \ Ph - I +  

R' R 2  / 
'0- C- Ph 

I1 
0 

E t 3 0 '  BF,- '@ IL P h - BF, 
R 2  

OEt 
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acylation and alkylation of iodonium ylides at the ylidic carbon, however, to our 
knowledge, have yet been published. 

Diphenylketene reacts smoothly with 91 in dichloromethane to give iodobenzene, 
phenyl 2-iododimedonyl ether, the ketene acetal 141 and the lactone 14216*. This 
reaction very likely proceeds by initial nucleophilic attack of the ylide oxygen atom at 
the highly electrophilic carbonyl group of diphenylketene to give an intermediate 
iodonium betaine. Formal displacement of iodobenzene from vinyl carbon in the 
betaine either through the oxygen atom o r  the carbon atom of the carbanion moiety 
would give the observed products. Although several polar mechanisms may be 
envisioned for the displacement process, a one-electron transfer (ET) from the carban- 
ion centre of the betaine to the iodonium centre and subsequent homolytic collapse of 
the resulting diradical species is an attractive alternative16* (equation 109). 

0 
II 

0- + c 

Ph-I+ A = go, C ET oQo Ph--l' <...> \ C 
0 

Ph Ph 
Ph--l+ 4...1 

0' - 'CPh2 0 '  * CPh2 

0 

0 
Ph-I 

'Ph 

Ph 0 Ph 0 
Ph Ph 

(1 41 1 (1 42) 

It is noteworthy that 2-diazodimedone and 2-dimethylsulphoniodimedonate are 
inert to diphenylketene under the same reaction conditions, a fact which may reflect 
the higher reduction potentials of the diazonium and dimethylsulphonium functions in 
the intermediate betaines. The phenylation of a variety of carbanions with 
diaryliodonium salts has been observed and is believed to involve a similar electron- 
transfer p r o ~ e s s ~ ~ ~ - ~ ~ ' .  

3. Electrophilic halogen species 

Phenyliodonium dinitromethylide reacts with various electrophilic halogen species 
with loss of i o d o b e n ~ e n e ' ~ ~ .  With molecular bromine and chlorine in ether, 
dihalodinitromethanes are obtained in high yields (equation 1 10). The same products 
are formed when the ylide is treated with N-bromo- and N-chlorosuccinimides. These 
reactions very probably proceed by the initial formation of iodonium salts and their 

(1 10) 
x2 / Et2O Ph--;-cC(N02)2 - Phl + X2C(N02)2 

X = Br. CI 
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Nucleophilic '\ / NO2 

x' \ 

x, ,NO2 

x' \ 

C + Phl NO2 cleavage 

02N-C:- NO2 I + X-X- 02N-C-X I X:- 47: 
I 

Ph- I+ 
I 

Ph-I+ 
C + [PhlX2] 

(111) 

subsequent decomposition under the reaction conditions by nucleophilic and elec- 
trophilic cleavage of the carbon (sp3)-iodine bond (equation 11 1). The electrophilic 
cleavage process would presumably involve the formation of (diha1oiodo)benzenes as 
the initially formed by-products, although none were isolated. Evidence that the elec- 
trophilic heterolysis of the carbon-iodine bond of the iodonium salt is a viable process 
is provided by studies on the stable fluorosulphate salt. For example, when the salt is 
treated with tetramethylammonium bromide in acetonitrile, bromodinitromethane is 
obtained in 100% yield along with iodobenzene (100%). Cleavage with molecular 
bromine in ether on the other hand proceeds with the formation of bromodinit- 
romethane (27%), dibromodinitromethane (67%) and iodobenzene. With hydrogen 
chloride in acetonitrile, the fluorosulphate salt gives only dinitromethane and (di- 
ch1oroiodo)benzene (equation 1 12). 

Electrophilic 
cleiivaga 

Me,N+ Br-  
BrCH INO2I2 + Phl 

BrCH(N0212 + Br2C(N02), + Phl (112) PhlLCH(N02)2 El  20 

FSOC 

Consistent with this interpretation is the fact that phenylsulphenyl chloride reacts 
with phenyliodonium dinitromethylide to give both chloro(thiopheny1)dinitromethane 
(45%) and bis(thiopheny1)dinitromcthane (20%). The ylide likewise reacts with hyd- 
rogen chloride in acetonitrile to give an 85% yield of dinitromethane (equation 113). 

SPh 

CI- 
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D. Transyiidation Reactions 

The ability of iodonium ylides to undergo transylidation reactions with nucleophilic 
species appears to be fairly general. Most investigations of such reactions have so far 
focused on the generation of nitrogen and sulphur ylides, particularly those in the 
pyridinium, sulphonium and thiocarbonyl subclasses, but a few phosphonium and 
arsonium ylides have also been prepared. The limitation seems to be only that trans- 
ylidations with other heteroatom species have not been tried. In some cases, transyli- 
dation reactions of iodonium ylides require a catalyst (cg. TsOH, Cu(II)), but most 
proceed with reasonable efficiency without one. In Table 9, a number of these re- 
actions are summarized along with appropriate literature references. 

Among the known aryliodonium cyclopentadienylides, the bis(carboeth0xy)- 
bis(cyano) derivative 105 has been studied most extensively. Direct transylidations with 
such diverse nucleophiles as cyclic and acyclic sulphides, cyclic and acyclic thioureas, 

TABLE 9. Transylidation reactions of iodonium ylides 

R3 

CN 
CN 
CN 
CN 
CN 

- R4 X: Yield, % Ref. R2 

CN 
CN 
CN 
CN 
CN 

Arylgroup R1 

Phenyl COOEt 
Phenyl COOEt 
Phenyl COOEt 
Phenyl COOEt 
Phenyl COOEt 

COOEt 
COOEt 
COOEt 
COOEt 
COOEt 

61 
94 
77 
91 
91 

168 
168 
168 
168 
168 

Phenyl COOEt CN CN COOEt 76 168 

Phenyl COOE t CN CN COOEt 67 168 

Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Mesityl 
p- Anisyl 
p- Nitrophenyl 
p-Anisyl 
p-Anisyl 
p-Nitrophenyl 
Phenyl 
Phenyl 
Phenyl 

COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
H 
CN 
CN 

CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
H 
H 

CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 
CN 

COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
COOEt 
CN 
CN 
CN 

24 
47 
75 
65 
90 
98 
86 
27 
68 
87 
88 

8 
40 
46 

168 
168 
168 
168 
168 
168 
168 
168 
168 
168 
168 
169 
169 
169 
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T A B L E  9. (Continued) 
~ 

Arylgroup R’ R2 R3 R4 X: Yield, % Ref. 

H 

Phenyl CN H 

Phenyl CN H 

Phenyl CN H 

Phenyl H C N  

Phenyl CN H 

49 169 

Me 

Me 
I 

CN CN 

I 
Me 

1.5 169 

Me 

CN CN 75 169 

I 
Me 

CN CN ( / - p r ’ 2 N B = s  71  171 
( I -  Pr)2N 

CN CN 171 

R *  

‘R’ 

R’, - ,- f12 + -/ + X: - Arl + X-C C 
I 

Ar-I’ 
~~ 

Arylgroup R’ R2 X: Yield, % Catalyst Ref. 

Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
p-Nitrophenyl 
p- Nitrophenyl 
p- Nitrophenyl 
p-Nitrophenyl 
p- Anisyl 
p -  Anisyl 

COPh 
COPh 
COPh 

COPh 
COOMe 

NO2 

NO2 
NO2 
NO2 

NO2 

COPh 
COOMe 

COOMe 
COOEt  

Pyridine 
Quinoline 
Isoquinoline 
Me2S 
Me2S 
Me2S 
Pyridine 

Me2S 

Me2S 
Pyridine 
Pyridinc 
Pyridine 

(&N)2C=S 

M c ~ S  

58 
20 
83 

3 
70 
25 
20 
85 
21.5 
50 
18 
20 
61 
91 

140 
140 
140 

79% with C u ( ~ c n c ) ~  172 
172 
172 
172 
172 
172 
172 
172 
172 

Cu(ucuc), 125 
Cu(ucuc)2 125 
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TABLE 9. (Continued) 

797 

Arylgroup R '  R2 X: Yield, % Catalyst Ref. 

p- Anisyl 
p- Anisyl 
p- Anisyl 

p- Anisyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 
Phenyl 

Phenyl 

Phenyl 

Phenyl 

Phenyl 

Phenyl 

Phenyl 

Phenyl 

COMe COPh 
COMe COOEt  
COPh COPh 

-1 0- 
COOMe COOMe 
COOEt COOEt  
COMe COOMe 
COMe COOEt 
COPh COPh 
COPh COMe 

0 

0 

0- J Y O  

n 

Pyridine 
Pyridine 
Pyridine 

Pyridine 
Pyridine 
Pyridine 
Pyridine 
Pyridine 
Pyridine 
Pyridine 

Pyridine 

Pyridine 

Me2S 

Quinoline 

Me2S 

Me2S 

Pyridine 

62  
74 
61 

70 
48 
48 
68 
5 6  
1 3  
28 

53 

0 

44 

45  

75 

80 

70 

Cu(ucuc)2 125 

Cu(ucuc)2 125 
Cu(ucuc)2 125 

Cu(ucuc)2 125 
68% with Cu(ucuc)~ 156 
80% with Cu(ucac)2 156 
79% with Cu(ucuc)2 156 
75% with Cu(ucac);! 156 
55% with Cu(ucac)2 156 
59% with Cu(ucuc):! 156 

64% with Cu(ucuc)2 156 

40.5% with Cu(ucuc)2 156 

TsOH 

CUCl 

120 

157 

TsOH 157 

TsOH 121 

TsOH 121 
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TABLE 9. (Continued) 

+ x: - &! + Phl 

G X: 

~ 

Yield, % Catalyst Ref. 

0 Pyridine 25 

NPh Pyridine 38 
NH Pyridine 42 

NPh Isoauinoline 90 

TsOH 

TsOH 

143 
143 
143 
143 

0 
I1 0 

Ph-I--c + ,C-R' + "&a,, 
It 
0 

\ C- R2 
It 
0 

R' R2 Yield, % Ref. 

Me Phenyl 
Phenyl Phenyl 
Me OEt 
CF3 Phenyl 
CF3 a-Thienyl 
Me Me 

0 
I do+ 

0 s  f i 0  

x 
0- 9 L o  

70 150 
65 150 
47 150 
80 150 
48 150 

150 

77 150 

76 150 

85 150 
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TABLE 9. (Conrinued) 

X: Yield, U/o Ref. 

PhSMe 49 145 
(Ph)3P 69 145 
Me2S=0 100 145 

diphenylselenide, triphenylphosphine and triphenylarsine having been observed, a 
few of which are illustrated in equation (114)168. 

NC 

NC Et02C &$C02Et 

EtO2C v C 0 2 E t  S 

+S M e N l l N M e  

H2N K N H 2  \ C = S  &/ 
NC NC 

PhsAs - 
EtO2C 

NC 
NC 

+SMe2 

Aryliodonium ylides derived from a-cyano- and a-acetylacetophenone, methyl and 
ethyl acetoacetate, dimethyl and diethyl malonate, 1,34ndanedione, dimedone and 
barbituric acid react with pyridine to give the corresponding pyridinium ylides121,*40.156 
(equation 115). Although a catalyst is not essential for most of these reactions, the 
presence of copper acetylacetonate in catalytic amounts does afford higher pyridinium 
ylide yields, in a few cases dramatically so. For example, product yields of 13, 28 and 
0% respectively were observed in the direct pyridine transylidations of phenyl- 
iodonium dibenzoylmethylide, phenyliodonium acctylbenzoylmethylide and phenyl- 
dimedonyliodone respectively, in refluxing 1,2-dichloroethane. However, in the pres- 
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Ar;-eR1R2 -t (0:. - Arl + a N + - c R 1 R 2  (115) 

R' RZ 

CN COPh 
COMe COPh 
COOR COMe 
COMe COOR 
CPh COPh 
NO2 NO2 

@: 0 

ence of 0.1 mol % of the copper catalyst, those yields were increased to 5 5 ,  59 and 
40.5%. It seems plausible that these reactions proceed by iiucleophilic capture of 
initially generated copper carbenoids by pyridinels6. 

The effect of substituents attached to the aromatic nucleus of the iodonium ylides on 
the efficiency of their transylidation reactions has not been studied in a systematic way. 
It has been found, however, that the copper(I1)-mediated reactions of various 
p-methoxyphenyliodonium ylides afford pyridinium ylides in approximately the same 
yields as those obtained with their phenyliodoniurn c o ~ n t e r p a r t s ' ~ ~ .  Phenyliodonium 
dinitrornethylide and itsp-nitro analogue likewise react with pyridine t o  give the same 
yield of pyridinium din i t r~methyl ide '~~ .  It has already been noted that phenyl- 
dimedonyliodonc isomerizes to phenyl 2-iododimedonyl ether in pyridine and that 
copper acetonylacetonate diverts this reaction to the transylidation manifold. How- 
ever, o-nitrophenyldimedonyliodone and p-nitrophenyldimedonyliodone rearrange to 
the corresponding ethers even in the presence of a copper catalyst1z2. The rn-nitro 
analogue, on the other hand, givcs mostly pyridinium ylide under the influence of 
copper(I1). 

Although pyridine has been most commonly employed as the nitrogen component 
in the preparation of nitrogen ylides from iodonium ylides, quinoline, isoquinolhe, 
4-cyanopyridine and 4,4-dipyridyl have also been ~t i l ized"~.  

The propensity of the iodonium ylides derived from 2-hydroxycoumarin and carbo- 
styril for intramolecular isornerization has already been discussed. Even so, these 
ylides are converted to the corresponding pyridinium ylides in pyridine, the former 
under the catalytic influence of p-toluenesulphonic acid143 (equation 1 16). 

The aryliodonium ylides of dinitromethane, a-nitroacetophenone, methyl nitroace- 
tate, isopropylidene malonate, dimedone and barbituric acid all afford dimethylsul- 
phonium ylides on their metatheses with dimethyl s ~ l p h i d e ' ~ " . ' ~ ~ . ~ j ~ . ' ~ ~  (equation 117). 
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+ - / R 1  + -,R' 

' R 2  
(117) + CH3-S-CH3 - Arl + (CH,),S-C 

\ R *  
Arl-C 

R1 R' 

0- f i 0  

0- s"e -0  

0 

With the cyclic ylides, either p-toluenesulphonic acid or copper acetonylacetonate 
were employed as catalysts. 

(N-Tosy1iminoiodo)benzene has been used to synthesize various iodonium 
ylides by transylidation reactions with P-dicarbonyl c o n ~ p o u n d s ' ~ ~ .  Two of these, 
3-phenyliodonio- 1,1,1 -trifluoro-4-phenyl-2,4-butanedionate and 3-phenyliodonio- 
1,l ,l-trifluoro-4-thienyl-2,4-butanedionate, shown below, have not been prepared 
by the standard condensation method from (diacetoxyiodo)benzene. The imino- 
iodinane also reacts with triphenylphosphine, dimethyl sulphide and dimethyl 
sulphoxide to give the corresponding iminophosphorane, iminosulphurane and 
iminodimethylsulphurane oxide'45 (equation 11 8). 

Transylidation reactions of iodonium ylides derived from P-dicarbonyl compounds 
are not confined to heteronucleophiles, but also proceed with active methylene com- 
pounds in methanol solution in the absence of base. Such metathesis reactions allow at 
least a qualitative assessment of relative iodonium ylide stabilities. For example, when 
phenyliodonium dibenzoylmethylide is treated with dimedone, phenyldimen- 
donyliodone is obtained174 (equation 1 19). 

Phenyldimedonyliodone (91) reacts with phenyl isothiocyanate in dichloromethane 
to give phenyl 2-iododimedonyl ether, the spirosulphide 143 and 2-(2-benzo- 
thiazoly1)dimedone (144), a quite unexpected mixture of products in view of the 
reactions of 91 with diphenylketene and phenyl i s ~ c y a n a t e ' ~ ~ . ~ ~ ~ .  With the formation 
of the stable thiocarbonyl ylide 145 from the iodone and thiourea providing an 
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(119) 
cn,on II II - PhCCHZCPh i- 

0 
Ph;--C(COPh), + 
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analogy (equation 120), it seems likely that this reaction proceeds by the initial trans- 
ylidation of 91 with the heterocumulene to give the intermediate ylide 146, which 
collapses either by intramolecular cyclization to give the benzothiazolc or  by cleavage of 
phenyl isocyanide to give the thio derivative 147. Transylidation of 147 with another 
molecule of phenyldimedonyliodone to give the thiocarbonyl ylide 148 and cyclization 
of that ylide would afford the spiro sulphide 143 (equation 121). The proposed cycliz- 
ation of 148 should be much more favourable than the corresponding cyclization of 
145 since, in 148, the positive charge is highly localized on the sulphur atom. 

(143) 0 Qo- - /-- PhNC + o ~ o ~  \ 

~~ (1 47) 

& (1 48) 
S 
II 

-Phl c 0 
S 

i t  +:c  \ Bh Ph-I' 

An attempt to prepare authentic 147 by the action of hydrogen sulphide on 91 was 
unsuccessful, but the spiro sulphide 143 was isolated in 40% yield. Methyl isothiocyan- 
ate likewise reacts with 91 in dichloromethane to give a 26% yield of the spiro sulphide 
and a 36% yield of phenyl 2-iododimedonyl ether175. 

E. Reductive Cleavage 

Phenyldimedonpliodone reacts rapidly with various thiophenols in dichloromethane 
at ice-bath t e m p e r a t ~ r e ' ~ ~ .  With thiophenol, the dominant reaction mode is that of 
oxidation-reduction, as evidenced by the formation of iodobenzene (99%0), diphenyl 
disulphide (73%), and dimedone (70%). However, phenyl 2-dimedonyl sulphide, a 
product of substitution, is also formed in 15% yield (equation 122). When electron- 
withdrawing groups are present in the para position of the thiophenols, the yield of 
substitution product decreases while the yield of oxidation product (ArSSR) increases, 
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R 

+ 

Ph-l* R 

C H Z C I ~  
* Phl 

Q 
S 

+ I  
S 

Q 
R 

+ 

Yields, % 

R Iodobenzene Disulphide Dimedone Sulphidc 

NO? 97 80.5 4 3  0 
c1 99 82.5 86 10 
H 99 73 7 0 15 

100 72 62 32 
43 

CH3 
OCH3 94 65 46 

the reverse being true with electron-donating substitucnts. The yields of dimedone, 
however, do not conform to any obvious pattern (equation 122). 

These results have been rationalized by a mechanism involving initial protonation of 
91 by the thiophenol to give a hydrogen-bonded ion pair and subsequcnt one-electron 
transfer from the thiophenolate ion to the iodonium ion to give a hydrogen-bonded 
radical pair. Collapse of the radical pair would ultimately afford the product of sub- 
stitution while radical diffusion into the bulk solvent would eventuate in diphenyl 
disulphidc. Electron-withdrawing substituents should weaken the hydrogen bond and 
permit diffusion to compete with substitutive collapse (equation 123). 

That the simultaneous presence of the phenyl 2-dimedonyliodonium ion and the 
thiophenoxide ion is a prerequisite for electron transfer is indicated by the following 
control studies: (1) when the iodonium ylide is treated with thioanisolc, a model for 
thiophenol, no reaction occurs; (2) when phenyl 2-(3-ethoxy-S,S-dirnethyl- 
2-cyc1ohexanonyl)iodonium tctrafluoroborate, a model for the protonated ylide, is 
treated with thiophenol, again no reaction occurs; (3) when the iodonium tetrafluoro- 
borate is mixed with sodium thiophenoxide, a rapid reaction ensues and affords the 
mixture of products shown in equation (124). 
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11 ArSH Diffusion 1 

-SAr 'SAr I 

SAr 

+Na+-SPh - CH3CN GOEt + &Q + 

I 
0 OEt 

0 

Ph-I+ BF~- 

38% 5% 

SPh 89% 73% 57% 

17% 

It is interesting to note that neither 2-diazodimedone nor 2-(dimethyl- 
su1phonio)dimedonate reacts under the same conditions with thiophenol. It may be 
that these compounds are  not sufficiently basic to provide threshold concentrations of 
the conjugate acids via protonation by thiophenol or that the reduction potentials of 
the conjugate acids are too high to  permit electron transfer. 

The reactions of 91 with methanethiol and hydrogen sulphide have been studied in 
sonie detail and exhibit reactivity patterns similar to those found with the 
t h i ~ p h e n o l s ' ~ ~ .  

Several iodonium ylides have been observed to undergo efficient reductive cleavage 
reactions with sulphurous acid or sodium bisulphite in aqueous ethanol. The reactions 
and product yields are summarized below'77. 
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0 0 0  
I t  I I  I I  

0 

R’--C,_, I I  C-R2 + HSOC R‘CCH2CR2 + Phl 

Yield, % 

63 

90 81 

HN 98 
I I  

92 

F. Molecular Structure 

Among the known halonium ylides, single crystal X-ray structures of phenyl- 
bromonium 3,4-dicyanoimidazolylide (86)178, 2-(o-chlorophenyliodonium)-4-nitro-6- 
chlorophenoxide (lO2)’*’ and phenyliodonium 2,5-di~arboethoxy-3,4-dicyanocyclo- 
pentadienylide (105)17’ have been published. The C-X-C bond angles are 99.3” in 
86, 97.8O in 102 and 98.65” in 105. They are roughly consistent with the expec- 
tations of hypervalent bonding theory which predicts the existence of highly polarized 
[ 2c-4eI bonds between the halogen atoms and the divalent ‘ylidene’ ligands, these 
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being at right angles to the covalent bonds between the halogen atoms and the aryl 
ligands. The bond distances between the ylidic carbon and the halogen atom are 
1.89 8, in 86, 2.08( 1) 8, in 102 and 2.078(5) 8, in 105 and may be compared with the 
carbon-iodine and carbon-bromine distances of 2.10 8, and 1.91 8, computed from 
single covalent radii. Thus, very little carbon-halogen bond shortening in halonium 
ylides is evident, and the dipolar structure formulations shown seem to be much 
more likely than canonical structures exhibiting carbon-halogen double bonds. The 
five-membered carbocyclic ring in ylide 105 is very nearly a regular pentagon, and 
judging from the observed carbon-nitrogen and carbon-oxygen bond distances, there 
seems to be little delocalization of negative charge onto the cyano and carboethoxy 
functions. Significant charge delocalization onto the cyano groups in 86 is likewise not 
indicated. The carbon-oxygen bond distance in 102 (1.26 A) was observed to be 
shorter than the average carbon-oxygen bond distancc (1.36 8,) for a sampling of 
phenols, indicative of some conjugation of the oxyanion function with the ring. The 
geometric relationship of the ring planes in 102 was not specificd, but in ylides 86 and 
105 the five- and six-membered rings are very definitely not coplaner. Finally, the 
C(ll-C(2)-I angle in 102 is 104.2", this compression from the ideal angle of 120" 
probably manifesting some electrostatic attraction between the oxyanion and 
iodonium centres. 

Ultraviolet and infrared measurements on a number of iodonium ylides are 
described in some of the papers already cited and are generally consistent with dipolar 
ylide structures in which the 'carbanion' centres are delocalized180. 
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1. INTRODUCTION 

Although much information on the synthesis and the chemistry of a-halogenated 
carbonyl compounds is scattered throughout the literature, there appear to be few 
comprehensive sources of information in this important area, with the exception of a 
short chapter dealing with the preparation of halogenated ketones in Houben-Weyl’s 
Methoden der organischen Chemie’.2. In addition, the Favorskii rearrangement of 
a-haloketones has been reviewed by several authors3-*, while the reactivity of 
a-haloketones towards nucleophiles was described by Tchoubar in 1955’. The past two 
decades has seen a considerable expansion in synthetic procedures and mechanistic 
studies on the reactivity of a-halogenated ketones. I t  is our hope that putting together 
a survey of the widely scattered information on the synthesis and reactivity of 
a-halokctones will focus ncw attention on the broad potential of these compounds in 
synthetic and mechanistic organic chemistry. 
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The presentation of this chapter is divided into two major sections. The first part 
deals with the synthetic methods for the preparation of a-haloketones. In the second 
section the reactivity will be considered, with emphasis o n  preparative applications, 
although some mechanistic interpretations of the results will be treated in some 
important cases. The section on reactivity has been subdivided according to the nature 
of the nucleophile, e.g. oxygen, nitrogen or carbon nucleophiles, and not on the basis 
of the reaction type, e.g. substitution, elimination. 

This chapter has been restricted to halogenated ketones which carry one or  more 
halogen atoms at the a-carbon atom to a carbonyl function, excluding compounds 
derived from diketones, P-keto esters and quinones. Other a-halogenated carbonyl 
compounds such as aldehydes, esters 2nd acids will nct  be treated in this chapter. 

II.  SYNTHESIS OF a-HALOGENATED KETONES 

While a number of reviews have been published during the last decade on the 
preparation of a- f luoroket~nes '~- '~ ,  practically no general review deals with new 
syntheses of a-chloro-, a-bromo- and a- iod~ketones l~ .  The syntheses of a-fluoro, 
a-chloro-, a-bromo- and a-iodoketones are treated separately and the procedures are 
classified according to the starting substrates. Some procedures, using the same class of 
reagents, are described separately for each class of haloketones. 

A. Synthesis of a-Fluomketones 

1. a-Fluoroketones from ketones and their derivatives 

Conventional methods for the synthesis of a-fluoroketones by direct fluorination of 
ketones often give rise to side reactions and are therefore of limited use (equation 1). 

R1CH,COCH,R2 - R1CHCOCHfi2 + polyfluorinated and degradation products 
'F ' 

(1) 
I 
F 

For example, treatment of acetone with fluorine yields a complex mixture of 
fluoroacetone, hexafluoroacetone and degradation products such as trifluoroacetyl 
chloride, tetrafluoromethane and carbonyl d i f l~o r ide '~ .  The direct action of perchloryl 
fluoride on ketones has also met with little success because of degradation reactions. 

The reactions of a variety of fluorinating agents on derivatives of ketones appear to 
be more advantageous. Potential synthetic interest may be found in the reaction of 
perchloryl fluoride with enol ethersI6, enol esters", enamines18 and lithium 
e n ~ l a t e s ~ ~ " .  1-Ethoxycyclohexene (1) gives 2-fluorocyclohexanone (3) via 
l-ethoxy-l,2-difluorocyclohexane (2) on treatment with perchloryl fluoride in 
pyiidine at 0°C (equation 2)16. The enamines of 3-0XO steroids are  transformed into 
2a-fluoro-3-0x0 steroids on treatment with perchloryl fluoride followed by hydrolysis 
of the intermediate fluoroenamines. 
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2-cholestene (4) with this reagent in benzene in 72% yield (equation 3)19. 

Roland VerhC and Norbert De Kimpe 

2a-Fluorocholestan-3-one (5) is formed on treatment of 3-(N-pyrrolidinyl)- 

(4 (5) 
When fiuorinateci steroidal enamines (6) are treated with perchloryl fluoride, 

2,2-difluoro compounds (7 )  and 2,2,4-trifluoro compounds (9) become accessible 
(equation 4)20.21. A related process for the synthesis of a-fluoroketones employs 
lithium enolates of ketones and perchloryl fluoride in tetrahydrofuran. In this manner 
w-fluoroacetophenone is obtained in 44% yield22. 

Q 
( 1 1 F C l o ~  . :a} H I - 

(21 Hydrolysis 
0 

(6) (7) 

Fluorination of ketones with perchloryl fluoride is also performed via intermediate 
methoxalyl ketones23 (i.e. - COCOOMe) and hydroxymethylene ketones24. 
2a-Fluorohydrocortisone is synthesized from the sodium salt of 20-ethylenedioxy- 
2-methoxalyl-A4-pregnentriol-( 1 1/3, 17a, 21)-3,20-di0ne~~ and 2a-fluorotestosterone 
from the sodium salt of 2-hydro~ymethylenetestosterone~~. 

Recently, a new and powerful method for the a-fluorination of carbonyl compounds 
was developed which utilizes trifluoromethyl hypofluorite with silyl enol ethers, as 
exemplified by the preparation of 2-fluorocyclohexanone (3) in 70% yield (equation 
5)25. A similar method with enol acetates is used by Rozen, by passing fluorine 

0 OSiMeg 0 

(1 0)  (11) (3) 
into a suspension of sodium trifluoroacetate in Freon at -75°C. A considerable 
portion of the oxidizing ability of this solution is due to the presence of 
pentafluoroethyl hypofluorite (CF3CF20F) and other oxidizing compounds of the 
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perfluoroxyfluoride type. 2-Fluoro-1-tetralone (13) can be obtained by this procedure 
in 85% yield by starting from the enol acetate of 1-tetralone (12) (equation 6)26. 

OAc 0 & 'F" & 
(1 2) (1 3) 

In attempts tc react enol acetates with molecular fluorine, no a-fluoroketones could 
be isolated from the complicated reaction mixtures. Gerninal a,a-difluoroketones are 
formed by decomposition of geminal difluorocyclopropanes (14), prepared by 
difluorocarbene addition to enol acetates. Reaction of these cyclopropanes with 
sodium hydroxide in methanol provides a,a-difluoroketones (15) in addition to other 
products (equation 7)27*28. The corresponding dichloro- and dibromocyclopropanes 
exhibit completely different pathways, resulting in the formation of halogenated 
enones. 

F 

Finally, the action of a Lewis acid on a-fluorinated amines (17), easily obtained by 
addition of secondary amines to fluorinated alkenes, produces fluorinated immonium 
salts (18), which on arylation with electron-rich aromatic compounds and subsequent 
hydrolysis furnish a-halo-a-fluoroacetophenones (20) (equation 8)29. 

F F 
I +  BF3 I +  Ar H 

XCHF-Ch-NR, ==== XCHF-C=NR~ - XCHF-C=NR~ - 
F- 

+NR, BF4- 
I1 W' 

Ar-C-CHFX - ArCOCHXF 

2. a- Fluoroketones from a-haloketones by halogen exchange 

The exchange of a chlorine atom in a-chlorinated ketones by fluorine on treatment 
with hydrogen fluoride only takes place when there is no possibility of hydrogen 
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chloride elimination, such as in perchloroketones and chloroacetone. Better results are 
obtained with potassium fluoride30J61 and potassium hydrogen fluoride (KHFz)~’  
(equation 9). Excellent results of bromine-fluorine exchange are obtained by the use 

of mercuric f l ~ o r i d e ~ ~ s ~ ~ .  Lf a chlorine atom is also present in the molecule, it is 
retained. l-Aryl-2,2-difluoro- and 1-aryl-2-chloro-2-fluoro-l-alkanones are prepared 
by this procedure in moderate yields. Another method involves the use of silver 
tetrafluoroborate in ether. However, this method is not applicable to primary bromo- 
ketones or to chloroketones (equation 10). The method does not seem to have a 
broad scope since several side products, mainly a$-unsaturated ketones, are formed, 

making isolation on a preparative scale rather laborious. When the reaction is carried 
out in nucleophilic solvents (methanol, acetic acid), a-methoxy- and a-acetoxyketones 
are isolated as side products. 

Other procedures of bromine-fluorine exchange utilize potassium fluoride in 
dimethylformamide, glycerine and diethylene g l y c 0 1 ~ ~ - ~ ~ ,  silver fluoride in 
a~etoni t r i le-water~~,  thallium fluoride3’ and pyridinium poly(hydrogen fluoride) used 
in conjunction with mercuric oxide3*. 

3. a-Nuoroketones from a-diazoketones 

Fluoromethyl ketones are easily formed when diazomethyl ketones, prepared by 
condensation of acid chlorides with diazomethane, are treatcd with hydrogen 
f l ~ o r i d e ~ ~ . ~ ~  or pyridinium poly(hydrogen fluoride)38 (equation 11) .  a,a-Difluoro- 

R-coCl + CH2N2 - RCOCHN2 + HCI 

R-COCHN, + HF - RCOCH2F + N2 (11) 

ketones (e.g. 22) are obtained by fluorination of diazoketones such as diazo- 
camphor (21) with trifluoromethyl hypofluorite; additionally, minor amounts of 
a-fluoro-a-trifluoromethoxyketones (e.g. 23) were isolated4‘. In the case of 21 a 
rearrangement also occurs, leading to the formation of a fluorotricyclanone (24) as 
another side product (equation 12). 
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4. a-Nuoroketones from carboxylic acid derivatives 

Reaction of fluorinated carboxylic acids and derivatives with organometallic 
reagents usually gives rise to a-fluoroketones. Treatment of trifluoroacetic acid with 
phenyllithium in ether at  - 65°C affords o,o,o-trifluoroa~etophenone~~, while the 
reaction of lithium trifluoroacetate with butyllithium yields 1 , l  ,l-trifluoro- 
2 - h e ~ a n o n e ~ ~ .  

The condensation of organomagnesium compounds with a-fluorinated esters 
gives satisfactory yields of a-fluoroketones (equation 1 3)44*45. Condensation of 

R’CHCOOR2 + R3MgX - R’CHCOR3 (13) I 
F 

I 
F 

a-fluoronitriles (25) with Grignard reagents affords a-fluoroketones in high yields 
(equation 14)46,47. o-Ruoroacetophenone is produced in good yield by the 
Friedel-Crafts method, provided that the reaction with fluoroacetyl chloride is carried 
out rapidly48. 

(0 R 2 W X  
R’CHCN R’CHCOR~ (14) 

I I 
F F 

An a-fluoroketone (29) is formed during the hydroxide-catalysed hydrolysis of an 
a-fluoro-P-keto ester (27), while under the same circumstances the difluoro-P-keto 
ester (31) is transformed into the 1,3-difluoroketone (32) (equation 15)49. 

AqA0 = A/+,+ AJyF 
COOEt EtOOC F COOEt 

(26) (27) (65%) (28) (10%) 

I-- 
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5. a-Fluoroketones from a-functionalized epoxides 

A general synthesis of a-fluorocarbonyl compounds is developed from 
fluorocyanohydrins (34), obtained by the simultaneous action of hydrogen fluoride 
and boron trifluoride on epoxynitriles (33). Decomposition (34) with silver nitrate in 
the presence of an equimolecular amount of ammonia gives rise to the formation of 
a-fluoroketoncs in moderate yields (equation 16)’”. Thermal isomerization of 
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R3 R’ 

\CCOR3 (16) 
/ Ae’ 

R‘ 
\ 

R’ 0 R3 
BFJ/HF 

Emer 
- R~-C-C-CN - \ / \ /  

NH3 R2’ 1 
F/ ‘OH F 

\ 
CN 

(33) (34) 
a-fluoroepoxides (36), prepared by epoxidation of fluorinated olefins (39 ,  gives rise to 
the formation of a-fluoroketones by migration of the fluorine atom (equation 17)s’. 

(35) 
F 

(36) 

6. a-Polyfluoroketones by condensation reactions 
a-Polyfluoroketones arc produced by several condensation reactions, e.g. 

Friedel-Crafts, Hoesch, Claisen, Knoevenagel and aldol condensations. These types of 
reaction are undoubtedly the most suitable for perfluoroketonc synthesis. Much of the 
literature concerning the various aspects of this topic has been covered elsewhere2 and 
will not be repeated here. 

B. Synthes is  of a-Chloroketones 

7. Synthesis of a-chloroketones from ketones and their derivatives 

The preparation of a-chloroketones starting from ketones and their derivatives can 
be achieved by various procedures. The choice of method is dependent upon the 
nature of the ketone and the degree of chlorination wanted. Therefore no general 
procedure seems to be availablc for the synthesis of a given chlorinated ketone. The 
substitution pattern in the starting ketone determines the method to be employed, as 
will be demonstrated below. 

a. Chforinalion with chlorine. In general, reaction of aliphatic ketones with chlorine 
most commonly affords higher chlorinated products (equation 18). 

R1CH2COCH2R2 2 R1CHCOCH2R2 + R’CH2COCHR2 + R’CH2COCR2 + 
CI I CI I CI/ ‘Cl 

R’CHCOCHR2 + R1CCOCH2R2 + Polychlorinated ketones (18) 
/ \  

CI CI 
I I  

CI CI 

During the monochlorination of acetone, minor amounts of dichloroacetone are 
always isolated. However, good results for the monochlorination of acetone and 
3-pentanone are possible when the chlorination is carried out in aqueous solutions of 
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calcium carbonate and calcium chloride; using this procedure 2-butanone furnishes a 
mixture of 75% 3-chloro-2-butanone and 25% l-chlor0-2-butanone~~. 

Further chlorination of monochloroacetone at 100-140°C in the presence of iodine, 
antimony pentachloride and ferric trichloride gives a mixture of 1,1,1,3-tetra- 
chloroacetone and 1,1,3,3-tetrachloroacetone in a 1 :4 ratio53. Chlorination of 
acetone in carbon tetrachloride at 50-70°C gives pentachloroacetone, which is trans- 
formed into hexachloroacetone by further chlorination in the presence of antimony 
trisulphide and iodine54. 

Hexachloroacetone is also formed during chlorination in an acetic acid-sodium 
acetate mediums5. 

In general, a-perchloroketones are produced in very good yields in  the presence of 
light without catalysig6. Photochlorination in the gas phase only affords a-substituted 
ketones57. 

The  degree of chlorination in alicyclic ketones is strongly dependent upon the 
reaction medium. Cycloalkanones are monochlorinated in the a-position in acetic 
acid5*, methanolG1, or dichloromethane", while a,a'-dichloro compounds 
are produced upon further treatment with chlorine, except for a-tetralone, of course, 
where 2,2-dichloro-a-tetralone is obtained62 (equation 19). Tetrachloro- and 
hexachlorocyclohexanone are formed when the chlorination is carried out in the 
presence of rhodium(II1) chloride and iridium(1V) chloride63, respectively. 

0 0 0 

Chlorine in dimethylformamide seems to be a powerful reagent for the substitution 
of a-protons in aldehydes and ke t~nes"~f j~ .  Usually all the a-protons are rapidly 
replaced at 5O-9O0C, except in aliphatic ketones, where the last a-proton is substituted 
only a t  120"C, because of the sterically hindered enolization66. A clean conversion of 
cyclopentanone (37) into 2,2,5,5-tetrachlorocyclopcntanone (38) is obtained using this 
procedure at 20-30"C, when a continuous excess of chlorine is maintained during the 
course of the reaction. 

Several intermediate a-chlorinated cyclopentanones are dehydrochlorinatcd in 
dimethylformamide (DMF), yielding chlorinated 2-cyclopentenones which are further 
chlorinated to afford pcnta- (39) and hexachlorocyclopentanone (40). Chlorination of 
cyclopentanone (37) in  DMF at 120°C gives a mixture of the isomeric 
perchlorocyclopentenones (41) and (42) (equation 20)67. 

Chlorination of cyclopcntanone with chlorine in dichloromethane and carbon 
tetrachloride is not a synthetically uscful method as rather complex mixtures of mono-, 
di- and trichloro derivatives arc formed67. However, 2,2,3-trichlorocyclopentanone 
can be prepared via chlorination of 2-chloro-2-cyclopcntenone; the latter compound is 
produced upon treatment of 2-cyclopentenone with chlorine in carbon tetrachloride6*. 

Direct chlorination of 2-methylcyclohexanone with chlorine yields 2-chloro- 
2-methylcyclohexanone as the major product, besides cis- and trans-6-chloro- 
2-methylcyclohexanone and substantial amounts of the 2,6-dichloro compound69. 
Treatment of cyclohexanones with chlorine in dimethylformamide results in 
substitution of all the a-hydrogens (equation 21)66. 

Aryl alkyl ketones arc mostly monochlorinatcd in the aliphatic chain using solutions 
of chlorine in acetic acid, methanol or carbon tetrachloride at low  temperature^^^. 

At 60°C o,w-dichloroacetophcnone is produced7', which in turn is converted into 
m,o,w-trichloroacetophcnonc in the presence of sodium acetate on further treatment 
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0 
(1 1 ClplCCl, (W 

Chlorinated cycbpentenones 
0 

(37) 

with chlorine72. Surprisingly, the higher homologues, 2,2-dichloro-l-aryl-1-alkanones, 
could only be prepared by chlorination in dimethylformamide at 100°C73, with the 
exception of 2,2-dichloropropiophenone, which is also formed during the chlorination 
of propiophenone in a solution of sodium acetate in acetic acid74 (equation 22). 

ArCOCH$ 2 ArCOCHR 
I 
CI 

CI 
ArCOCH2R ArCOCR 

/ \  
CI CI 

Chlorination of enarnines has been used for the preparation of a-chloroketones. A 
procedure for the regiospecific synthesis of chloromethyl ketones (43) via immonium 
salts is described by Carlson7’. By regioselective deprotonation of these salts, mixtures 
of tautomeric enamines, derived from methyl ketones, are transformed into the less 
sterically hindered enarnines, which upon reaction with chlorine and subsequent 
hydrolysis yield chlorornethyl ketones (43) (equation 23). Enamines react with 
chlorine in ether at -78°C under exclusion of oxygen and moisture to give the isolable 
a-chloroirnmonium halides (44), after which acid hydrolysis leads to a-chloroketones 
(equation 24)76. 
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1 - isomer 2- isomer 

(44) 

6. Chlorination with sulphuryl chloride and selenium oxychloride. As in the case of 
the chlorination with chlorine, secondary hydrogens are more easily substituted than 
primary hydrogens and tertiary hydrogens more easily than secondary hydrogens on 
treatment with sulphuryl chloride. Hydrogens in the a-position next to a carbonyl 
function react with sulphuryl chloride at room temperature without any cata- 
l y s t ~ ~ ~ .  C h l o r o a c e t ~ n e ~ ~ ,  3-chloro-3-methyl-2-butanone79, 2-chloro-2-methylcyclo- 
hexanoneso, 2-chioropr0piophenone~~ and 1-benzoyl-1-chlorocyclohexanesl are 
prepared in high yields by treatment of the corresponding ketones with sulphuryl 
chloride (equation 25). 

(25) 
=2C'z 

i3'CH2COR2 - R'CHCOR2 
I 

CI 

Reaction of ketones with two moles of sulphuryl chloride generally leads to mixtures 
of products. For example, from acetone at 30°C a mixture of 72% 1,l-dichloro-, 6% 
1,3-dichloro- and 20% 1,1,3-trichloroacetone is produced, while from 2-butanone a 
mixture of 42% 3,3-dichloro-, 7% I ,I-dichloro- and 46% 1,3-dichloro-2-butanone is 
obtained77. Chlorination of cyclopentanone with an exccss of sulphuryl chloride 
affords a mixture of 2,2-dichloro- and 2,5-dichlorocyclopentanone, while in the case of 
cyclohexanone only 2,2-dichlorocyclohexanone (45) is isolated when the reaction 
is carried out in dichloromethane or in acetic acid at 2O"Cs2. Heating of 
a,a-dichlorocycloalkanones in acetic acid-hydrogen chloride results in rearrangement 
of a chlorine atom with formation of a,a'-dichloro compounds (46)", but this 
rearrangement is not applicable to the acyclic series (equation 26). 
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0 0 0 

(45) (46) 
Chlorinated cyclohexanones are formed during the chlorination of cyclohexenones. 

Treatment of 2-cyclohexenone (47) with sulphuryl chloride affords a mixture of 
2-chloro-2-cyclohexenone (48), 2,2,3-trichloro- (49) and 2,3,6-trichlorocyclohexanone 

while chlorination of flavone (51) gives rise to 2,3,3-trichloroflavone (52)85 
(equation 27). Thionyl chloride reacts with 6-methyl- and 7-methoxyflavone to yield 
3-chloro derivatives in both case@. 

- 
(35%) (50) (55%) 

(27) 

0 

During the chlorination of methyl ketones with selenium oxychloride, the 
intermediate dichloroselenium compounds (53) are decomposed thermally to furnish 
a-chloroketones (equation 28)86. 

(28) 
SeOCI~ A 

RCOCH, - (RCOCH2)2SeC12 - RCOCH2CI 

(53) 

c. Chlorination with hypochlorites. Methyl ketones react with sodium hypochlorite 
in aqueous alkaline solution to give intermediate trichloromethyl ketones which are 
further transformed into chloroform and carboxylic acids (i.e. the so-called haloform 
reaction) (equation 29). Trichloromethyl ketones are isolated when acetophenones 
are used as substrates8’. 

(29) 

Alkyl hypochlorites react easily with ketones; chloroacetone and w-chloro- 
acetophenone are prepared in good yields using ethyl hypochlorite88. t-Butyl 
hypochlorite seems to be an excellent reagent for the chlorination of steroidal 
 ketone^^^.^^. By the latter method, 2-chloro-3-cholestanone (55) is prepared from 
3-cholestanone (54), while in pregnantrione derivatives (56) chlorination takes place 
at the 4-position (equation 30). 

nflIOH - NaOCl 
RCOCH, - RCOCC13 - CHC13 + RCOOH 
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- 

Cl 

d.  Chlorination with N-chlorosuccinimide. Direct chlorination of ketones with 
N-chlorosuccinimide (NCS) is not a potential method for the synthesis of 
a-chloroketones because the reaction rate is often too slow and in most cases mixtures 
of reaction products are formed. Treatment of 2-heptanone with NCS in the presence 
of benzoyl peroxide gives a mixture of several mono-, di- and trichloro derivatives 
which are difficult to separate". 

However, NCS is an excellent chlorinating agent of the corresponding N-analogues 
of ketones and enol ethers, i.e. ketimines and enamines, yielding a-chlorinated 
ketimines and /?-chlorinated enamines. This subject has been reviewed elsewhereg2. 
The last-mentioned compounds are potential sources for a-haloketones by a simple 
hydrolysis procedure. 1 ,I-Dichloromethyl ketones (60) are prepared by chlorination 
of N-cyclohexyl methyl ketimines (58) with two equivalents of NCS in carbon 
tetrachloride at O"C, followed by hydrolysis in acidic (equation 31). By 

2 NCS 

CCI,I OOC 
- N 

II 

(58) 
R'R2CHCOCH3 n' R1R2CHCCH3 

N 0 
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ArCOCCI2R 

(61 1 
the same procedure l-Ary1-2,2-dichloro-l -alkanones (61) have been successfully 
s y n t h e ~ i z e d ~ ~ .  A similar method has been developed in which steroidal 
N-(P-hydroxyethy1)methylketimines (62) are  treated with NCS in ether at  25"C, 
followed by mild acidic hydrolysis leading to the corresponding a-chloromethyl 
ketmes (63) (equation 32). However, application of this halogenation method to 
2-pentanone yields a mixture I-chloro-, 3-chloro-, 1,l-dichloro- and l,l ,l-trichloro- 
2-pentanoney7. 

H3'y, V / O  
CI H,C 

(62) (63) 

Chlorination of the pyrrolidine enamines derived from 2-methylcyclohexanone (64) 
(which exists as a 9:l mixture of two isomers) with NCS and subsequent hydrolysis 
gives 2-chloro-2-methylcyclohexanone (65), while the isomeric 6-chloro isomer (66) 
is not formed (equation 33)98. 

e.  Chlorination with cupric and ferric chlorides. Cupric chloride is known as a 
chlorination catalyst but it has also been used for the preparation of chloroacetone 
from Cyclohexanone and its methyl derivatives react with a large excess 
of cupric chloridc in 5 0 % ~  aqueous acetic acid or 50% aqueous dioxan to give dichloro 
and trichloro derivatives of 1,2-cyclohexancdiones (67. 68)Io1 (equation 34). 

A convcnicnt synthetic method consists of the reaction of silyl enol ethers (69) with 
cupric or ferric chlorides (equation 35)Io2. The mechanism involves a vinyloxy radical, 
generated from the collapse of the coppcr(I1) or  iron(II1) enolate which is formed 
initially. The selection of specific solvents is important; for cupric chloride 
dimethylformamide must be used, while acetonitrile is the solvent of choice for ferric 



19. Synthesis and reactivity of a-halogenated ketones 827 

50% CUClZ aq. HOAc CI&H - CUCI? :;& CI (34) 

CI or 50% aq. dioxan 

(67) (68) 

R'C= CHR CuCI,IDMF or 

I FeCi3/~H3CN R'COCHR~ 
OSiMe, I 

(35) 

(69) CI 

chloride. This method possesses the interesting feature that a-chlorination of 
unsymmetrical ketones can be performed regiospecifically and that extra double bonds 
are left intact. (Note that this does not occur when ferric chloride is used, but only with 
cupric chloride.) 

f. Miscellaneous chlorination agents. Several other reagents or  procedures of minor 
importance have been used for a-chlorination of ketones and their applications are 
strongly dependent upon the substrate. Treatment of acetophenones and aryl benzyl 
ketones with phenylchloroiodonium chloride gives rise to a-monochlorination, but 
reaction of 2-butanone with this reagent affords a mixture of 3-chloro- and 
3,3-dichlor0-2-butanone~~~. Pyridine hydrochloride p e r ~ h l o r i d e ~ ~  and phosphorus 
pentachlorideIo4 have also been used for a-chlorination of ketones. 

Ketones possessing a-hydrogens are easily chlorinated with a system consisting of 
carbon tetrachloride, powdered potassium hydroxide and f- butanol, but subsequent 
rapid reactions generally lead to the formation of a variety of products such as 
Favorskii rearrangement products. a-hydroxy ketones and cleavage p r o d u ~ t s ~ ~ ~ . ~ " ~ .  
Ketones with only one a-hydrogen, no a'-hydrogens and a sterically blocked carbonyl 
function such as 70 are especially suitable substrates and are easily converted into 
a-chloroketones (e.g.  71), which are resistant to further reaction (equation 36). The 

CH3 
/ CH3 / 

(70) (71 1 

a-chlorination of ketones with this reagent involves the reaction of enolate anions with 
carbon tetrachloride in a discrete electron transfer/chlorine atom transfer step 
proceeding through a radical anion-radical pair (RARP) mechanism. As shown in 
equation (37), the formation of C13C:- in  the chlorination step leads to the generation 
of :CCl, as well as of CCI3. 

Hexachloroacetone acts as a source of positive chlorine in its reaction with enamines 
giving a-chloroketones after acid hydrolysis (equation 38)lo7. This reaction results in 
regioselective a-chlorination because of the availability of either a- or a'-enamines, 
thus making routes to 6-chloro-2-alkyl- or 6-chloro-3-alkylcyclohexanones quite 
feasible. For example, 6-methyl-1-pyrrolidinocyclohexene is transformed into a 
mixture of cis-6-chloro-2-methyI-, trans-6-chloro-2-methyl- and 2-chloro-2-methyl- 
cyclohexanone in a 93:6: 1 ratio. The pyrrolidine enamines of 2-methylcyclohexanone 
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0 CI 
II I 

I 
-c-c- + c1,c:- 

(37) 

: c q  + CI- 2C13C’ + CI- 

react with sulphuryl chloride or  NCS to give primarily the 2-chloro-2-methyl isomer. 
Reaction of enamines with dimethyl(succinimido)sulphonium chloride (72) yields 

2-amino-1-cycloalkenylsulphonium chlorides (73), which decompose into chlorinated 
enamines (74) under expulsion of dimethyl sulphide. Hydrolysis of these chlorinated 
enamines gives rise to a-chlorocycloalkanones (equation 39)1°*. 

0 \ /  
N 

(39) 

(74) 

A highly convenient electrolysis procedure for the preparation of a-halogenated 
ketones from enol acetates, cnol ethers and silyl en01 ethers has been developed 
(equation 40)“)’. The method consists of an electrolysis with halide salts in an 
undivided cell. 

Reaction of dichlorocarbene with dioxolane (75) derivatives gives rise to 
dichloromcthyl- 1,3-dioxolanes (76) under phase transfer catalysis. These acetals are 
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i""'3 /"=7 
OR H 

excellent starting materials for 
41)"O. 

CH2-0\ / R  :ccI, 
I C - 

CH2-00/ 'H 

(75) 

II I 
0 CI 

syntheses of a,a-dichloromethyl ketones (equation 

H Q* 
CH2-0\ / R  

C 3 RCOCHCI, (41) 
CH2-0 I / \CHCI2 

(76) 
A generally applicable synthesis of unsymmetrical a-chloroketones involvcs the 

chlorination of P-oxoalkylidenephosphorane (77) with iodobenzene dichloride 
followed by alkaline hydrolysis of the intcrrnediate triphenylphosphofiium chlorides 
(78) (equation 42)"'. 

R'CHCOR2 + Ph3PO (42) 
I 
CI 

2. Synthesis of a-chloroketones from alcohols and phenols 

It is obvious that chlorination agents, which are capable of oxidizing alcohols to  
ketones, will give rise to chlorinated ketones using secondary alcohols as starting 
materials. The chlorination of isopropanol and 2-octanol, respectively, with chlorine 
gives 1,1,1,3-tetrachloroacetone and 1,1,1,3,3-pentachloro-2-octanone~~2, while 
2-chloro- and 2,2,6,6-tetrachlorocyclohexanone could be obtained from cyclohcxanol 
in high yield113J'4. Sterols are siiiiultaneously oxidized and chlorinated upon 
treatment with hypo~hlorites"~. 

Other reagents substitute hydroxy functions for chlorine atoms. 
2-Hydroxytropolone (79) is transformed in to  2-chlorotropolone (80) upon treatment 
with thionyl chloride in benzene1I6 and 3-chloro-3-phenyl-tru~-2-decalone (82) is 
formed from the 3-hydroxy derivative (81) by reaction with thionyl chloride in carbon 
te t ra~hlor ide"~  (equation 43). Hydroxyl functions in the side chain of steroids are 
easily substituted for chlorine by the action of arylsulphonyl chlorides"*. 

The chlorination of phenols and halophenols with chlorine gives rise to 
polychlorinated cyclohexanones and cyclohexenones' lY-Iz2. For example 2,4,4,6- 
tetrachloro-2,5-cyclohexadienone (84) and 2,2,4,5,6,6-hexachloro-3-cyclohexenone 
(85) are formed on chlorination of 2,4,6-trichlorophenol (83) (equation 44)'23. 

1-Aryl-1-chloro-2-propanones (87) are formed from l-aryl-2,2-dichloro- 
1-propanols (86) in generally good yields (69-90%) by an acid-catalysed rearrange- 
ment involving a 1,2-chlorine shift (equation 45)124-'26. 

Studies on the acid-catalysed trifluoroacetolysis of 1 -(o-chlorophenyl)-2,2-dichloro- 
1-propyl trifluoroacetate (88) indicate that the rearrangement takes place through the 
intermediacy of a halonium ion (equation 46). 
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0 

OH CI 
I I  

H CI CI 

(86) (87) 

&c-c-cH3 I 1  HpSO4 &CHCOCH3 I (45) 

CI 
I T FA 

Ar-CH-CCI2-CH, - Ar-CH-CH-CH3 - 
\ /  

CI 
I 

OCOCF3 

(88) 

CI 
T FA I 

I II I I  
CI OCOCF3 CI 0 

Ar-CH - C--ti3 - Ar- CH - C- CH, (46) 
H2S04 

Another procedure for the synthesis of chloromethyl ketones involves the reaction 
of trichlorosilyl ethers with butyllithium, generating dichlorolithium compounds (90), 
which upon heating furnish chlorinated silyl enol ethers (91). Hydrolysis yields 
a-chloroketones (equation 47) 

It is evident that a-chloroketones are easily formed by oxidation of the 
corresponding 8-chloro alcohols. However, P-chlorinated alcohols are not accessible in 
a general way and are mostly prepared by reduction of a-chloroketones (vide infra). 
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A 
CHCHCCIsLi - n-BuLi R’ \ CHCHCCI, 7 R’ \ 

R2/  I R 2 /  I 
OSiMe3 OSiMe3 

(91 ) 

The oxidation is exemplified by the conversion of 3,3-dichlorobicyclo[ 2,2,2]octan-2-01 
(92) into the corresponding ketone (93) on treatment with chromic acid 
(equation 48)128. 

‘0 

(93) 

3. Synthesis of a-chloroketones from a-diazoketones 

A general procedure for the preparation of a-chloroketones consists of 
decomposition of diazoketones in the presence of hydrogen chloride or chlorine 
yielding c h l ~ r o r n e t h y l ~ ~ ~  and dichloromethyl  ketone^'^^-'^^, respectively (equation 
49). Excellent results are obtained for c h l o r ~ a c e t o n e ~ ~ ~ ,  1,1,1,3-tetrachloroacetone’33 

3CI 
I-* RCHZCOCH~CI 

and chloromethyl benzyl ketone134 on treatment of diazoketones, derived respectively 
from acetyl chloride, trichloroacetyl chloride and phenylacetyl chloride, with hydrogen 
chloride. 3,3-Dibromo- 1 ,l-dichloro-2-butanone is synthesized by the reaction of 
chlorine in ether with the diazoketone derived from 2,2-dibromopropionyl 
bromide l3I. 

4. Synthesis of a-chloroketones from alkenes and alkynes 

Addition of nitrosyl chloride to alkynes affords chlorinated nitroso compounds 
which upon acid hydrolysis yield monochlorinated ketones in excellent yields 
(equation 50)135. 
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\ ’ NOCl \ /c=c\ - 
II I H 

NO CI 0 CI 
(50) 

Oxidation of di- or trisubstituted olefins with chromyl chloride in acetone provides 
an efficient preparation of a-chloroketones (equation 5 1). For example, 
2-chlorocyclododecanone is prepared by this method from trans-cyclododecene in 
90% yield136. 

CrOzClz 
R1CH=CR2R3 - R’COCR2R3 (51 1 

I 
CI 

Several mono- and dichlorocyclobutanones have been synthesized by cycloadditions 
of chloro- or dichloroketenes to olefins. The dehydrohalogenation of 2-haloalkanoyl 
chlorides with triethylamine generates the chloroketene in situ, which in turn adds 
rapidly to dienes. 7-Chlorobicyclo[ 3,2,0]hept-2-en-6-ones (94) have been prepared in 
such a way by addition of chloroketenes to cyclopentadiene (equation 52)137. 

exo-alkyl (94) endo-alkyl 

Chloro(2,2,2-trichloroethyl)ketene gives higher yields of [2 + 21 cycloadducts and a 
large variety of monochlorocyclobutanones (95) can readily be prepared (equation 
5 3)’3*. 

(CH,) 2C= CH2 1 CCI3CH2CHCICOCI ,c=c=o c 

(95) 

The cycloaddition of dichloroketene, generated in situ from trichloroacetyl chloride 
with triethylamine or with activated zinc in the presence of phosphorus oxychloride, 
constitutes a useful method for the synthesis of 2,2-dichlorocyclobutanone 
deri~ativesl~‘. Styrene is converted into 2,2-dichloro-3-phenylcyclobutanone (96) in 
87%) yield (equation 54)I4O. Also silyl enol ethers seem to be suitable substrates for the 
preparation of functionalized c y c l o b ~ t a n o n e s ~ ~ ~ ,  while the adducts of indene and 
cyclopcntadienes are valuable precursors in the synthesis of t r o p o l o n e ~ ’ ~ ~ .  

2,2-Dichlorocyclobutanones easily undergo regioselective one-carbon ring 
expansion by reaction with diazomethane, yielding 2,2-dichlorocyclopentanones (e.g. 
97). The presence of a-chloro substituents accelerates this reaction. Epoxide formation 
is not significant, probably because of the strained nature of the four-membered ring143. 
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(96) (97) 

(54) 
Terminal alkynes can be converted into dichloromethyl ketones by treatment with 

hypochlorous acid (equation 55)144-’46. 1,l-Dichloroacetone, l,l-dichloro-3,3- 

(55) 

dimethyl-2-butanone and w,w-dichloroacetophenone are obtained from propyne, 
3,3-dimethyl-l-butyne and phenylacetylene, respectively. Treatment of phenyl- 
acetylene with chlorine in methanol gives 1-phenyl-1 ,l-dimethoxy-2,2-dichloro- 
ethaneI4’. 

a,a-Dichloroketones are also prepared by reaction of acetylenes with 
N-chlorosuccinimide in methanol, followed by hydrolysis of the resulting 
dichlorodimethyl acetals (equation 56)148. 

HOCl - H,O 
R-C-CH - [R- C(OH)2-CHCI2] - RCOCHC12 

NCS H 3 0 *  
R’C-CR* R’C C R ~  - R~COCCI ,R~  (56) 

/ \  / \  
Me0 om CI CI 

5. Synthesis of a-chloroketones from epoxides 

Ring opening of u-chloroepoxides, prepared by treatment of gem-dichloroalcohols 
with bases, gives rise to several halogenated ketones under various conditions 
(equation 5 7) I 49. 1 50. 

R’ \ 
,C--OR3 C- 

R2 I 
CI 

R2 
/ 

\ 
R’COC-R3 

CI 

R3 
,C- C\ OH - R’ \ / 

R2 I CI 
CI 

(57) 

Neat thermal rearrangement of chlorinated epoxides normally gives rise to the 
formation of a-chloroketones, while on trcatment with boron trifluoride a 
rearrangement takes place with formation of the isomeric chloroketone. Bifunctional 
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epoxides also afford a-chloroketones on thermal or  acid-catalysed isomerization 
(equation 5 8)33J 5 1  -209. 

A stereospeciiic chlorine migration occurs when a cis-trans mixture of l-chloro- 
Cmethylcyclohexene oxides (98) gives exclusively tran~-2-chloro-4-methylcyclo- 
hexanone (99) on heating, while a zinc chloride-cataiysed rearrangement gives rise 
to a mixture of the cis and the trans isomers (equation 59)'52. If a hydride shift 
occurred, the other isomer (100) would be produced. 

However, theimal rearrangement of 2-chlorobicyclo[2,2,l]hept-2-ene em-oxide 
(101) gives rise to two major products, exo-3-chlorobicyclo[ 2,2,l]heptan-2-one (102, 
38%) and exo-2-chlorobicyclo[ 2,2,l]heptan-7-one (103, 35%), while 2-chlorobicyclo- 
[ 2,2,2]oct-2-ene oxide (104) produces 89% 3-chlorobicyclo[ 2,2,2Joctan-2-one (105) 
(equation 60) 5 3 ~ 1  54. 

0 
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It has been proved in the case of a-chlorostyrcne oxides that such thermal 
rearrangements occur by disrotatory C, - 0 bond heterolysis to yield an 
a-acylcarbenium chloride ion pair (equation 61)lS5. Upon heating 2,3-dichloro- 

CI 

RlR2C’- CGo CI- - R’R2(!COR3 
\R3  

(61 1 
/ 

I 
R’///p+ a- 

R l O A \ \ R 3  

R 2  \ 
R3 

R 
epoxides rearrange into a,a-dichloroketones, but the reaction course is strongly 
dependent upon the substitution pattcrn of thc epoxide ring (equation 62)156. 

R’ 

R’CC12COR2 
+ 

R’COCC12R2 R’ R ~ C  co c I 
I 

CI 

Ring opening of glycidonitriles (formed by condensation of a ketone with an 
a-halonitrile) with anhydrous hydrogen chloride leads to chlorinated cyanohydrins, 
which in turn upon treatment with sodium hydroxide expel hydrogen cyanide, yielding 
a-chloroketones (equation 63)Is7. 

/ R3 
HC I R’COR2 + NCCHCHR3R4 - R l A c H  \ R 4  - 

I R* CN 
CI (63) . ,  

OH 

C-C-CH 
/ R3 

CCOCH 
R’, I / -  R3 NeOH R’ \ 

R2’1 I \ R 4  R2’ I \ R4 
CI CN Cl 

Another excellent conversion of epoxides into a-chloroketones involves the reaction 
of chlorodimethylsulphonium chloride (generated in situ by reacting molecular 
chlorine with dimethyl sulphide at -20°C) with epoxides in the presence of a tertiary 
amine (equation 64). For example, 2-chlorocyclohexanone is formed from 
cyclohexene oxide in 83% yieldIs8. 
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6. Synthesis of a-chloroketones from carboxylic acids and their derivatives 

Chlorination of diketenc gives rise to the unstable y-chloroacetoacetic acid chloride 
which decomposes in aqueous medium to yield monochloroacetone’59. Dichloro- 
methylketones have been synthesised by hydrolysis of lactone derivatives160. 
by treatment of a,a-dichloroesters with Grignard reagentsIu9, and by the action of 
dichloromethyllithium on esters162 (equation 65) .  

Roland VerhC and Norbert De Kirnpe 

VC, 0 \ /CH3 
c\  

CI2HC/ I I CH3 - CI2CHCOR 

O K C H 2  0 

Cl OMgCl 
I I  H30’ 

R’CCOOEt + R2MgCI - R’-C-C-R2 - R>CcOR2 (65) 
/ \  

CI CI I I  CI CI CI OEt 
OL i 

I 

LiCHC12 I H30* 
t R-CC-CCHCI~ - RCOCHCI, 

Go 
RC\ O E ~  THF/ -90°C 

OEt 

Acylation of alkynes with a$-unsaturated acid chlorides provides S-chloro- 
2-cyclopentenones (106) (equation 66)163. 

7. Synthesis of a-chloroketones from aromatic amines 

Aromatic amines are converted into polychlorinated cyclohexanone compounds 
upon treatment with chlorine in acetic acid. For example, p-toluidine (107) gives 
2,2,3,4,5,6,6-heptachloro-4-methylcyclohexanone (108) (equation 67)164,165. 

CI CH, 
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C. Synthesis of a-Bromoketones 

The synthesis of a-bromoketones can be achieved by methods similar to those 
mentioned for the preparation of a-chloroketones, in addition to typical procedures 
and reagents for the introduction of bromine atoms in ketones. 

1. Synthesis of a-bromoketones from ketones and their derivatives 

a. Breminafion with bromine. Treatment of ketones with bromine gives rise to 
substitution of at least one a-hydrogen. However, some side reactions take place 
during the bromination of ketones which are not encountered during the chlori- 
nation'*'". 

The bromination of ketones with bromine is a rcversiblc process and the debromi- 
nated ketones are regenerated by reaction of the bromoketones with the liberated 
hydrogen bromide (equation 67a). In ordcr to shift the equilibrium to the right, 

(67a) 

precautions have to  be taken to evaporate the hydrogen bromide or to take it up by an 
acceptor. In principle all brominated ketones are reducible by hydrogen bromide, but 
with varying ease depending on their structure. More 'positive' bromine atoms are 
reduced more rapidly. The tendency to debromination is directly related to the diffi- 
culty of introducing more than one bromine atom o n  a carbon atom in the presence of 
hydrogen bromide; trapping of the liberated hydrogen bromide is necessary. 

Besides reduction, disproportionation reactions also take place, with the conse- 
quence that during the reaction of a ketone with an equimolecular amount of bromine 
some dibromoketone is always produccd (equation 68). The monobromo:dibromo 

RCOCH, -I- Br, = RCOCH2Br + HBr 

2RCOC&Br RCOCH, + RCOCHBr2 

compound ratio is dependent upon the solvent and reaction time. o,o,o- 
Tribromoacetophenone, with highly 'positive' bromine atoms, is able to brominate 
acetophenone, yielding phenacyl bromide (equation 69)4. 

(69) 

Another side reaction occurring during the synthesis of bromoketones consists of a 
rearrangement of a bromine atom under the influence of hydrogen bromide. a,a- 
Dibromoketones rearrange to 1,3-dibromo compounds, but geminal dibromoketones 
are formed when the bromination is carried out in the presence of potassium 
acetate170. Bromomethyl cyclohexyl ketone (107a) is transformed to l-acetyl-l-bromo- 
cyclohexane (108a) (equation 70)17'. In the case of l-bromo-3-phenyl-2-propanone 

PhCOCBr, + PhCOCH, - PhCOCH,Br 

RCH2COCH2Br Br2 - RCH2COCHBr2 RCHCOCH2& 
I 
Br 

COCH2Br 

(1 Ola) (1 08a) 

(109) an equilibrium is established between both isomers (109 and l10)171. In addition, 
the solvent seems to have a great influence on the position of substitution, as 
exemplified by the bromination of 1 ,l-diphenyl-2-propanone (111) (equation 71)'@. 
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PhCH2COCH2Br PhCHBrCOCH, 

CCOCH, 
Ph, 

Ph’ I 
Br 

8‘2 f 

CH COCH2Br 
Ph , 
Ph’ 

Various procedures have been employed for the bromination of aliphatic ketones 
with bromine. Direct treatment gives very impure products since the liberated hyd- 
rogen bromide tends to promote the formation of condensation products and resinous 
materials next to by-products which are formed during side reactions. These difficul- 
ties are minimized by bromination in an inert atmosphere, by the use of acetic acid as 
solvent or in the presence of calcium carbonate, potassium acetate and potassium 
chlorate. Bromination of acetone in a mixture of acetic acid and water provides 
bromoacetone in a 44% yield together with 2,2-dibromo- and 1 ,3 -d ib romoa~e tone~~~ .  
Better results are obtained when the bromination is carried out in an aqueous solution 
in the presence of potassium ~ h l o r a t e ’ ~ ~ .  Further bromination of bromoacetone gives 
1,1,3-tribromo- and 1,1,3,3-tetrabromoacetonc, while reaction of acetone with an 
excess of bromine yields pentabrom~acetone’~~.  

Bromination of alkyl methyl ketones always leads to the formation of isomeric 
compounds. Normally bromo-substitution of methylene groups is faster than of methyl 
groups, but the rate is nearly identical for methylene and methine moieties (equation 
72). For example, acid-catalysed bromination in the presence of potassium chlorate 

CH3COCH2R 2 CH,COCHBrR + BrCH2COCH2R 
Br 

(72) 
b 2  

CH3COCHR’R2 - CH,COCR’R2 + BrCH2COCHR’R2 
I 
Br 

affords mixtures of 73% 3-bromo- and 27% I-bromo-2-butanone from 2-butanone 
and 63% 3-bromo- and 37% 1-bromo-2-pentanone from 2-pentanone while 3-methyl- 
2-butanone gives rise to 76% 3-bromo-3-methyl- and 24% 1-bromo-3-methyl- 
2-butanone 175-177. Pinacolone can be converted into the mono- and the dibromo 
compounds when the bromination is carried out in ether178, while tribromopinacolone 
is obtained in a refluxing carbon tetrachloride-water mixture in the presence of 
mercuric chloride179. 

Monobromination of unsymmetrical aliphatic ketones is rarely a regiospecific re- 
action and seems to be strongly dependent upon the solvent used. While in carbon 
tetrachloride, cther and acetic acid the substitution mostly occurs at the most substi- 
tuted a-carbon atom, yielding mixtures of reaction productsIS0, bromination in, 
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methanol preferentially takes place at the less substituted carbon atom, as illustrated 
by the bromination of 3-methyl-2-butanone (114) (equation 73). The latter procedure 
constitutes an excellent method for the preparation of bromomethyl ketones, not 
readily accessible previously by direct bromination181. 

CH3 \ 

CH3/ I 
C- CO-CH, 

Br 

(1 15) 
% 

CH--0-CH3 

(1 14) 

CH3 \ 
CH3 / 

CH - CO - CH 2- Br 
CH3, 

CH3/ 

(1 16) 

Bromination of ketones with bromine in carbon tetrachloride during irradiation 
with a 100 W tungsten lamp in the presence of 1,2-epoxycyclohexane gives mono- 
bromoketones in which bromine has cntered exclusively the more highly substituted 
a-position or the benzylic position (equation 74). The extent of substitution a to the 

(73) 

R1COCHR2R3 + Br2 + 0 0  - R1COCR2R3 + 
I 
Br 

R1 = Me, Et 

R 2  = alkyl, phenyl 

R3 = H ,  alkyl 

carbonyl group plays a decisive role in the reaction. Ketones with a secondary or a 
benzylic a-carbon atom are brominated at this position exclusively. With less substi- 
tuted ketones (2-butanone, acetone) the reaction takes a different course, providing a 
mixture of 2-bromocyclohexane, 2-bromocyclohexanol and the starting ketonelg2. 
Under the same reaction conditions a regiospecific introduction of bromine occurred 
at the CI7 of 5a- and 5p-pregnane-3,20-dione (117). The selectivity of these reactions 
is due to the epoxide which, by scavenging the hydrogen bromide produced during the 
reaction, inhibits any ionic acid-catalysed bromination of the ketones. 

H 
(1 17) 

Treatment of aliphatic ketones with two equivalents of bromine in acetic acid or  
ether results in the formation of stereoisomeric a,a'-dibromoketones and no geminal 
dibromo compounds are formed (equation 75)Ig3.1g4. 
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Br 
R'CH2COCH2R2 2 R'CHCOCHR2 

I I 
(75) 

Br Br 

Monobromocycloalkanones, prepared from cycloalkanones with bromine in an ace- 
tic acid-water mixture at 5O-7O0C, are very air-sensitive and difficult to p ~ r i f y ' ~ ~ - ' ~ ~ .  

Bromination of 2-chloro-, 2-cyano- or  2-fluorocyclohexanone (1 18) in carbon tet- 
rachloride in the presence of calcium carbonate takes place mainly at the 6-position 
(equation 76)Ig7. Stereoisomeric a,a'-dibromocycloalkanones are formed by bromi- 

0 0 

(1 18) (1 19) 

X = CI, CN, F 

nation with two equivalents of bromine in acetic acid or  anhydrous ether'". Reaction 
of cyclohexanol with bromine in acetic acid containing 15% hydrogen bromide yields 
20% crystalline cis-2,6-dibromocyclohexanone and 80% of the trans compound, which 
decomposes upon distillation188. Dibromination of 4,4-dimethylcyclohexanone (120) 
in carbon tetrachloride gives cis-2,6-dibromo-4,4-dimethylcyclohexanone (121) in 
66% yield (equation 77). Upon standing in ether, partial cis-trans isomerisation is 

(1 20) (121 1 
observed'89. The cis isomers have higher melting points and higher infrared carbonyl 
stretching frequencies and are more polar as well as  less soluble than the trans 
analogues, which are considered to be conformationally more mobile. 

Neat bromination of cyclohexanone afford tetrabromocyclohexanone190, while 
bromination of cyclohexadecanone with 3.5 mole equivalents of bromine in di- 
chloromethane at 25-30°C gives 2,2,15-tribromocyclohexadecanone in 92% 
yield19'. 

Bromination of aryl alkyl ketones can be carried out selectively and w-bromo, 
w,w-dibromo- and o,w,w-tribromoacetophenone are synthesised in high yields from 
a c e t ~ p h e n o n e ' " ~ - l ~ ~ .  Monobromo- and dibromopropiophenone are obtained from 
propiophenone, although for the disubstituted compound to be obtained the bromina- 
tion must be performed in carbon tetrachloride at reflux temperature under irradiation 
and in the presence of benzoyl p e r o ~ i d e ~ ~ . ' ~ ~ .  The bromination of indanone can be 
carried out selectively. Reaction in ether with one molar equivalent of bromine yields 
the 2-bromo compound while 2,2-dibromoindanone is obtained upon treatment with 
two molar equivalents of bromine in chloroform1'j6. In general, a.a-dibrominated alkyl 
aryl ketones are not easily accessible due to exchange processes in  the presence of 
hydrogen b r ~ m i d e " ~ - " ~ .  
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During the addition of bromine to a,/?-unsaturated ketones which yields a,p- 
dibromoketones, precautions have to be taken in order to avoid decomposition. The 
reaction has to be carried out very slowly and at low temperature (0°C) as exemplified 
by the preparation of 3,4-dibr0mo-3-methyl-2-butanone~~~ and 3,4-dibromo-4- 
p h e n y l - 2 - b u t a n o n ~ ~ ~ ~ .  

Alkoxybromination occurs when a$-unsaturated ketones are treated with bromine 
in an alcohol, giving rise to a-bromo-p-alkoxy ketones' (equation 78)*01. 

(78) 
b 

R'CH=CHCOR~ 2 R'CH-CHCOR~ 
~ 3 0 ~  I I  

OR3 Br 

2-Bromo-2-cyclohexenone (123) is prepared by treatment of 2-cyclohexenone (122) 
with bromine in collidine, the initial adduct being dehydrobrominated (equa- 
tion 79)202. 

Q * bBr (79) 

(1 22) (1 23) 

Treatment of isophorone (124) with an excess of bromine in carbon tetrachloride 
gives 2,4,6-tribromo-3-bromomethyl- (125) and 2,6,6-tribromo-3-dibromomethyl- 
5,5-dimethyl-2-cyclohexenone (126), respectively at 0 and 25°C. Further treatment of 
125 affords the pentabmmocyclohexenone (127) (equation 80)2"2. 

Br 

(1 26) 

Just as in the preparation of a-chloroketones, various ketone derivatives serve as 
substrates for the synthesis of bromoketones. The bromination of trimethylsilyl enol 
ethers with bromine in carbon tetrachloride at  - 20°C represents an excellent method 
for the regiospecific introduction of a bromine atom into aliphatic and cyclic ketones 
(equation 81)203. 

Treatment of enol acetates with bromine gives rise to a-bromoketones: 2-bromo- 
1-phenyl-1 -propanone and 2-bromocycloalkanones are prepared according to this 
procedure (equation 82)'04. 



842 Roland VerhC and Norbert Dc Kimpe 

Br 

OSi (CH3I3 (81 1 4 CISiiCH3)3 NEt 3 / DM F 
- Br2 Brd 

H3C CH3 H3C CH3 H3C CH3 

Br 
B 2  I R ~ O H  

R’CH=C-CCH3 - R’-CH-C-CH3 - R’CHCOCH, + CH3COOR2 
I I I  I 

(82) OAc Br OAc Br 

Bromination of enamines constitutes a suitable method for the preparation of 
bromoketones and the procedures mentioned for the synthesis of a-chloroketones are 
also applicable here7s-76. 

b. Bromination with N-bromo compounds. The use of N-bromo compounds in the 
preparation of a-bromocarbonyl compounds, first reported by Schmid and KarrerZo5 
using N-bromosuccinimide (NBS), shows the advantage that neither hydrogen 
bromide nor free bromine are present during the reaction, with the consequence that 
side reactions are largely eliminated. Monobromination occurs smoothly and gerninal 
dibromination rarely takes place, so that brominated ketones which are not available 
by the bromine method can be synthesized. However, the reaction rate is much slower 
with N-bromo compounds and in some cases no bromination occurs at allzo6. 

Numerous examples of monobromination of aliphatic and acyclic ketones with 
N-bromosuccinimide are known, mostly in the presence of initiators (benzoyl peroxide 
(BPO), azo-isobutyronitrile) and/or i l l u m i n a t i ~ n ~ ~ ~ ~ - ~ ~ ~ .  Geminal dihaloketones (133, 
135) are formed when a-chloroketones, such as a-chlorocyclohexanone and 
a-fluoropropiophcnone, are treated with NBS (equation 83)33*’R7*20y. 

Introduction of a bromine atom in a$-unsaturated ketones takes place at the allylic 
position and not at the carbon atom next to the carbonyl functionz1”. Bromination of 
isophorone (124) with NBS gives rise to 4-bromoisophorone (136) (equation S4)202. 
Other N-bromo compounds, e.g. N-bromophthalimide. N-bromoacetamide, 
N-brornotolylsulphonylamide, 3-bromo- and 1,3-dibromo-5,5-dimethylhydantoin 
have been used less frequently as brominating agents”’. Besides brornination of 
ketones with these reagents, derivatives such as enol acetates, enol ethers and 
enamines have also been treated and excellent yields of bromoketones are obtained, 
as in the case of the corresponding chloro derivativesy8.212. 

However, the bromination of ketimincs and subsequent hydrolysis turns out not to 
be a useful method for the preparation of dibromoketones. Reaction of methyl- 
ketimincs with NBS in CCI4 gives rise to a,a-dibromoketimines, but hydrolysis of the 
latter compounds provides a mixture of a.cx-dibromo and a ,a ’ -d ibromoket~ncs~~~.  O n  
the other hand, hydrolysis of N-l-(2,2-dibromo- 1 -phenylalkylidene)cyclohexylamines 
affords a mixture of mainly l-aryl-2,2-dibromo-l-alkanones and l-ary1-1,2- 
a l k a n e d i ~ n e s ~ ~ .  
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NBSICCI, 
Br - 

U A U 

NBSf CCI, 

A 
PhCOCHCH, - PhCOC-CH, 

/ \  I 

N B S  
R'CH2CH=CHCOCH2R2 - R'CHCH=CHCOCH~R~ 

I 
Br 

(1 24) (1 36) 
C. Miscellaneous brominating agents. Copper(I1) bromide is an excellent reagent for 

the preparation of a-monobromoketones when the reaction is carried out in refluxing 
chloroform-ethyl a ~ e t a t e ~ ' ~ , ~ ' ~  (equation 85) (R1, R2 = alkyl, phenyl, -(CH2),-). 

CuBrz 

R'COCH2R2 CHC,3/E10Ac R1COCHR2 + CuBr + H& (85) 
I 

Br 

Selective bromination of C-H a to a carbonyl function can also be achieved by 
pyridinium hydrobromide perbrornide2l6, tetrazolium perbromide217, phenyl- 
trimethylammonium perbromide2I8, 2,4-diamino-l,3-thiazole hydroperbromide219 
and 2-carboxyethyltriphenylphosphonium perbromide (137)220. 

The last-mentioned compound, which is conveniently prepared by heating 
triphenylphosphine and acrylic acid in 49% hydrobromic acid followed by treatment 
with bromine in acetic acid, selectively gives monobromination at the a-position of a 
keto function even in the presence of double bonds. In the case of unsymmetrically 
substituted ketones, a-bromination occurs predominantly at the most substituted 
carbon atom due to the preferred enolization in that direction (equation 86). 

(C6H5)3kH2CH2COOH Br3- 

(1 37) 
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137 ArCH= CHCOCH, - ArCH=CHCOCH,Br 

ArCH2CH2COCH3 - 137 ArCH2CHCOCH3 

I 
Br 

Recently, an insoluble regenerable brominating polymer has been developed. This 
polymer is easily and safely prepared from the macroreticular anion exchange resin 
Amberlyst-A26 C1- (Rohm and Haas Co.) (equation 87). 

(1 38) 

Amberlyst-A26 bromide form is converted into the perbromide form (138) by 
treating with a carbon tetrachloride solution of bromine. Unsymmetrical ketones are 
selectively brorninated at  the more highly substituted position, in the presence of 
a free radical initiator and methyloxirane as scavenger of the hydrobromic acid. 
a$-Unsaturated ketones are completely converted into the corresponding dibromo 
saturated adducts. In the reaction of steroidal ketones, bromination occurs mainly 
from the less hindered side of the molecule (equation 88). The advantage of this 
reagent consists of the ease of operation, the work-up conditions and the capability for 
regeneration** -222. 

138 

LL CH3 

R-CH2COCHS 7 R-CHCOCH3 
I 
Br 

138 
R-CCH=CH-COCH, Hexane,RT R- CH- CHCOCH, (88) 

I I  
Br Br 
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Brominated active methylene functions are also able to act as brornoniurn ion 
sources. Monobrorno- and dibrornornalononitrile are suitable reagents for the 
bromination of active methylene functions, but they are not active enough to introduce 
a bromine atom at the a-carbon of monocarbonyl f u n ~ t i o n s ~ * ~ . * ~ ~ .  

An excellent reagent, however, seems to be 5,5-dibromo-2,2-dimethyl-4,6-dioxo- 
1,3-dioxan (138a), which is able to monobrominate saturated aldehydes and ketones 
and the a‘-carbon atom of a$-unsaturated ketones with high selectivity (equation 
89)225. 

CH-CO-RR3 + 2 R’, 

R2’ 

In addition, 2-bromo-2-cyano-NJV-dimethylacetamide is also effective for the syn- 
thesis of a - m o n o b r o m ~ k e t o n e s ~ ~ ~ ,  while selective monobromination of a,S-unsaturated 
ketones has been performed by the action of 2,4,4,6-tetrabromocyclohexa-2,5-dienone 
without affecting the double bond or any allylic position (equation 90)226. 

0 

R- 

OH 
0 
II 

R- CH2- CH= CH- C- CH2Br + 

Dioxan dibrornide has bcen used for bromination in the side chain of electron-rich 
hydroxy- and rnethoxy-substituted acetophenones, which often suffer nuclear 
bromination with other brominating agents227. 

Another procedure involves the attack of brornodimethylsulphonium bromide 
(138b) on enamines followed by hydrolysis of the intermediate brominated imrnoniurn 
salt (equation 91)’”. Sodium hypobromite is not a suitable reagent for the preparation 
of brornoketones. Methyl ketoncs give the haloforrn reaction; e.g. propiophenone has 
been oxidized to benzoic and acetic acid228. 
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2. Synthesis of a-bromoketones from a-diazoketones 

Monobromo- and dibromoketones are produced by decomposition of diazoketones 
with hydrogen bromide and bromine, respectively (equation 92)130*22g. Sometimes 
minor amounts of the corresponding chloroketones are produced when starting from 
acid chlorides (X = Cl). Therefore acid bromides are preferentially used for the 
preparation of the d i a z ~ k e t o n e s ~ ~ ~ .  

RCOCH2Br 

Y 
CHzNz 

RCOX - RCOCHN2 

RCOCHBr2 

3. Synthesis of a-bromoketones from epoxides 

Most of the procedures mentioned in the section dealing with the synthesis of 
a-chlorinated ketones using epoxides as substrates are also applicable for the 
preparation of a-bromoketones. Nevertheless, some specific methods using epoxides 
are available for the synthesis of the corresponding bromoketones. 

Photocatalytic bromination of epoxides in carbon tetrachloride yields ketones 
directly, exclusively monobrominated at the less substituted a-carbon atom 
(equation 93)232. 

CCI, I hv 
R, N O ,  / H 

-4- Br2 - RCOCH2Br +HBr 
H/C- ch (93) 

R = alkyl, phenyl 

The majority of epoxides tested rcact with a stoichiometric amount of bromine to 
produce only the bromoketones and no bromohydrins, the latter arising from ring 
cleavage of the epoxide by the generated hydrogen bromide. However, cyclohexene 



847 19. Synthesis and reactivity of a-halogenated ketones 

oxide and styiene oxide give, besides the monobromo-, also the dibromoketones and 
the bromohydrins. The photocatalysis is indispensable and the choice of the solvent is 
critical. In ether only the two bromohydrins are formed. 

The mechanism must involve a free radical hydrogen abstraction process followed 
by a fast rearrangement to an u-oxoalkyl radical (equation 94). 

R-CO-b-t, - b 2  R-COCH2Br 

Reaction of epoxysulphonyl compounds, now conveniently available from 
a-chlorosulphones and aldehydes under phase transfer conditions with magnesium 
dibromide in ether at room temperature, affords a-bromo carbonyl compounds 
(equation 95)233. 

0- R2 0 R2 
I I  II I 

I 1  I 
R3 R’ R’ 

PhS02-C-C-Br PhSO2- i- R3-C-C-Br 

R’, R 2  = H, alkyl, phenyl 

(95) 

The epoxysulphone route is more general than the a-chloroepoxide routei49 and can 
be carried out easily. For example, 1-bromo-1-phenyl-2-propanone can be obtained in 
a yield greater than 95%. Ring cleavage of nitroepoxides with hydrogen bromide also 
gives rise to the formation of a-.bromoketones (equation 96)234. 

C -.COR3 
HBr R’ \ R: c-C\ /O\ /R3 - 

R2/ I 
R2’ NO2 Br 

4. Synthesis of u-bromoketones from miscellaneous substrates 

Some of the procedures already mentioned in the section concerning the synthesis of 
a-chloroketones can be utilized for the preparation of bromoketones. 

Dibromomethyl ketones are formed by the action of dibromomethyllithium o n  
estersi6?. Jones oxidation and oxidation with pyridinium chlorochromate of 
brominated cycloalkanols also give excellent results, as in the synthesis of 
cis-2,8-dibromocyclooctanone23s. 

Another method uses vinyl esters which are transformed into dibromoesters upon 
addition of bromine. These esters spontaneously decompose into acyl bromides and 
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Br 
Br2 I 

I 
RICO- OC=CH, R’CO-OC-CH2Br - R’COBr + R~COCH,B~ 

R 2  (97) 
I 
R2 

a-bromoketones (equation 97)236. l-Bronio-2-heptanone is obtained from 
2-acetoxy-l-heptene in 75% yield. Pyrolytic elimination of a-bromo-/?-hydroxy- 
sulphoxides, obtained by reaction of aldehydes with lithiobromomethyl phenyl 
sulphoxide, produces a-bromomethyl ketones in excellent yields (equation 98)237. 

0 
II Diglyme 

R-CHO + PhS-CHBr THF’-780C * R-CH- CH - SOPh RCOCH2Br 
I I I  
Li OH Br 

(98) 

D. Synthesis of a-lodoketones 

a-Iodoketones are usually prepared by treatment of ketones with iodine in the 
presence of a strong base238, by exchange reaction of chloro- or bromoketones with 
inorganic iodides212.239,240, by treatment of ketones and their enol acetates with 
N- iodos~cc in imide~~~ ,  by action of iodine(1) chloride on enol acetates212 and by 
decomposition of diazoketones in the presence of iodine242. Several of these 
procedures suffer from disadvantages such as condensation and decomposition 
reactions and the availability and stability of substrates and reagents. 

During the last few years successful methods have been developed for the synthesis 
of a-iodoketones. The reaction of enol acetates with thallium(1) a ~ e t a t e - i o d i n e ~ ~ ~  and 
the oxidation of alkenes with silver ~hromate- iodine’~~ gives a-iodoketones in 
moderate yields. However, thallium(1) acetate is highly toxic, and, using the latter 
method, only l-iodo-2-alkanones can be prepared from terminal alkenes. 

Cyclic a-iodoketones are obtained directly by oxidation of olefin-iodine complexes 
with pyridinium dichromate (PDC), but the reaction failed with linear olefins 
(equation 99)245. 

Terminal alkynes react with iodine in methanol in the presence of silver nitrate to 
give mainly a,a-diiodoketones together with diiodoalkenes and iodoalkynes (equation 
1001246. 

(1 00) 
12. AgNOj 

RC-CH - RCOCHI, + RC(I)=CHI + RC-C-I 

At present the most general method consists of the sequential treatment of enol silyl 
ethers with silver acetate-iodine followed by triethylammoniurn fluoride. High yields 
of a-iodo carbonyl compounds are reported (equation 10 l)247. The mechanism can be 
envisioned as occurring with initial formation of an iodonium ion followed by acetate 
attack. 



849 19. Synthesis and reactivity of a-halogenated ketones 

OSiMe3 
AgOAc - 0 A c  - 

H 

OSiMe, 
E ~ $ H  F -  - x” (101) 

H H ’  

Iodoketones are relatively unstable and are not widely used in synthesis. Therefore 
the reactivity of a-iodoketones will not be discussed in the following sections because 
of their limited applicability. 

E. Mechanisms of a-Halogenation of Ketones 

As already pointed out during the discussion of the various procedures for the 
preparation of a-halogenated ketones, the halogenation occurs according to three 
different types of m e c h a n i ~ r n s ~ ~ ~ * ~ ~ ~ .  

(1) In the presence of acids an electrophilic attack of the halogen on the enol takes 
place and subsequent loss of a proton from the intermediate oxonium ion leads to the 
a-haloketone (equation 102). For sufficiently high halogen concentrations, the 
rate-limiting step is the enohat ion while the rate of halogenation seems to be 
independent of the nature and concentration of the halogen. 

I 
R 2  

I 
R2 

In the halogenation of unsymmetrical ketones, the substitution position is 
determined by the relative ease of formation of the isomeric enols. Consequently, the 
predominant isomer produced on halogenation of a ketone is that in which the halogen 
enters the more highly substituted a-position, because enol formation is enhanced by 
the presence of a-alkyl substituents and by other substituents which stabilize the enol. 

However, the presence of an a-halo atom results in a decrease of the rate of enol 
formation and the substitution of each successive halogen atom becomes more 
difficult. 

(2) In base-catalysed halogenations the halogen reacts with the enolate anion 
rather than with the enol. The  rate of enolate formation is retarded by alkyl 
substituents and enhanced by a-halogen substituents. Therefore, base-catalysed 
halogenation is not suitable for the preparation of a-monohaloketones (equation 103). 

(3) The halogenation can be carried out via halogen radicals, but further 
introduction of halogens proceeds via an ionic mechanism under the influence of the 
generated hydrogen halide. 
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n- 

X 

In the traditional mechanism for halogenation of ketones, which involves 
halogenation of a reactive enol or  enolate, the observed rate of halogenation is 
independent of the halogen concentration and the nature of the halogen, when the 
halogen concentration is sufficiently high. Under these conditions the rate of 
deuteration should also be equal to the rate of halogenation. A t  sufficiently low 
halogen concentrations, the reaction between the enol o r  enolate and the halogen 
becomes rate determining and the observed rates become dependent on both the 
nature and the concentration of the halogen species. 

A t  very low halogen concentration and high acidity, Bell demonstrated that the rate 
of the addition of the halogen to the enol form becomes slower in comparison with the 
e n o l i ~ a t i o n ~ ’ ~ .  Nearly the same observations were made when the kinetics of the 
iodination, bromination and chlorination of acetone, diethyl ketone and diisopropyl 
ketone were studied at [Xz] = 10-7-10-5 M (equation 104)251. The apparent rate 

k, = KEkp 
kl 

k-1 
k , ,  = - 

constants klI for iodination, bromination and chlorination are approximately equal and 
k2 is rate controlling only at very low concentrations of halogen (diffusion-controlled 
kinetics). The order of magnitude of such limiting rate constants of lo9 M - ’  s-l leads 
to new values for K E  in solution, much smaller than those reported earlier252. 

After many years of unchallenged acceptance, the enolization mechanism for 
halogenation of carbonyl compounds was questioned by two groups. Rappe has 
postulated no less than five different mechanisms of halogenation for 2-butanone and 
other related ketones. Of these five reactions two are acid catalysed, two base 
catalysed and one is a free radical m e ~ h a n i s r n ~ ~ ” ~ ~ ~ .  Rappe has claimed, for example, 
that base-catalysed bromination of 2-butanone can result in a ratio of monohalides 
(3-Br/l-Br = 7-7.5) quite different from that predicted on the basis of relative 
exchange rates (CH2/CH3 = 0.6-0.7). In addition there is an  apparent 20-30-fold (at 
p H  5.5-7) and a fivefold difference (at p H  12) in the reaction rates for bromine and 
iodine. In view of these results a mechanism is postulated which involves a reaction of 
unenolized ketone with hypohalite anions. 

Sytilin also claimed that the initial rate of bromination of acetone is dependent upon 
the concentration of bromine2s6. However, a few years later several groups proved 
independently that there is no reliable evidence to suggest that the base-catalysed 
halogenation of unsymmetrical ketones proceeds by alternative non-enolic 
halogenation routes other than by a traditional enolization m e c h a n i ~ m ~ j ’ - ~ ~ ~ .  

111. REACTIVITY OF a-HALOGENATED KETONES 

The interest in the reactivity of halogenated carbonyl compounds has grown since the 
discovery in 1895 of the Favorskii rearrangement, and numerous reports have dealt 
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with theoretical studies and synthetic applications of a-haloketones. Therefore it is 
extremely difficult to  review all the reactions in which a-haloketones are important 
intermediates. The main focus will be upon the reactivity with nucleophiles and bases, 
although other important reactions and transformations will be treated selectively. 

A. Reactivity of a-Haloketones towards Nucleophllic Agents and Bases 

1. Introduction 

can take place at six possible electrophilic sites: 
On treatment of an a-haloketone with various nucleophiles and/or bases, the attack 

The nucleophile i s  able to attack the carbon of the carbonyl function (position l), the 
carbon atom carrying the halogen atom (position 2) and the halogen atom (position 3). 
In addition, due to the presence of two polar electron-withdrawing groups, namely the 
carbonyl function and the halogen atom, the hydrogen atoms in the a-, a'- and 
0-positions also become susceptible to attack by nucleophiles or bases (positions 
4 ,5 ,6 ) .  

Theoretically, the following types of reaction can be envisioned during the reaction 
of an a-haloketone with a nucleophilic reagent. Besides nucleophilic substitution (a), 
elimination (b) and reduction (c), a nucleophilic addition to the carbonyl (d) can take 
place, followed by a nucleophilic intramolecular substitution (e) with formation of an 
epoxide which is able to  give further reactions. In addition a Favorskii rearrangement, 
via an intermediate cyclopropanone, with formation of carboxylic acid derivatives is an 
alternative route (f) (equation 105). 

In most cases it is very difficult to predict which reaction type will occur on 
treatment of an a-haloketone with a nucleophile. This complexity is mainly due to the 
following factors: 

(1) Several reaction pathways are often occurring simultaneously, resulting in 
mixtures of reaction products. 

(2) The same reagent gives rise to different reaction products with different 
ketones. 

(3) The same ketone may show completely different reaction pathways with very 
similar nucleophilic reagents. 

(4) The reaction is strongly dependent upon the reaction conditions (solvent, 
temperature, etc.). 

(5) Structurally similar ketones which are substituted with different halogens give 
different reaction products with the same reagents. 

(6) The reaction products can undergo further transformations during the reaction, 
such as rearrangement, oxidation and dimerization, while the starting a-haloketones 
can also be transformed into different ketones which then react further, giving rise to 
unexpected compounds. 
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2. The effect of the carbonyl function on the relative reactivity of a-halocarbonyl 
compounds with alkyl halides 

The enhanced reactivity of a-halogenated ketones relative to the corresponding 
alkyl halides in bimolecular nucleophilic substitution is well k n o ~ n ~ ~ ~ - ~ ~ ~  and is 
illustrated in Table 1. 

TABLE 1. Relative reactivities” of a-halo carbonyl compounds, alkyl halides and benzyl halides 
in nucleophilic substitution 

Reaction n-C3H7X PhCH2X XCH2COOEt CH3COCHzX PhCOCHzX Ref, 

R-CI + KI/acetone 1 
R-CI + S203-/waterl 
R-CI + -OAc/ 

methanol 1 
R-Br + pyridine/ 

methanol 1 
R-Br + thiourea/ 

methanol 1 

methanol 1 

methanol 1 

methanol 1 

R-CI + -N3/ 

R-CI + -OCN/ 

R-CI + -SCN/ 

197 
- 

1720 
220 

28 

35 700 
1400 

198 

105 000 
1600 

228 

26 1 
2 63 

263 - 

286 

300 

56 208 406 261 

640 10 700 262 

33 210 276 263 

75 156 176 263 

83 40 1 770 263 

“Relative reactivity to C3H7. 

Ester, cyano and reiated groups also show this powerful activating effect, but 
surprisingly the sulphonyl group is deactivating, although the carbonyl and the 
sulphonyl groups exert the same inductive and resonance effects as expressed by their 
a-constants2M. 

It is also noteworthy that the activating effect of the carbonyl function is still 
operative when the group is situated at the p- or y-carbon atom; PhCOCH2CH2CI and 
PhCOCHzCHzCHzCl are respectively 80 and 230 times as reactive as n-butyl 
chloridezh1. Various mechanisms have been postulated to explain the enhancement of 
reactivity due to the presence of the carbonyl function. Hugheszh6 ascribes the 
reactivity to  the inductive effect of the carbonyl group which enhances the polarity of 
the carbon-halogen bond by increasing the electron deficiency at the a-carbon atom. 
The  more polar the C-X bond, the faster is the reaction of nucleophiles in bimol- 
ecular substitution. Bakerzh7 has proposed a mechanism in which the first and rate- 
determining step is the addition of the basic reagent to the carbonyl function, followed 
by a rapid intramolecular displacement (equation 106). 

The isolation of stable epoxidcs in the reaction of an a-haloketone with sodium 
methoxide and the evidence that these epoxides are reactive intermediates leading to 
other productszh8 gives rise to another explanation by Pearson and coworkerszh2 
(equation 107). If any of the steps of the first reaction is slow, then this mechanism is 
in  agreement with the second-order kinetics. A key point is that the reagcnt B’ is not 
necessarily the same as B. 

The interaction between the carbonyl group and the nucleophile is mainly 
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B+ B+ 

s+ 
electrostatic and the high SN2 reactivity is due to polarization interaction caused by the 
smaller steric requirement of RCO as compared to RCH2. 

Another interpretation by D e ~ a r ~ ~ ~  and Winstein and coworkers270 is based upon 
neighbouring group orbital overlap with the adjacent electron-deficient carbon atom. 
The transition state for the substitution of a-haloketones is envisaged as including 
partial bonding of the reagent with the p-orbital of the carbonyl carbon. 

An alternative explanaticn is that substitution products are formed via an 
enolization-solvolysis mechanism as expressed in equation ( 108)271. 

OH 
I 

RCH2COCH2X RCH=C-CH,X - 
OH 
I 

I 
X- B 

RCH-C-CH2 2 RCH2COCH2B + RCHCOCH, (108) + 

Many cases have been reported in which this mechanism is operative. An example is 
the reaction of 1 -chloro-3-phenylmercapto-2-propanone (139) with acetic acid in the 
presence of potassium acetate, which yields 1-acetoxy- 1 -phenylmercapto-2-propanone 
(140) and the thiol ester (141) (equation 109)272. 

Another example involving solvolysis of an enol allylic chloride is responsible for 
the formation of the a-alkoxyketone (143) and the a-hydroxyketone (144) from the 
chloroketone (142) (equation 109)273. 

A fast rate of substitution could result from fast enolization-solvolysis and 
comparison with the rates of the corresponding alkyl halides is worthless. Several of 



85 5 19. Synthesis and reactivity of a-halogenated ketones 

OCOCH, 
CHJCOOK I 

C6H5SCH2COCH&I H O A ~  C,H,SCHCOCH3 -t CH3CH-coSC6H, 
I 

PhCH2COCHCICH3 

(1 42) 

75% HzOfMeOH I 
Acid or dilute PhCH=C-CHCH, - 

ba8e I 
CI 

OMe OH 
I I 

PhCH2COCHCH3 + PhCH2COCHCH3 (1 09) 

(143) (76%) (144) (24%) 

the proposed rationales are in contradiction to experimental data, for example with 
the substitution of a-haloketones by weakly basic nucleophiles. 

The explanation of Hughes266 fails in these cases where electron-withdrawing 
a-substituents other than carbonyl should show the same rate enhancement. However, 
a-halogen, a-alkoxy and a-sulphonyl substituents cause a substantial decrease in the 
rate of nucleophilic substitution of alkyl halides; a-halosulphones and a-halonitro 
compounds are quite unreactive. Baker’s mechanism267 does not fit the observation 
that the rate of substitution of a-haloketones is dependent upon the nature of the 
halogen. Bromoketones react faster than the corresponding chloro compounds, 
phenacyl bromide being 120 times as fast as phenacyl chloride with thiourea in 
methanol. Although a number of epoxides have been isolated or are shown to be 
important intermediates in reactions of a-haloketones (especially a-halobenzyl 
ketones react with alkoxides to yield a-hydroxyacetals), cleavage of epoxide inter- 
mediates leading to substitution products is dependent on the system and the 
experimental conditions. Arguments against an epoxide intermediate are presented in 
the reaction of haloketones with weakly basic nucleophilic reagents and against a 
rate-determining addition of the reagent to the carbonyl group262. Lutz showed that 
optically active desyl chloride undergoes exchange and racemization at the same rate 
with radioactive C1-, while for an epoxide mechanism an exchange without 
racemization is predicted274. However, Turro and coworkers proved that a-methoxy 
ketones are formed from a-bromoketones via an epoxide mechanism27s. 

Thorpe and Warkentin interpret the bimolecular substitution of a-haloketones with 
acetate and azide ion, which are remarkably insensitive to steric hindrance, in terms of 
a normal SN2 transition state, not involving either special alignment of entering and 
leaving groups with the n-orbital of the carbonyl function (conjugation) or covalent 
interaction between nucleophile and carbonyl carbon (bridging) for reaction of 
conformationally mobile systems. Conformationally fixed systems, on  the other hand, 
may be affected by such factors. Trans-4-t-butyl-2-chloro cyclohexanone is 61 times 
more reactive than the ck-isomer in reaction with acetate ion. Activation parameters 
support the statement that only those a-haloketones which are set up for conjugation 
and bridging show substitution according to  a different pathway from that operating in 
the corresponding reactions of alkyl halides276. 
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TABLE 2. Relative reactivity of 
phenacyl bromide and methyl iodide 
in nucleophilic substitution 

kz(PhCOCH2Br) 
Nucleophilc kz(MeI) 

CI - 

NCS- 
NCSe- 
Pyridine 

(NH212CS 

Ph3P 
MezS 
Ph3As 

Et-aN 
MezNPh 

110 
63 
30.5 
26.6 
7.07 
4.44 
3.22 
2.15 
0.37 
0.14 

A recent report of Halvorsen and Songstad concerning comparison of second-order 
rate constants for reactions of phenacyl bromide and methyl iodide with various 
nucleophiles in acetonitrile reveals that the rate enhancement due to  the carbonyl 
group is not a general effect but is dependent upon the nucleophile (Table 2). 

Apparently, reactions with ionic nucleophiles tend to involve a ‘tight’ transition 
state (containing a mainly spz hybridized central carbon atom). On the other hand, 
reactions with uncharged nucleophiles (amines) react via an ‘early’ transition state (an 
sp3 hybridized central carbon atom) where no conjugation with the a-carbonyl group is 
possible. In the first case, the a-carbonyl function does exert a significant influence 
upon reaction rates due to its + E  effect, while in the latter case a decrease of the 
reaction rate of phenacyl bromide is observed in comparison with methyl iodidez77. 
Considering all these results it is reasonable to postulate that any favourable effect 
exerted by a carbonyl function on the nucleophilic reactivity stems in part from the 
absence of rate-retarding steric effects (the enhancement is much lower for propionyl 
or butyryl functions in comparison with an acetyl function33), coupled with a mildly 
rate-enhancing inductive effect. 

3. Reaction of a-haloketones with oxygen nucleophiles and bases 

The products of the reaction 
of a-halogenated ketones with oxygen nucleophiles and bases are strongly dependent 
upon the substrate, the nature of the nucleophile and the reaction conditions. 
Besides substitution reactions, eliminations and rearrangements are also occurring, 
with the result that in many cases the outcome of the reaction cannot be predicted 
and that several reaction pathways take place simultaneously, resulting in a mixture 
of products. Several examples are known in which hydrolysis of a-haloketones 
with hydroxide and carbonate solutions in various solvents (water, alcohols, ether, 
dioxan, etc.) gives rise to a - h y d r o x y k e t o n e ~ ~ ~ ~ - ~ ~ ~ .  For example, a-hydroxycyclo- 
hexanone is formed in 76% yield from 2-chlorocyclohexanone with an aqueous sol- 
ution of potassium carbonatezg3, while w-hydroxyacetophenone is obtained by boiling 
o-chloroacetophenone in waterzw. 

However, during the hydrolysis of a-haloketones, side reactions, and especially 
Favorskii rearrangements and elimination reactions, are able to occur. 

a. Reaction with inorganic oxygen nucleophiles. 
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While treatment of 2-bromocyclododecanone (145) with aqueous potassium 
hydroxide gives 78% 2-hydroxycyclododecanone (146), the reaction in isopropanol 
results in the formation of the Favorskii rearrangement product, i.e. 
cycloundecanecarboxylic acid ( 14qZ8’. The same phenomenon is observed during the 
reaction of halogenated aryl cyclohexyl ketones (148) with potassium hydroxide 
(equation l10)286.287. The nature of the halogen also plays an important role in the 

Cyclohexsne (110) 

(1 50) 

(1 48) 

reaction course. Reaction of a-chlorinated dicyclohexyl ketone (151) with potassium 
hydroxide in dioxan gives mainly a carboxylic acid (152), while the corresponding 
bromo compound shows a completely different reaction resulting in a debromination 
(equation 1 1 1)288. The initially formed u-hydroxyketones sometimes undergo further 

reactions under the basic reaction conditions, such as i ~ o r n e r i z a t i o n ~ ~ ~ ,  oxidation 
with formation of diketonesZ9O, benzylic rearrangement with formation of 
a-hydroxycarboxylic acidsz9’ and d i r n e r i z a t i ~ n ~ ~ ~ .  

Numerous examples are known of Favorskii rearrangements of a-halogenated 
ketones with metal hydroxides293, carbonates294, bicarbonateszy5 and silver nitratezg6 
in water, as depicted above (equation 112). In some cases, such as polyhalogenated 
cycloalkanones, even treatment with water gives rise to Favorskii productszy3. 
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COOH Br 0 t"r. + 6 
(1 54) (1 55) 

Next to the Favorskii rearrangement, the Grob fragmentation is frequently 
encountered in reactions of halogenated cycloalkanones such as polychlorocyclo- 
pentanones with base162 (equation 1 13)64 

NaHC03 

Acetone- water 
t clq:l CI 0 

CI 
/ 

I 'CI 

I 
HOOC-C-CH,-C=C 

/ \  
CI CI X 

A similar fragmentation reaction leading to dichlorinated acids takes place 
during the synthesis of geminal dichloroketones with the system carbon 
tetrachloride-potassium hydroxide-t-butyl alcohoIlo6. Also, in the reaction of carvone 
tribromide (165) with sodium hydroxide in water or ether, little or no Favorskii 
rearrangement occurs; instead the carbonyl group is attacked, leading to compounds 
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166,167 and 168 by a Grob fragmentation and to an epoxide (169). However, in the 
reaction of the cram isomer (171) with sodium hydroxide, the Favorskii rearrangement 
prevails with formation of unsaturated esters (after treatment with diazomethane) and 
a lactone (equation 1 1 4)297. 

H3C, Br 

"9 

Br 

(171 1 

a-Hydroxycycloalkenones (177, 179) are prepared from a-brominated cycloalk- 
anones (176,178) by hydrolysis with aqueous sodium hydroxide (equation 11 5)298.299. 

The reaction of 2,2-dihalo-l-arylalkanones (180) with hydroxide ion takes a 
completely different course, yielding a-hydroxycarboxylic acids (182) via a benzilic 
rearrangement of intermediate a-diketones (181) (equation 1 1 6)300. 

Although a number of dehydrohalogenation reactions by the action of carbonates 
on a-haloketones have been reported, this reaction has little synthetic value due to 
rearrangements and aldol condensations already mentioned. In most cases lithium 
carbonate in dimethylformamide or  dimethyl sulphoxide has been used in the 
elimination reactions. 

Cyclohexenones are formed from a-halocyclohexanones. For example, 
5-t-butyl-2-cyclohexenone (184) is produced from the chloro compound (183) using 



860 Koland VerhC and Norbert De Kimpe 

0 0 

0- OH 
I I 

I 
OH- OH- 

ArCO-C-R - ArCOCOH - Arc-COR - Arc-R (116) 

COOH 
/ \  I x x  OH 

(1 80) (1 81 1 (1 82) 

lithium carbonate in dimethylformamide (DMF), while treatment of (183) with lithium 
chloride results in formation of a mixture of the isomeric cyclohexenones (184,185) in 
a ratio 3.5: 1 (equation 1 17)301. Similar results are obtained during dehydro- 
chlorination of 9-chloro-1-decalone with lithium chloride302. 

Li2C03 cr LiCl 

+ t-B"d (117) t-Bu ,&'I D M F  t-Bu 

(1 84) (1 85) (183) 

Dehydrohalogenation readily occurs using alkali carbonates in DMF or  dimethyl 
sulphoxide (DMSO) in reactions with y,&unsaturated a-haloketones, producing 
dienones (equation 1 18)303. 

C=CH-CH=CHCOR' (118) 
w2co3 R', 

R2' 
C=CH-CH,-CHCOR3 - R', 

I 
CI 

R*' 

Dehydrobromination of a,a'-dibromocycloalkanones occurs easily and 4,4- 
tetramethyl-2,5-cyclohexadienone (187 and 2,4,6-~ycloheptatrienones (189) are 
formed from 2,6-dibromo-4,4-dimethylcyclohexanone (186) and 2,2,7-tribromo- 
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cycloheptanone ( l a ) ,  respectively (equation 1 1 9)189.305. However, the reaction of 
a,a’-dibromocyclopentanone (190) with two equivalents of sodium hydrogen carbon- 
ate in DMF affords 2-bromocyclopent-2-enone in high yield (equation 120)306. 

(1 90) (191) 

Hydroxide-catalysed cyclization takes place when a-bromo-o-acyloxyaryl alkyl 
ketones (192) and a-bromo-p-methoxydihydrochalcones (194) are treated with 
aqueous sodium hydroxide, yielding respectively 3-substituted chromone epoxides 
(193)307 and aurones (195)308. The bromohydrins (196) are cyclized to  chalcone 
epoxides (197)309 by reaction with potassium carbonate in aqueous t-butanol 
(equation 121). 

Finally, treatment of bromoketones with sodium hydroxide or potassium carbonate 
in the presence of peroxides provides olefins as major products via intermediate 
cyclopropanones (equation 122)310. 

6 .  Reaction with organic oxygen nucleophiles and bases. There is no doubt that the 
reaction of a-haloketones with alkoxides is the most profoundly investigated in the 
field of the reactivity of a-halogenated carbonyl compounds. Nevertheless, prediction 
of the reaction products of a-haloketones with oxygen nucleophiles turns out to be 
very puzzling. Nearly all the reaction pathways proposed in the introduction to this 
section can take place, and the reaction outcome is dependent upon the nature of 
substrate and reaction conditions. 

A typical example of the complexity of this type of reaction was given by Turro 
during study of the isomeric pair of a-bromo-2-butanone and a-bromo-3-methyl- 
2-butanone with sodium methoxide. The reaction products consist of mixtures of 
Favorskii esters, a-hydroxy- and a-methoxyketones (198,199,199a) (equation 123)27s. 
The ester formation is favoured in ether, while methoxy ketones are the dominant 
products in methanol. Turro proved that the Favorskii esters are formed via a cyclo- 
propanone intermediate and the hydroxy- and methoxyketones are generated through 
epoxy ethers, which subsequently decompose directly or upon work-up. 



862 Roland VerhC and Norbert De Kimpe 

O Br 

C- CH- CH- Ar WCH-.. (121) aoH 
0 I I  I I 

0 Br OMe 

0 
R’, I I  R3 

Base R1, R~ Oridation /R3 
‘R4 

C-C-CH/ c-c’ - 
- a 2  R2/ I ‘R4 R2/ \ / ‘R4 

Br C 

Increasing the degree of substitution at the carbon atom to which the halogen is 
attached usually favours the Favorskii rearrangement by lowering the rate of side 
reactions, whereas substitution on the @’-atom hinders rearrangement3lo. Replacement 
of chlorine by bromine favours Favorskii rearrangement most of allzz9. The 
competition between substitution, epoxide formation and Favorskii rearrangement is 
illustrated by the following examples, which emphasize the important influence of the 
structure of the substrate. 

Treatment of 3-bromo-3-methyl-2-butanone (200) with sodium methoxide gives the 
ester (201)312.313, while in compounds without a’-hydrogen atoms such as brominated 
alkyl aryl ketones (202), epoxide formation (203) predominates (equation 1 24)314. 
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0 
II 

CH3-cH-C-CH2Br 
I 

0 
II 

cH3-CH-C -CH2Br 
I 
R 

R O  
I II 

I 
CH3-C- C - CH3 

Br 

-0 OMe 0 
-0Me \ /  CH3, / \  

CH3-CH- C - CH2Br - /CH-C-CH, - 
I R I 
R OMe 

H2Q MeQH 1 
0 

CH3-CH-C- II CH20R’ 

I 
R 

0 OMe 
\ / \ /  
c-c, 

RO- OMe 

I CH3/ 
Br 

-OMS I \ /  
CH,-C-C-CCH3 - 

CH3 (123) 

R O  
I II 

CH3-CH-C-CH3 
OR’ I 

R’ = H, Me 

(1 99 a) 

Nucleophilic addition at the carbonyl function followed by intramolecular 
nucleophilic substitution yielding methoxy epoxides seems to be the most favourable 
pathway in the reaction of ketones without a’-hydrogen atoms such as in halogenated 
aryl benzyl ketones (2Q3a)315.316, tetralones ( 2 0 6 ) ~ ~ ’  and steroidal a-bromoketones 



864 Roland VerhC and Norbert De Kimpe 

0 
CH,\ I1 MSONS 

CH, I 
/C -CCH, (CH,),CCOOCH, 

Br 

(209)318. A number of the epoxides (204, 207) are isolated, although they are readily 
converted into a-hydroxyacetals (205, 208, 210) on further treatment with alcohols 
(equation 125). However, tertiary a-haloketones, e.g. 2-bromo-2-benzyl-1-tetr-1 G ones 

MeO 
I 

0 
-0Me Ar, ,H - Mew Ar-C-CH-Ar 

MeO/C -c, Ar I I  
Ar-CO-CH-Ar - 

Me0 OH 
I 
X 

( m a )  (204) 

3 -  M e 0  OMe 

(209) (21 0 )  

(211), are readily dehydrobrominated with alcoholic sodium methoxide to give 
excellent yields of a$-unsaturated ketones (212) (equation 126)319*320. 

0 0 

(21 1) (21 2) 

In the field of a-halocycloalkanones the reaction products with alkoxides are also 
strongly dependent upon the substrate. While 2-chlorocyclohexanone gives rise to the 
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Favorskii ester (213)321, treatment of 6-phenyl-2-chlorocyclohexanone produces the 
substitution product (214) in different solvents322 (equation 127). On the other hand, 

0 

R \ = Ph 

YjCooMe 
(21 3) 

ph?ToMe 
(21 4) 

2-chloro-2,6,6-trimethylcyclohexanone (215) gives a stable epoxy ether (216)323, while 
9-chloro-1-decalone (217) produces the rearranged substitution product (218)324 
(equation 128). 

Treatment of 10-chloro-10-methylbicyclo[7.2.O]undec-l-en-ll-one (219) with 
sodium methoxide in methanol also results in allylic substitution rather than ring 
contraction to produce the methoxy ketone (220). The substitution apparently occurs 
through the enol of 219. Conversely, treatment of 2-chloro-4-isopropylidene-2,3,3-tri- 
methylcyclobutanone (221) under identical conditions results in the unrearranged 
product. It seems unlikely that this substitution product (222) is the result of a direct 
displacement at the tertiary ceatre. The product probably results from an elimination 
proceeding through a bicyclobutanone intermediate which adds methoxide to 
produce 222 (equation 129)32s. 

Not only does the nature of the substrate play an important role in the reaction 
pathway. The halogen atom also influences the reaction, as illustrated in the case of 
the triaryl ketone (223) where the chloro compound gives a methoxy epoxide (224) 
and the bromo compound a rnethoxyketone (225) (equation 130)316. 

Other important factors controlling the reaction course are the reaction conditions 
and especially thc nature of the solvent and the concentration of the nucleophile. In 
the reaction of a-chlorocyclohexanone or 2-bromo-5-methyl-5-phenylcyclohexanone 
with sodium methoxide in methanol, the yield of the Favorskii esters has been found to 
increase markedly at the expense of the a-methoxyepoxide and the a-methoxyketone 
on increasing the methoxide concentration. The increased yield can be attributed 
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0 n h 

0 J 

(525) 

partly to a positive salt effect favouring ionization of halide ion from the enolate ion. 
2-Chloro- and 2-bromo-4-methyl-4-phenylcyclohexanone are much less subject to this 
concentration effect due to steric factors: 40% yield of the Favorskii ester is obtained 
even at low methoxide  concentration^^^^. 

Substituted a-chlorobenzyl methyl ketones (226) also give mixtures of Favorskii 
esters (227) and or-hydroxyacetals (228) (equation 131)3'7. The yield of the Favorskii 
ester increases from 9% at 0°C with 0.05 M sodium methoxide to 61% with 2 M 
sodium methoxide at 63°C. This is believed to be a consequence of a 2-3 kcal mo1-l 

CH3 
Naw I 

I I I  

(526) (227) (228) 

Ar-CHCOCH3 ArCH2CH2COOCH3 + Ar-CH-C-OCH3 (131) 

CI OH OCH3 

Ar = C6H5, P - N O Z C ~ H ~ ,  p-CICgH4, p-MeOCsH4. m - w C 6 H 4 ,  p-hbC6H4. 

m-MeCgHq, p-FCeH4 



19. Synthesis and reactivity of a-halogenated ketones 867 

higher activation energy for the Favorskii reaction. The yield of the ester is increased 
to 68% for Ar = p-MeOC6H4 and is decreased to 0% for Ar =p-N02C6H4. 
Similar effects are observed in the reactions of 3-chloro-1-phenyl-2-butanone (228a) 
and 1-chloro-I-phenyl-Zbutanone (231) with variable concentrations of methoxide 
ion yielding mixtures of ester (229) and a-methoxyketone (230) (equation 1 32)328.32y. 

0 0 

PhCH2CCHCH3 PhCH2CHCOOCH3 + PhCH2CCHCH3 
I 
OCH3 

(2284 (229) (230) 

II k0Me I1 
I I 
CI CH3 

[-OMeJ, M 229, 'yo 230, % 

0.05 (inverse addition) 0 100 
50 50 

100 0 
0.02 
2 

0 0 
II FiaoMe II 

PhCHCCH2CH3 - PhCH2CHCOOCH3 + PhCH2CCHCH3 
I 
OCH3 

(231 1 (229) (230) 

I I 
CI CH3 

[-OMe], M 229, % 230,% 

0.05 70s 30 

I-Halo-1 ,l-diphenyl-2-propanones (232) react with 0.05 M sodium methoxide to 
give essentially quantitative yields of Favorskii ester (233), while under inverse 
addition (addition of the nucleophile to the substrate) and low concentration of 
methoxide ion a mixture of 233, 234, and 235 is formed. Reaction of 
3-chloro- 1 ,l-diphenyl-2-propanone under the same conditions gives the same product 
distribution, while a-bromo-l,1,3-triphenyl-2-propanones (236, 237) yield 
1,3-diphenyl-2-indanone (238) (equation 1 33)330. 

The mechanisms leading to  the various reaction products have been elucidated by 
B o r d ~ e 1 1 ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ .  The Favorskii rearrangement of a-chloroarylpropanones and 
a-chloroarylbutanones falls into two classes. The series ArCHCICOCH3 and 
ArCH2COCH2Cl react with methoxide by way of reversible carbanion (enolate ion) 
formation followed by rate-limiting halide release, while for systems like 
ArCH2COCHXCH3, PhCHXCOCH2CH3 and PhCH2COCHXPh, halide ion release 
is greatly accelerated and proton removal becomes rate limiting. The alkoxy ketones 
are formed through solvolysis of intermediate enol allylic chlorides. The various 
pathways are depicted in equation (1 34). The same mechanism is observed during the 
methanolysis of 3-chIoro-l,3-diphenyl-2-propanone with lutidine or lutidine-lutidine 
-H+ buffer, yielding exclusively the a - r n e t h o x y k e t ~ n e ~ ~ ~ .  No reaction is observed when 
chloroacetone is treated under similar c i r c~ms tances~~ ' .  

The distribution of the products obtained by reaction of dichlorinated methyl 
ketones (239,240) with sodium methoxide in methanol is strongly dependent upon the 
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Ph2CHCCHPh II Ph 
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structure of the ketone. Primary dichloromethyl ketones (R2 = H) give the normal cis 
acrylic esters (241), together with chloromethyl esters (242) whose amount increases 
with the increase in the bulk of the R’ group, while the secondary dichloromethyl 
ketones (240) afford small amounts of methyl esters (242) but variable amounts of 
methoxyketones (243). The stereospecificity is complete for primary ketones and in 
the secondary derivatives the ratio between the cis and trans acrylic esters depends on 
the difference between both alkyl substituents (bulkiness) and on the chlorine 
substitution (1,l-  and 1,3-dichIoroketones) (equation 135)95. The reaction takes a 
completely different course when apdihaloalkyl aryl ketones (244) react with sodium 
alkoxides to produce a mixture of isomeric a,a-dialkoxy ketones (245,246) in variable 
 ratio^^^,'"^. In the cases where R’ = H and R’ = t-Bu small amounts of alkyl 
benzoates (247) are detectcd (equation 136). 

2-Chloro-2-fluoro and 2-bromo-2-fluoro compounds givc rearrangement to 246 
exclusively while a,a-difluoroketones show exclusive reduction of the carbonyl 
function. It is reasonable that the dichloroketones react by an initial nucleophilic 
addition and subsequent intramolecular nucleophilic attack with halide displacement, 
furnishing a-halo-a’-alkoxyepoxide intermediates. The latter compounds rapidly 
rearrange spontaneously to a-halo-a-alkoxy ketones which further give rise to 
a,a-dialkoxy ketones by a direct route or via the hemiacetal. Alternatively, the latter 
product can be deprotonated by the alkoxide, after which intramolecular nucleophilic 
substitution yields the a,a‘-dialkoxyepoxides. The diactivated epoxides are then 
opened at both sides to produce the final isomeric a,a-dialkoxy ketones 245 and 246 
(equation 137). The reaction mechanism was supported by the synthesis of reaction 
ir~terrnediates~~.’”’. The intermediacy of a-chloro-a‘-methoxyoxiranes seems to be 
reasonable as compounds of this type have been obscrved during the reaction of 
tetrachlorocyclopentanone (38) which gives 248 and 249 (equation 1 38y4. 

In addition, stable a-chloro-a’-methoxy oxiranes (251) have been isolated during the 
reaction of tetrachlorocyclohexanones (250) with sodium methoxidc in methanol 
(equation 1 39)332. 
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PhCH2CHCOOCH3 
I 

CH3 
0 
il 

PhCHCCH2CH3 
I 
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I 

PhCH2CCHCH3 II 

0 
II 

PhCHzCCHCH, 
I 
OCH3 

(230) 

R'R2CHCOCHC12 R' R*C=CHCOOM~ 
c/t 

(241 ) 
0 

R' R2CCOCH2CI R'R2CCOOMe + R1R2C&3i2CI 
I 
OMe 

I 
CH2CI 

I 

(240) (242) ( 2 W  

CI 

a,a'-Dibromocycloalkanones react with sodium methoxide via the intermediacy of 
epoxides to yield a-hydroxy acetals (253)306, although earlier investigations claimed 
the formation of a Favorskii rearrangement The acetals are formed by 
addition of methanol to the carbonyl group and substitution of one bromine with 



870 Roland Verh6 and Norbert De Kimpe 

-OR2 
ArCOCR’ ArCOC(OR2)2R1 + ArC(OR2)2COR’ + ArCOOR2 (136) 

/ \  
X Y  

(244) (245) (246) (247) 

X, Y = CI, Br, F 

R’ = H, alkyl 

R2  = Me, Et, i-Pr 

0 
ArCOCR’ 

X 
/ \  - x x R ~ O H  

(244) X = CI, Br. F 

Ar 
x x  

R 2 0  X 
\ /  

Ar C - COR’ - Ar C(OR2),COR1 

R 2 0 -  R2W I 
R 2 0  X 0 

R20, / \ ,OR2 
c-c 

\ /-” 
Ar-C-CR’ 

(-0’ \on2 Ar’ \R’ 

methoxide, followed by elimination of hydrogen bromide to produce an epoxide which 
in turn is cleaved by reaction with methanol. The acetals are transformed into 254 at 
room temperature (equation 140). 

Another pathway observed during the reactions of polyhalogenated cycloalkanones 
with methoxide ions involves a Grob fragmentation, as illustrated by the reaction of a 
pentachlorocyclopentanone (39) yielding the esters 255, 256, or 257 (equation 141)64 
(see also conversion 162 -+ 164). 

Monofluoroketones show a completely different route in the reaction with sodium 
alkoxides in ether at -60°C. The exclusive reaction product constitutes of a ketol 
(259) produced by aldol condensation (equation 142)334. 

Finally, reaction of a-bromoketones (260, 263) with methanol in the presence of 
silver hexafluoroantimonate affords substitution products (262) via an a-keto- 
carbenium ion (261) and Favorskii ester (265) via an intermediate hemiacetal (264) 
(equation 143)335. 

Reaction of the chlorinated bicyclic ketones (266, 267) with potassium t-butoxide 
(strong base, poor nucleophile) in t-butanol shows a regioselective 
elimination-rearrangement via a zwitterionic intermediate leading to a bicyclic enone 
(268) system (equation 144)336. 

Cyclopropanone derivatives are produced when specific a-bromoketones are 
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H-0 n-1 

om '9'' Me0 OMe (1 38) 

(254) 

treated with potassium t-butoxide in THF. An example is the formation of 
2,3-di-t-butylcyclopropanone (271) from a-bromodineopentyl ketone (270). When the 
reaction is carried out in t-butanol, not the t-butyl ester, but the corresponding acid 
(272) is formed, presumably from the action of adventitious hydroxide in the 
r-butoxide (equation 145)337-338. In addition, reaction of a,a'-dibromodineopentyl 
ketone (273) with potassium t-butoxide in THF provides di-t-butylcyclopropene (274) 
in 80% yield (equatinn 146)339.340. 

Addition of a solution of tris(chloroacetony1)methane (275) in THF to a solution of 
potassium t-butoxide in t-butanol affords a direct entry to the triasterane structure 
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mom - CH3OOC- C=CH- CH = C < CH,OOC - C= CH - CH2- C(OCH3), 
Y I 

CI 
I 
CI 

X, Y = CI, OMe 

(256) 

(257) 

R = cvclohexyl, benzyl 

Br OMe 

R-C-COPh - R-t-COPh R-C-COPh 
I MeOH I 

I I & S F 6  I 
Ph Ph Ph 

(260) (261 1 (262) 

(1 43) (-p AesbFB *OH QJom - Q COOMe 

Ph 

(263) (264) (265) 

(276) via a series of intramolecular transformations, as outlined in the following 
scheme (equation 147)341. Just as in the case of the reaction of a-haloketones with 
alkoxides, attack of phenoxide anions gives rise to a variety of products, depending not 
only on the substrate and the reaction conditions but also on the nature of the 
phenoxide. While the reaction of 2-chlorocyclohexanone with sodium phenoxide 
affords the a-phenoxy ketone (277), treatment of the same ketone with sodium 
(2-isopropyl-5-methy1)phenoxide provides a mixture of the substitution product 
(277a) and the Favorskii ester (278) (equation 148)342-344. Hypothetically, the 
formation of 2-phenoxycyclohexanone may occur by, first, a SN2 attack at  the 
a-carbon (path l), second, a SN2’ attack at C(z) in the en01 (path 2), third, an attack at 
either the a- or  a’-carbon of a symmetrical cyclopropanone intermediate (path 3). A 
decision between the various possibilities is offered by the use of 
[ 1,2-14C]-2-chlorocyclohexanone and it is proved that only path 3 is consistent with 
the results (equation 149)345. 
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%,, 
I-_ t-Bu &r-t 

THF 

Br 
I 

&-2 

t-BuOK 
t-BuCH, 

I 
T#/-7OoC * 

t-BuCH t-Bu 

T h e  reaction of 1 -chlorocyclohexyl methyl ketone (279) with sodium phenoxide in 
phenol gives a mixture of the substitution and elimination products (280 and 281) 
together with the Favorskii ester (282) (equation 1510)~~~ .  O n  the other hand, 
a,a'-dibromocycloalkanones (252) provide a single reaction product, 2-phenoxy 
2-cycloalkenones (283) with sodium phenoxide in methanol or DMF (equation 
15 1)306. The  reaction of chloroacetone with activated phenols in the presence of 
potassium carbonate and potassium iodide in D M F  gives substitution products347, but 
1,3-dichloroacetone reacts with phenols under similar conditions to  give mixtures 
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1-&OK - 
HC(CH 2COCH &I )3 - 

(275) 

13 CI 

( 2 n a  1 (278) 

where 1,l-bis(ary1oxy)acetone is the major product, while the more acidic 
p-nitrophenol (which is ionized under the reaction conditions) provides the expected 
1,3-disubstituted compound348. Reaction of the dibromoketones (284) with catechol 
gives rise to the formation of 1 ,Cbenzodioxan derivatives (285) (equation 1 52)34y. 
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a-Haloketones readily react with salts of carboxylic acids, especially sodium and 
potassium formate and acetate, to give substitution products. Hydrolysis of these 
esters affords a-hydroxyketones. Therefore, this particular reaction sequence 
constitutes the method of choice for the preparation of a-hydroxyketones because no 
major side reactions are taking place as in the case of the direct hydrolysis of 
a-haloketones (equation 1 53)350-352. Another interesting application involves the 

PhCOCHCH3 - 
I 
Br 

(287) 

Hydrolysis - R'COCHR~ * R'COCHR2 (153) 
~ 3 ~ 0 0 -  M+ 

R'COCHR~ 
I I 

OH 
I 
OCOP Br 

c PhCHCOCH3 
I ( 2 )  H3O+ 

OH 

(288) 

(1) HCOOKIMeOH 

synthesis of 2,3-dihydro-6H-I ,Coxazin-2-ones (286) from a-halomethyl aryl ketones 
and protected amino acids (equation 1 54)353. 

0 
/Br KO,C//O / L C / / O  

A f  \O HN' \ R  Ar0'*0 HN' ' R 

H C  - - I I HOhc 

H2C 
I 

CH 

DMF + CH2 
I 
C CH 

I 
CbZ (1 54) 

I 
CbZ 

A number of isomerizations are observed during the reaction of a-haloketones with 
carboxylate anions. Treatment of 2-bromo- 1-phenyl- 1-propanone (287) with acetate 
ion followed by hydrolysis provides 1-hydroxy- 1-phenyl-2-propanone (288) while with 
formate ion the normal product (289) is formed (equation 1 55)352. 

(1 55) 

Acetolysis of 1 -chloro-3,3-diphenyl-2-propanone in the presence of potassium 
acetate gives l-acetoxy-3,3-diphenyl-2-propanone (291), 1-acetoxy-1 , l-diphenyl- 
2-propanone (293) and 1-phenyl-2-indanone (292), while 1-chloro-1,l-diphenyl- 
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2-propanone (290) produces 293 exclusively. The reaction mechanism suggests the 
intervention of an allylic carbonium ion capable of capturing nucleophilic species 
at  both C(l) and Cg)  (equation 156)354. 

Ph2CCOCH3 
I 

CI 

Ph2CHCOCH2CI 

CI- 

Ph2C=CCH2CI = PhzC%;+..-,CH, - - Ph2C- C=CH2 
I C CI I I  OH / 

OH I 
OH 

/ 

Other examples of cine substitution are illustrated below (equation 157)355,356. 
Rearrangement also occurs when 2,6-dibromo-4,4-dimethylcyclohexanone (186) 

0 Acoal 0 

reacts with sodium acetate in acetic acid yielding 298. The mechanism involves 
bromine substitution followed by a 1,3-hydrogen bromide elimination together 
with an acyl migration18’. Similar results are obtained in the cases of 
up’-dibromocycloalkanones (252) and tribromotetrahydro-4H-pyran-4-ones (300) 
with acetate anions3s7 (equation 158). 

Bromoketones react with bromoacetic acid in the presence of triethylamine to give 
the substitution products, which, via intermediate phosphonium salts, can be cyclized 
to a$-unsaturated lactones (303) (equation 1 59)358. 
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Et3N 
ArCOCHR 

OCOCH, Br 
I 
Br 

Et N 4 R 

ArCOCHR 
I 

0 OCOCH,P+Ph,. Br- 

(303) 

The hexafluoroacetone-potassium fluoride complex behaves like a weak oxygen 
nucleophile and a strong base during its condensation with a-haloketones. 
Nucleophilic substitution produces a-perfluoroalkoxy ketones (303a). Abstraction of 
a proton leads to the formation of diones (304) and cyclic ethers (305 and 306) 
(equation 1 60)35y. 

4. Reaction of u-haloketones with nitrogen nucleophiles and bases 

a. Reaction of u-haloketones with amines. Amines have been widely used to 
substitute u-haloketones. Numerous examples are known in which ammonia, primary 
and secondary amines produce u-aminoketones, while treatment with tertiary amines 
gives rise to ammonium salts (equation 1 6 p 0 .  Geminal diaminoketones are formed 
when apdichloroketones react with an excess of a m i n e ~ ~ ~ l .  

Aminoketones are rather unstable compounds, and it is therefore advisable to 
isolate them as salts of strong acids. 
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PhCOCH2Br + (CF3)2CO/KF - PhCOCH20CF(CF3)2 

879 

A 

(303a) 
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6” 
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Primary aminoketones are also synthesized by introduction of a protected amino 
function using the ~ r o t r o p i n e ~ ~ ~  and the phthalimide method363 or by hydrolysis of 
N-benzylaminoketone~~~.  Substitution reactioxis of a-haloketones with heterocyclic 
amines often give rise to cyclized products; e.g. reaction of bromoketones 
with 4aminopyrimidines (ma) and 3-amino-l,2,4-triazines (308) affords 
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R1COCHR2 + R3R4NH - R’COCHR2 
I I 
X NR3R4 

R ’COCHR~ + N R ~ ,  - R’COCHR~ 
I I 

X YRB X- 

imidazo[ 1 ,2-c]pyrimidines (307)365 and imidazolotriazines (309)366, respectively 
(equation 162). 

R3 R3 R 2  

The reaction between a-haloketones and amines is not always a simple substitution 
reaction. While the reaction of 2-bromo-2-methyl-1-aryl-1-propanones (160) with 
morpholine gives rise to the substitution product (310), reaction with the stronger base 
piperidine affords the elimination-addition product (31 From aniline and 
1-bromo-1 -phenyl-2-propanone (312) and 2-bromo-1-phenyl-1-propanone (313) a 
mixture of the a-aminoketones (314, 315) was obtained (equation 1 63)368. 

In general, a-halogenated ketones of the primary and secondary type (primary, 
ClCH2CO; secondary, RCHClCO; tertiary, R’R2CClCO) are expected to give 
substitution, but tertiary ketones are able to give elimination products. High yields of 
a$-unsaturated ketones are reported when a-haloketones are treated with pyridine, 
quinoline, collidine and N,N-dimethylaniline, especially with cyclic a-haloketones 
(equation 164)369-371. 

a,a’-Dibromoketones provide cyclopropenones (316) by double 1,3-dehydro- 
bromination on treatment with tertiary amines (equation 165)372. 

The ordinary course of the reaction of a-haloketones with pyridines, resulting in 
dehydrohalogenation and displacement, is often apparently accompanied by varying 
amounts of reduction and double bond rearrangement products as illustrated for 
2P-bromocholestan-3-one (317) (equation 1 66)373.374. 

Favorskii rearrangement amides are frequently encountered when a-haloketones 
are treated with ammonia3”, primary and secondary a m i r ~ e s ~ ~ *  (equation 
167). The reaction course is dependent on the kind of base and solvent used. 
Cis-carvone tribromide (165) undergoes a Favorskii rearrangement to afford an 
iminolactone (320) when treated with primary amines in methanol but suffers 
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I I 
Br 

(31 8) 

ph?Tcl 

k 
(31 9) 

NR 

Ether 

Br 
(329 

dehydrobromination when the reaction is conducted in ether377. The configuration 
also plays an important role, as the trans isomer yields the lactone 320 in both 
solvents. Similar solvent effects are reported during the action of amines on 
a,a’-dibromocycloalkanones, e.g. 252 and 300a306v307 (equation 168). In both cases the 
enamino ketones are the predominant products in polar aprotic solvents such as 
HMPA, whereas the Favorskii rearrangement products predominate in ether. 

Another type of frequently occurring reaction consists of an addition of the amine to 
the carbonyl function (e.g. of 202) followed by an intramolecular substitution yielding 
an aminooxirane (329) which can rearrange into an a-hydroxyketimine (330) 
(equation 169)378. 

Formation of k e t i m i n e ~ ~ ~ ~ ~ ~ ~ ~  normally does not take place when a-haloketones are 
treated with primary amines except for a-fluorinated ketones, and especially high 
yields of trifluoroketimines (331) are easily obtained (equation 1 70)37y.380. However, 
we recently developed a general method for the preparation of a-halogenated 
ketimines (332) by condensing a-haloketones with primary amines in ether using 
titanium tetrachloride as condensing agent (equation 1 71)381. This method is also 
applicable to dihalo- and t r i h a l ~ k e t o n e s ~ ~ ~ .  

The  formation of compounds containing C=N bonds will be discussed in the section 
dealing with reactions of carbonyl reagents. In the condensation of 
a-halogenated ketones with secondary amines does not afford P-halogenated enamines 
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R’. R 2  = H, alkyl, aryl 

R3 = alkyl, aryl 

(333) except when the reaction is carried out in the presence of metal chlorides such as 
AsC13, SbCI3, FeCI3 and TiC14382-383, or by the use of tris(N,N-dialkylamin~)arsines~~ 
(equation 172). 

In addition, reaction of 2-chlorocyclohexanone with pyrrolidine at - 100°C in the 
presence of magnesium sulphate produces an enamine (334) with the chlorine atom in 
allylic position and minor amounts of a bicyclic compound (335) (equation 173)385. 
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(=I (335) 

Chloromethyl ketones also react with lithium or sodium amide in liquid ammonia to 
produce oxazolines (336)386, while stable epoxyamines (337) are formed when 
brominated alkyl aryl ketones are treated with the lithium salt of e t h ~ l e n e i m i n e ~ ~ ~ . ~ ~ ~  
(equation 174). 

R 

ArA;: + L i N 3  - / R' 

I R  N 
ArCOC, 

.u Er 

(337) 

b. Reaction of a-haloketones with enamines. a-Bromoketones react with enamines of 
methyl ketones to provide immonium salts which upon hydrolysis afford 
1 ,Cdicarbonyl compounds (338) (equation 1 75)389. 

R ' C O C H ~ C H ~ C O R ~  (1 75) 
After 

R1COCH2Br + H2C=C- R 2  hydro,ysis 

(338) 
1 
N 

/ \  

Cycloaddition of p-amino-a,p-unsaturated carboxylic acids and derivatives with 
a-haloketones gives rise to pyrrole compounds (339) (Hantzsch synthesis)390, while 
reaction with P-aminovinyl thioketones (340) give 2-acylthiophenes (341)391 
(equation 176). 

c. Reaction of a-haloketones with amides, thioamides and derivatives. Various 
heterocyclic compounds have been synthesized by the reaction of a-haloketones with 
amides, thioamides, urea, thiourea, amidines, guanidines and sulphonylamides. 
Reaction of a-bromoketones with amides produces oxazoles (342)3y2-3y3, while 
reaction with alkynyl thioamides (343) gives 1,3-oxathiazoles (344)3y4 (equation 177). 

A cyclodehydrohalogenation leading to 2-azetidinones (346) is observed when 
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anilides of  a-bromoketones (345) a re  subjected to the  action of various bases 
(equation 178)395. 

(1 78) dcoPh 
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(345) (346) 

Reaction of a-bromoketones with amidines or formimidates constitutes a n  excellent 
method fo r  the synthesis of imidazole derivatives (347) (equation 179)396.375. 
However, a pyrimidine ring (350) is formed during the reaction of 

R’ 

(1 79) 
R3 

R‘COCHR~ + HN+ 
I C-R3 - 
Br H2N’ R 2  

I 

(347) 
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(a) 
a-bromochromanone (347a) with benzamidine (348) probably via an intermediate 
chromone (349) (equation 1 

Another synthesis of imidazole compounds (351) involves the condensation of 
phenacyl bromides with guanidine using bromine in methanol as the condensing agent 
(equation 181)398.. O n  the other hand, reaction of an a-haloacetone with 

H 

(351 ) 
isothiosemicarbazones (352) gives rise to a competitive formation of imidazoles (353) 
and triazole compounds (354). The ratio is dependent upon the nature of the halogen 
and the reaction temperature (equation 1 82)3yy. 

"H2 
CH3COCH2X + R'CH=N- N=C, 

SR2 

(353) 

The Hantzsch reaction of a-haloketones with thioamides, thiourea and 
dithiocarbamates affords thiazolium derivatives (357). By isolation of intermediate 
thiazoiines it is proved that the first step in this reactior, is a direct substitution of the 
halogen atom and not an addition of the nitrogen atom at the carbonyl function 
(equation 1 83)400-402. 
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Substitution of a-bromoketones with N-phenyltrifluoromethanesulphonamides (358) 
under mild conditions gives rise to the formation of a-iminoketones (359) which in 
turn can further be converted into pyrazines (360) (equation 184)403-404. 

K2CO3 R'COCHR2 + PhNHS02CF3 7 R'COCHR2 -CFjSOpH 
t 

R ' C O C R ~  
II 

(359) 

N Ph 

(1) NH2CH2CH2NH2 
R 2  

R' 10 
(360) 

d.  Reaction of a-haloketones with carbonyl reagents. The reactivity of 
a-halocarbonyl compounds towards the usual carbonyl identification reagents has 
been reviewed by De Kimpe and coworkers in reports dealing with the synthesis and 
reactivity of a-halogenated imino compounds405-406. Therefore, only the most typical 
reactions will be covered in this section. Except for 2,4-dinitrophenylhydrazones of 
a-haloketones, which are easily formed when prepared in aqueous methanol in the 
presence of sulphuric acid407, a-haloimino compounds are not generally available by 
the condensation of a-haloketones with carbonyl reagents, due to the reactivity of the 
imino compounds which lead to further reactions under the normal reaction 
conditions. Consequently, only a limited number of a - h a l o h y d r a z ~ n e s ~ ~ ~ ,  
s e m i c a r b a z ~ n e s ~ ~ ~  and o x i m e ~ ~ ' ~ - ~ ~ *  have been obtained by the direct condensation 
route (equation 185). 

&*R3 
N . _  
II 

R'COCHR2 + H2N-R3 - R'C-CHR2 
I I 
X x 

R3 = OH, NH2, NHR, NHCOR, NHCSR, NHAr. NHTos 
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The most frequently encountered side reactions are the formation of azoalkenes 
(361) by 1,4-dehydr0halogenation~~~*~*~, nitrosoolefins (362)410 and the formation of 
diimino compounds41s, as illustrated in the following examples (equation 186). In 
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- -HEr * __9 
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A r C O N H M 2  

I I  

(364) 
addition, the initially formed a-haloimino compounds are able to undergo ring closure 
reactions to yield a variety of heterocyclic products. Reaction of phenacyl bromides 
with N,N-dimethylhydrazine and phenylhydrazine gives rise to the formation of 
pyrazoles (365)416 and tetrahydropyridazines (366)417, respectively. The reaction of 
dibromoketones with hydroxylaminc and hydrazine furnishes isoxazoles (367)418 and 
pyrazolidinones (368)4*9 (equation 187). 

1,2,4-Triazines (369)420.421, 1.3,4-thiadiazincs (370)422 and thiazolines (371)423 are 
formed when a-haloketones are treated respectively with acylhydrazines, 
thioacylhydrazines and thiosemicarbazide (equation 188). 

e. Reaction of a-haloketones with sodium azide. Reaction of a-haloketones with 
sodium azide produces a-azidoketoncs, which on pyrolysis afford a-iminoketones via 
nitrene intermediates (equation I 89)304.424.425. Action of sodium azide on chalcone 
dibromides furnishes a-azidochalcones (372) and isoxazoles (equation 1 89a)418. 



ArCOCH2Br + 

ArCOCH2Br + 
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X k C O A r  Ar 
H2NN(CH312 - [ArCOCH=NH] - 

ArCOCH-CHPh + NH20H - 
I I  

Ar 
Br Br 

- 1 -  
H 
(365) 

Br Br 

R’COCHR2 + H2NNHCOR3 - 
I 
X 

R’ R 2  

(370) (1 88) 

Ara ArCOCHR’ + H2NNHCSR2 - 
I 

Br 

NH 

‘N 

R 2  
R’COCHR2 + H2NCSNHNH2 - 

R’ I 
CI 

R 2  N -  ’ R 2  A 
R’COC, ’ 3 R’CO-C,R3 - R1COC=NR3 (189) 

I I 
R 2  

I *  
X N3 
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ArCOCHCH-Ph ArCO-CECH-Ph 
I 
Br 

I I  
Br Br 

ArCO- CH- CH-Ph 
I I  
N3 N3 

ArCO- C=CH-PPA 
I 
N3 

Ar CO- CH -CH - Ph 
I I  
Br N3 

\ 

(1 89a) 

ArCO-CH=C- Ph 
I 
N3 

0- N 

Ar U P h  

(372) (373) 

5. Reaction of a-haloketones with sulphur nucleophiles 

a. Reaction of a-hnloketones with inorganic sulphur compounds. Reaction of 
a-haloketones with sodium hydrogen sulphide gives rise to a-mercaptoketones (374) in 
5 0 4 0 %  yield. However, when the reaction temperature is higher than O"C, sulphides 
(375) can be generated (equation 190)4269427. a,a'-Dimercaptoketones (376) (isolated 

R 2  R 2  
A i I - R~COC- S- CCOR' (190) 

/ R 2  + NaSH - R'COC, 
/ R 2  

I R  I R  I 
R'COC, 

I 
R3 X SH R3 

(374) (375) 

as the cyclic dimers (377)) are also produced on treatment of a,a'-dihaloketones with 
sodium hydrogen sulphide (equation 1 91)428. 

HO 
CICH2COCH2CI - NaSH HSCH2COCH2SH H S C H 2 y I h o H  

CH2SH 

(376) (3m (191) 

3-Thietanones (378) have been synthesized by reaction of up'-dibromoketones and 
sodium hydrogen sulphide, together with minor amounts of dithiols (379), 
1,2-dithiolan-4-0nes (380) and polycondensates (381) (equation 1 92)42y. 
Mercaptomethyl aryl ketones are also formed when aryl a-halomethyl ketones are 
treated with hydrogen sulphide in ~ y r i d i n e ~ ~ ~ .  
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0 
R’ \ 0 1 1  , R3 Base R’ &R3 

I R 4  R 2  I I R 4  R 2  S R 4  
Br 

___) 

R3 -SH - ,c-c-c, 11 / c-c-c, R’ \ 

R2’ I 
Br Br SH 

(378) 

R’ A R 3  

R4  s-s R 2  

(380) 
Reaction of a-haloketones with sodium sulphide affords sulphides (375)431. 

However, 2-chlorocyclohexanone produces a tricyclic compound (382) via aldol-type 
condensation of the intermediate sulphide in an inert atmosphere, while in the 
presence of oxygen a disulphide (383) is formed432 (equation 193). 

R 2  R2 
I 1 

1 
R’COC , R2 R‘COC-S-CCOR’ 

R3 
I \R3 I 
X R3 

(375) 

Na2S 
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Finally, a-ketothiocyanates (384) are formed by the reaction of a-haloketones with 
potassium thiocyanate (equation 194)433. 

KSCN RCOCH2Br - RCOCH2SCN (1 94) 

b. Reaction of a-haloketones with organic sulphur nucleophiles. Treatment of 
a-haloketones with mercaptans in the presence of bases mainly gives a-substitution to 
afford a-alkylthio and a-arylthio ketones (385) (equation 1 95)434-436. 

R2 
Base 

/ R 2  
R'COC, + R4SH - R'CO-L-R3 

I R  I 
X S R 4  

(385) 
Other reactions involve d e h a i ~ g e n a t i o n ~ ~ ~  and transformation of the initially formed 

mercaptans into the corresponding d i s ~ l p h i d e s ~ ~ ~ .  1,4-Dithienes (386) are prepared by 
cyclocondensation of a-haloketones with 1,2-ethanedithiol in the presence of acids 
(equation 1 96)439.440. 

R'COCHR2 + HSCHPCH~SH - H+ "1:) (196) 
I R 2  X 

(386) 
The reaction of chloroacetone with mercaptoacetamide proceeds smoothly to give 

3-hydroxy-5-methyl-1 ,Cthiazine (387) (equation 197), while with phenacyl bromide 
the substitution product is formedM1. 

H 

CH3COCH2CI + HSCHzCONH2 - H3cy,0H (197) 

(387) 

Ti'hioacids and their derivatives react readily with a-haloketones. Treatment with 
thioacids in the presence of ammonium acetate in refluxing acetic acid gives 
1,3-thiazoles (388) (equation 198)M2. Reaction of thioacid salts normally gives rise to 

R' 

R 2  

(198) 
NH,OAc 

R'COCHR2 + HSCOR3 H O A ~  
I 
Br 

(388) 
substitution products (389)443. A useful synthetic application of this reaction is the 
formation of selenocarboxylatcs (389) on treatment with selenoacids. Selenium 
elimination from 389 with strong bases yields 1,3-diketones (390) (equation 199)445. 
S-potassium hydrazino monothio- and dithioformate (391) react with a-haloketones to 



19. Synthesis and reactivity of a-halogenated ketones 893 

Y = S e  
R'COCH2Br + R2COYK - R'COCH2YCOR2 R'COCH2COR2 

Y = S ,  Se 
(390) 

(1 99) 

form acylmethyl (hydrazino)thioformates (392) which can be cyclized to 1,3-thi- 
azolin-2-ones (393) o r  1,3,4-thiadiazin-2-ones (394) dependent upon the substitution 
pattern of the ketone (equation 200)445. Dilithium salts of thioacids (395) also 

HNNHR3 

/'=' I 
R1CHCOR2 +KS-C-NHNHR3 - I 

I II R' /CH - 
X Y 

I 
NH R3 R*  

R' 

HO 

(393) (394) 

Y = O . S  

react with a-chloroketones to yield P-hydroxy thioacids (396) which are cyclized to 
thiolactones (397) upon action with triethylamine, while unsaturated thiolactones 
(398) are formed with sodium hydride in DMF (equation 201)446. 

OH ~ 3 0  
I I II 

R'C- CHCSH 
OLi THF 

R'COCHR2 + R3CH=C' 
'SLi I 

R ~ C H C I  
I 

CI 

(395) (396) 
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6. Reaction of a-haloketones with carbon nucleophiles 

a. Reaction of a-haloketones wirh cyanides. a-Haloketones have been shown to give 
a variety of reactions when treated with sodium or  potassium cyanide447. Earlier 
reports claimed the formation of a - c y a n o k e t ~ n e s ~ ~ ~ ;  however, it is proved later 
that in most cases the reaction products are a-cyanoepoxides (400) formed via 
an -addition-substitution rnechanism311,449,450 (equation 202). 
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R’COCH ~2 
I 
X 

R’COCHR~ 
I 

CN 

OH 
- C N  I 

R’-C-CCHR~ - 
I I  
CN x 

The a-cyanoketones could either be formed via direct substitution or via thermal 
rearrangement of the cyanoepoxides. Only when R1 is a r-butyl or an aryl substituent 
are a-cyanoketones p r o d u ~ e d ~ ~ ’ - ~ ~ * .  On the other hand, a-fluoroketones undergo cya- 
nation at  the carbonyl function with formation of cyanohydrins (399) without substitu- 
tion of the halogen453. Cyanohydrins (399) are also produced by condensation with 
hydrocyanic acid at 0°C in the presence of potassium cyanide as condensing agent454. 

Reaction of a-haloketones with tetraethylammonium cyanide in dichloromethane 
also gives rise to cyanoepoxides (400) which upon heating at 80-135°C in the presence 
of ammonium cyanide rearrange into a - c y a n o k e t o n e ~ ~ ~ ~ .  

Reinvestigation of the reaction of chloroacetone with alkali cyanides in aqueous 
solution at room temperature shows another route leading to an enaminoketone 
(qOl)456 and not to the tetrahydrofuran (402) as proposed earlier457 (equation 203). 

-CN 
CH,COCH&I - 
CHSCO CH CH,CO CH3 

I 
CN 

CH3COCHpCl 
CH3COCHCN * 

CN 
-CN I 

I 1 
c\!2 
N (401 1 

- CH3COCHCH2CCH3 - 
CH3c0 (203) 1113 

Another reaction involves the formation of a cyclopropane (a), induced by a 
Favorskii-type rearrangement on treatment of l-chloro-3-phenyl-2-propanone (403) 
with alkali cyanides in the cold (equation 204)458. 
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0 
-CN II 

PhCH2COCH2CI PhCHCCH2CI - 
(433) Ph 

(404) 
b. Reaction of a-haloketones with carbanions, ylides and enolates. The reaction of 

a-haloketones with diethyl sodium malonate and ethyl sodium acetoacetate produces 
exclusively substitution products via an SN2 r e a ~ t i o n ~ ~ ~ - ~ ~ ’ .  

The reaction course, however, is influenced strongly by the temperature. While 
diethyl (2-oxocyclohexyl)malonate (405) is formed during the reaction of 
2-chlorocyclohexanone with diethyl sodium malonate in refluxing benzene460, 6-[ bis 
(ethoxycarbonyl) methyl]bicyclo[ 3.1 .O]hexan-6-01 (406) is isolated at 0-25°C via a 
malonate anion-induced Favorskii-type rearrangement462 (equation 205). 

0 

I 0 - 25OC, 

H?5H(cooEt’2 (406) 

Condensation of a-chloroketones with /I-keto esters in pyridine affords furans 
(jo7)463 while rsaction of a-hrcmoacetone with dimedone anion furnishes 
2-acetonyldimedone (408)4u (equation 206). 

Alkylation of ethyl sodium acetoacetate with Oromoacetylmethylene triphenylphos- 
phorane (409) leads to an intermediate which undergoes an intramolecular Wittig 
reaction to give the cyclopentenone (410) (eqfiation 207)465. 
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I R2pJ R’ R3 
CI 

C O O R ~  
Pyridine 

R’COCHR2 + R3COCH2COOR4 - 
(487) 

CH3COCH2Br + 
0 0 

0 
II EtOH 

Br CH 2C CH= PPh + CH3COcH COOEt 

(409) 

PPh3 
II 

HC 0 

0 II I -4 A 

COOEt 
CH, CH H3C 

I 

a,p-Unsaturated esters and cyanides (412) are formed in high yields by the 
Emmons-Wadsworth reaction of a-haloketones with the corresponding phos- 
phoranes4@j.. Knoevenagel condensation of a-haloketones with active methylene func- 
tions gives electrophilic allylic halides (413) by the action of titanium tetra- 
~ h l o r i d e - p y r i d i n e ~ ~ ~ * ~ ~ ~  (equation 208). 

. .  
,COOR~ TKI, R’, , C O O R ~  

%Z 
- R<c/C=C 

/ R2 
R’COC, + CH2,Z Pyridine 

x’l I R  
R 3  

X 

Z = COCH,, COOR4. CN (41 3) 
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Another reaction type, namely aldol condensation yielding a,p-enones (e.g. 414, 
415), is reported when a-chloroketones are treated with pyridine in the presence of 
titanium tetrachloride (equation 209)469. 

CH3 
Tic14 I 

%CI 
CICH2COCH3 Pyridine- CICH2-CC=C 

(41 4) 

Reaction of a-haloketones with dimethylsulphoxoniurn methylide (416) results in 
cyclopropanation. First, the halogen is displaced by the rnethylide to give the inter- 
mediate salt. According to path II the salt can be converted to an olefin which reacts 
successively with the methylide (416) to give the cyclopropane (417). An alternative 

R' - C - C= CH2 

0 R2 
II I 

R 'COCHR~ 
I + 

c 
0 

CH 2 CH 2 S (CH, ) 2 X- 

R'COCR~ 
I - DMSO - + 
CH2CH2 S (CH3 12 

c 
0 
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route (path b )  involves a nucleophilic displacement of the salt to afford an homologous 
salt which in turn affords a cyclopropane (417) by an intramolecular displacement 
(equation 2 1 0)470*47’ 

Intramolecular cyclopropanation takes place when u-haloketones, carrying 
electron-withdrawing groups in the y-position, are treated with strong bases, provid- 
ing, for example, nitrocyclopropanes (419)472. l-Halocyclopropyl methyl ketones 
(421) may be obtained by simply heating the appropriate 3,5-dihalo-2-pentanones 
(420) with potassium fluoride as base in diethylene (equation 21 1). 

02N R’ 

COR2 
Base 

O2N- CH-CCH,- CH2-COR2 - 
I 
Br 

I 
R’ 

(49 8)  (49 9) (21 1 ) 

X’-CCH2-CH2-CH-COCH3 --- 
I KF k C O C H 3  x*  
X2 

(420) (421 1 

X’. X2 = halogen 

Lithium enolates (422) react smoothly with certain u-halocarbonyl derivatives, e.g. 
bromoacetylmethylene triphenylphosphorane (409), which constitutes a useful annel- 
lation reagent, to give cyclopentenones (423) (equation 212)465 

BrCH2COCH= PPh, + p;;i po (212) 

R’ R’ 

(-1 (422) (423) 

7. Reaction of u-haloketones with organometallic reagents 

a. Reaction of u-haloketones with Grignard reagents. u-Haloketones react readily 
with Grignard reagents to afford mainly magnesium salts of halohydrins (which can be 
hydrolysed to the parent halohydrins) and rearranged ketones in variable proportions 
(equation 21 3)474-478. 

The majority of the rearrangements of halomagnesium derivatives of halohydrins 
can be. accounted for by considering them to be pinacol-like rearrangements induced 
by an electrophilic attack of the MgX group on the neighbouring halogen atom 
(route A). A second way consists of an internal nucleophilic substitution (route B) 
(equation 214). Whether mechanism A or B is followed will be determined by 
structural factors. Route A should be favoured when the halogen atom is secondary or 
tertiary, when the migrating group R can participate in the process and contribute to 
the resonance stabilization of the transition state and when the -X and -0MgX 
moieties are in a cis relationship to one another. When the halogen atom is secondary 
or  tertiary, route A seems always to bc followed, but when it is primary the nature of 
the R3 and R4 groups directs the course of the rearrangement, as illustrated below 
(equation 215)475. 
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0 R3 R3 
R’, II R’, I H ~ O *  R’, I 

R2’l I R2 I R2’1 I 
,C-CR3 + R4MgX - C--C-R4 - C- C- R 4  

X OH X OMgX / X 

0 
/ 

\ 11 R’ 
0 

\ 11 R’ 
R2/C-C-R4 + R2/C-C-R3 
R3 R4 

R4 

M g  
I 
X 

R‘ migration r 
Roufe A 1 

R3 migration 

0 
\ 1 1  R’ 

R2-C-C-R3 
R4’ 

R’ 

R R 
I I 

I 
R4MgBr 

CH3-C-CCH0 - CH3- CH- CH- OH (21 5) 
I 
R4 H 

R4 = alkyl, benzyl 

Ar 
I 

I 
OMgBr 

CH3COCH2CI + ArMgBr - CH3C-CH2CI - CH3COCH2Ar 
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T h e  influence of stereochemical factors is illustrated by the rearrangement, via the 
halomagnesium derivative, of cis-1 -methyl-2-chlorocyclohexanol, yielding mostly 
2-methylcyclohexanone and a small amount of acetylcyclopentane, while the iram 
isomer exclusively affords ace t y l ~ y c l o p e n t a n e ~ ~ ~ .  

Reaction of cyclic a-chloroketones with aiylmagnesium bromide gives rise t o  
a-arylketones (424)479, while with vinylmagnesium chloride 1,2-divinylcycloalkanols 
(425) are formed, except for a-chlorocyclobutanone which furnishes 
I-cyclopropyl-4-penten-I-one (426) (equation 21 6)480. 

0 0 

t COCH2CH2CH=CH2 
C H ~ =  cnMgci 

(426) 

A 'one flask' synthesis of olefins has been described by the reaction of 
a-chloroketones with Grignard reagents and further treatment with lithium metal at 
-60°C (equation 21 7)481. 

OMgBr 
R', I LI 

R'COCHR2 + R'MgBr 3 C - C H R ~  -600c- 
I R 3' I 
CI CI 

OMgBr 

C=CHR2 (217) 
[ .;,"-!liR2] 2 R3' R' \ 
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1-Arylcyclopropanols (427) are produced when 1,3-dichloro-2-propanone first 
reacts with arylmagnesium halides and the product is subsequently treated with 
ethylmagnesium bromide in the presence of ferric chloride (equation 21 8)482.483. 

Ar OH Ar 
ArMgBr I EtMgBr 

CICH2COCH2CI - CICH2C-CH2CI - 
FeC13 I 

OMgBr (427) 

Reaction of pheriacyl halides with Grignard reagents gives dibenzyl ketones or 
deoxybenzoins depending upon the aromatic substitution pattern and the reaction 
conditions which determine the relative migratory aptitudes of the aryl and phenyl 

l-Aryl-2,2-dichloro-l-alkanones rearrange with methylmagnesium iodide to highly 
sterically hindered alcohols (428). The mechanism involves two pseudo-pinacol-type 
rearrangements of the carbonyl adducts (equation 21 9)485*486. 

I 
CI 

I CH,W CH3 \ 9 4 3  
CH3 CH3 

17 /R  

,I / ri I C”, I R 
,C - C  T A r  (219) CH3-C-CyAr  - CH,COC-Ar - 

k 
- 

OH 

(428) 

Finally, non-addition reactions of a-haloketones and Grignard reagents (R‘MgX) 
also occur which result in the formation of halomagnesium enolates with elimination 
of R’H o r  R’X487,488. 

Reaction of a,a,a-trichloroketones with isopropylmagnesium chloride gives, after 
hydrolysis, a mixture of alcohols and a,a-dichloroketones, the latter compounds 
resulting from intermediate magnesium enolates (equation 220)488. Magnesium 

OMgCl OH 
-‘OH6 I H 3 0 ’  1 

1- RCHCC13 - RCHCC13 

i-PrMgCI 
RCOCCI3 -1 

n30‘ 
R-C=CC12 RCOCHC12 

I 
OMgCl 

enolates are stable compounds possessing high nucleophilic reactivity. They can be 
prepared by reaction of a-haloketones with magnesium (equation 220a)487. 

R’COCHR’ + - R ~ C = C H R ~  (220a) 
I 
OMgBr 

I 
X 
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b. Reaction of a-haloketones with organolithium compounds. Reaction of 
a-haloketones with alkyllithium derivatives normally gives rise to halohydrins, which 
can be converted into epoxides by the action of bases (equation 221)477. 

A very useful synthetic procedure for alkylation of a-chloroketones utilizes 
halohydrin formation by the action of alkyllithium compounds, followed by addition of 
Grignard reagents and thermal decomposition of the resulting magnesium salts into 
the a-alkylated ketones as illustrated below (equation 222)48y. However, application 
of the same sequence to 2-chlorocyclohexanone gives rise to a mixture of 32% 
2-methylcyclohexanone and 22% 2-acetyl~yclopentane~~~.  

H 

(429) 

- 
H 

H H 

(430) 

The reaction of a-chlorocycloalkanones with aryllithium reagents also proceeds to 
the formation of a-arylketones in high yields4y0. The alkylation of a-bromoketones 
with alkyllithium cuprates allows the regiospecific introduction of a primary, secondary 
or tertiary alkyl group on the ketone at  the site initially brominated. Two concomitant 
mechanisms, halogen-metal exchange and nucleophilic substitution occur. While 
these two mechanisms co-exist in substitution by primary and secondary alkyl groups, 
only nucleophilic substitution seems possible in the case of tertiary alkyl groups 
(equation 223)491*492. 

C-C-R3 4- RiCuLi 

Br 0 0 

- R’\ C-C--R3 R’ \ 
R2’l 11 R2/ -.;I 

cu+ 
A x  

R’\ 
R2- C - C - R3 
R4/ 1 1  

0 
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Complications arise during the action of di-r-butyllithium cuprate on 
a-bromoketones possessing hydrogen atoms at the P-position: products from the 
halogen-metal exchange are obtained together with alkylation not at the a-position 
but a t  the /I-position. The latter reaction is explained by a dehydrobromination 
yielding an a$-unsaturated ketone, followed by a 1,4-addition (equation 224)493.494. 

R 2  
I /  R3 

R'C-C-C, 
I I I I R  
0 Br H 

f-BuzCuLi 
___) 

R'COCHCHR3R4 
I 

R 2  R 2  
I /  R3 

R'C-C-C 

H 
A -  I \ R 4  

cu + A R'COC- CHR3R4 
/ /  

R 2  R 5  

R1- 

R3 
R 2  
I /  

-C.FC-C,R~ 
li - Bu-t 
0 

CU+ 

Y 
R3 

R'COCHCfR4 
I Bu-t 
R 2  

(224) 

a,a'-Dibromoketones also react with dialkyllithium cuprates leading initially to 
enolates in which internal displacement of bromide produces cyclopropanones as in 
the Favorskii rearrangement. Further reaction with the organocopper reagent affords 
a new enolate and exposure of the latter to various electrophiles yields a-substituted 
ketones (equation 225)49s. 

0 M+ 0 
I...: E' R3\ II 

CH-C-CH - ,CH - C - CH - E (225) R3\ 

I 
R2 

I R' 
R 2  

R" 

E = H. D. Me 

Enolate formation is reported when a,a-dichloro- or a,a,a-trichloroketones are 
treated with isopropyllithium. These enolates are stable at -75°C and are hydrolysed 
to a-chloroketones. Reaction with aldehydes provides C-alkylation, while enol 
acetates are obtained with acetic anhydride (equation 226)496. 
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R’COCHR~ f- CI I 

CI R’C-C, / 
i - R L i  

R’CO-C-R~ -i-prc~- 
/ \  0 R3CH 

Li + OH 
0 CI I CI CI 

R’ = alkyl. phenyl 

R2 = alkyl, phenyl. CI 
OAc 

c. Reaction of a-haloketones with organoborori compounds. a-Bromoketones are 
alkylated by 9-alkyl-9-borabicyclo[ 3.3.llnonanes via their enolates but this reaction is 
more sensitive to steric hindrance than the analogous reaction using cuprates 
(equation 227)497*498. 

r.BuOK 

R:B [ 7 y 2  I, ] R’COCHR2 R’C.7CR2 - R3-B--C-CR1 #+ - 
l i -  I 
0 6 r  R3 Br 0 

K+ 

I 
Br 

R 2  
t-Bu0H / - R’C-CH + ~-BUOBR$ (227) 6 ‘R3 

Reaction of a-bromoketones with alkynyltrialkylborates (431) gives intermediate 
vinylboranes (432) which upon hydrolysis or oxidation afford olefins (433) and 
1,4-diketones (434), respectively (equation 228)4y9. 

R’ COCH,CHCOR~ 
I 
R3 



905 19. Synthesis and reactivity of a-halogenated ketones 

d.  Reaction o f  a-haloketones in the presence of metal complexes. Oxyallyl cations 
(435) are generated when a,a'-dibromoketones arc treated with sodium iodide in 
a~e ton i t r i l e~"~ ,  mercury500, zinc-copper c o ~ p l e ~ ~ ) " ~ ~ ~ ) ~ ,  iron carbonyl compoundss0', 
zinc and triethyIborate5(l3 and copper powder with sodium iodide504. Thc formation of 
these cations, for example with diiron nonacarbonyl, can be envisioned by initial 
reduction of the dibromide producing an iron enolate (L = Br-, CO, solvent, etc), 
which eliminates a bromide ion to form the oxyallyl cations (equation 229)'05. 

0- 
0 I 

- 0 r -  
Fe(ll)L, - R', II R' 

c - c - c /  
R2/ I I \ R 2  

Br Br 

(435) 

Oxyaliyl species serve as highly versatile synthons for the construction of carbocyclic 
frameworks by cycloaddition with alkenesso5, dienes505, fur an^^^^.^^', p y r r o I ~ ~ ~ *  and 
e n a m i n e ~ ~ " ~  (equation 230). 

Attempted formation of substitutcd cyclopcntanones from oxyallyl species and 
2n-systems failed; however, allenic compounds (443) and tetrahydrofurans (445) arc 
isolated from the reactions of a,a'-dibromoketones with acetylenes (442) and 
1,l-dimethoxyethylene (444), respectively (equation 231)5'0. 
2-(N-Alkylimino)cyclobutanones (446) arc produced on reaction of 

a,a'-dibromoketones with a copper/isonitrile complex (equation 232)51'. 
One of thc observed side reactions during the formation of oxyallyl cations is the 

formation of rcduction products. Debromination of a,a'-dibromoketones with a 
zinc-copper couple in methanol yields the parent ketone and an a-mcthoxy ketone. 
The latter is suggested to arise from a selective 2-oxyallyl cation which is produced in 
an SN I reaction512. Dcbromination in D M F  gives rise to 447 and reductive coupling 
products (448) (equation 233)j13. Similar debromination and coupling reactions are 
obtained with dicobalt octacarbonyl under phase transfer  condition^"^. 
a-Monohaloketones also givc a variety of reactions with various organometallic 
compounds. 

Iron pentacarbonyl reacts with a-haloketones in refluxing 1,2-dimcthoxyethane, 
followed by treatment with water, to give 1,4-diketones (449), reduced monokctones 
(450) and P-epoxy ketones (451) (equation 234)"j a-Bromokctones react with zinc in  
ether to provide organozinc compounds which on further reaction with alkyl 
chloroformatcs and aldehydes afford respectively P-kcto esters (452) and 8-hydroxy 
ketones (453) (equation 23S)s16.5'7. 

An efficient and regiospecific aldol condensation is reported which consists of a 
coupled attack on the a-haloketone by dialkylaluminiurn chloride and zinc generating 
an aluminium enolatc regiospecifically. The enolate is sufficiently reactivc to cause a 
facile addition to carbonyl compounds to give P-hydroxy ketones (453) 
(equation 236) I 8. 

During the debromination of a,a-dibromocamphor (454) with diethyl zinc in 
refluxing benzcnc, an a-elimination occurs to producc an a-keto carbene (455) which 
leads to the formation of (456) (equation 237)5'y. 



906 Roland Verhe and Norbert De Kimpe 

R'\  0 II , R' R3\ , R 4  - FozICOle R:fi;: 
c-c-c  + ,c=c 

R2' I I \ R 2  Ar \R5 R3 

Ar R5 Br Br 

(436) 

0 

R2' I I \ R 2  
Br Br 

R', I I  , R' 
c - c - c  + R3-N 

0 
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RCHCOCHR + HCGCCH20H -%% R-CCOCH2R 
II 
C 
II 

(443) 

I I  
Br Br 

(442) HCCH2OH 

(231 1 
H3C0 OCH, 

OCH3 Z n / b  - f i  RCHCOCHR + H2C=C< 
I I  OCH, 
C Br 

CHR R 

(444) (a) 

R’, 0 1 1  /R’ cu R * E R 2  
. (232) c-c-c, + R3NC - 

Br Br 0 N-R3 
R2’ I I R  

€ma /R2 
R 2  

/ 
R’COC, , + Zn - R’COC, 

I R  I R  
Br BrZn 

R *  R 2  OH 
I I  

I 
R’CO(!COOR4 R’COC -CHR5 

R3 
I 
R3 

(452) (-3 

(235) 
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/ /  
.Al- 

io Zn 

R2  OH 

'# 
a."'Rz\o 
I I  I I I 1  

I I 
R1-C-C-CH-R4 R'COC-CHR' (236) 

R3 R3 

(453) 

V 

8. Reaction of a-haloketones with complex metal hydrides 

Reaction of c-haloketones with sodium borohydride results in reduction of the 
carbonyl function with formation of halohydrins (equation 238)520-522. Reduction with 

lithium aluminium hydride provides the same h a l ~ h y d r i n s ~ ' ~ ~ ~ ~ ~ ,  while the reduction of 
phenacyl halides gives mixtures of l-aryl-l-ethanols and l-aryl-2-halo-l-ethanolss2s. 
However, if the aromatic ring is strongly electron-releasing, e.g. compound 457, the 
aromatic ring migrates to give primary alcohols (458)s26.s27 and not secondary alcohols 
(459) as proposed previouslys28 (equation 239). 

9. Reaction of a-haloketones with phosphorus compounds 

The reactions between a-haloketones and trivalent phosphorous compounds are of 
rather a complex natures2'. Dialkyl phosphites normally react at the carbonyl group to 
give a-hydroxy and/or epoxy phosphonate esters (460, 461) (equation 240)s3". 

Trialkyl phosphites react with Ir-haloketones yielding enol phosphates (462) 
(Perkow reaction) and/or P-ketophosphonates (463) (Arbusov r e a c t i ~ n ) ~ ~ ~ - ~ ~ ~ .  In 
general the attack of phosphites can take place at four positions (equation 241): (1) 
attack on the carbon atom carrying the halogen, which gives rise either to an enol 
phosphate (462) or  to a p-ketophosphonate (463); (2) attack on the carbonyl oxygen; 
(3) attack on the carbonyl carbon, furnishing an epoxy phosphonate (461a) or  a vinyl 



909 19. Synthesis and reactivity of or-halogenated ketones SF- y -CHq$- 
COCR'R* CH- CR' ~2 

Br OH Br R2 

Br 

phosphate (462); (4) attack on the halogen, leading to the enol phosphate (462) via an 
halophosphonium enolate. 

N o  general agreement has been reached concerning the mechanisms of the Perkow 
and the Arbusov reactions, and further work is still in progress to  substantiate the 
nature of the i n t e r r n e d i a t e ~ ~ ~ ~ , ~ ~ ~ .  The ratio between the Perkow and Arbusov reaction 
products is dependent upon the nature of the substrate and the phosphite and the 
reaction conditions employed. Substitution at the a-carbon atom e.g. by alkyl groups 
and by strongly electron-withdrawing groups, promotes the Perkow reaction, while a 
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R'COCHR~ 
I 

X- P+(OR3)3 

I 
X 

I 
X 

R30)3P+ X. 

0 
/ \  

C H R ~  

II R ~ - c - c - R ~  

I 'P 
R'C-O-6(OR3)3X- 

R30-P-OR 
II I-Rx 0 

(461a) 
C H R ~  
II 

RkH-0-  P(OR3)2 4 

change in the halogen from chlorine to iodine decreases the yield of enol phosphates. 
An increase in the temperature favours the Arbusov reaction531.532-536. The reaction 
with phosphites in the presence of acids gives exclusively the Arbusov products537. 

In contrast to the results mentioned above, reaction of tris(trimethylsily1)phosphite 
with a-haloketones does not give the expected Perkow or Arbusov reaction but 
produces halogenated phosphonates (464) (equation 242)538. 
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Treatment of chlorinated acetophenones with monoalkyl phosphinites under the 
standard Perkow reaction conditions gives enol phosphonates (465) (equation 

3 

(243) 
Y \ l l  / x  

I R’ ’ R’ ’ I CI 
P-OR2 P-o-c=c, 

y \ 
ArCOCC12 + 

x Ar 

X = H, CI (465) 

Y =  OR^, NR;, SR* 

243)53y,540. On the other hand, reaction of dialkyl phosphinites produces the Perkow 
(466) and/or the Arbusov (467) reaction product. With alkyl di-t-butylphosphinites 
only the Arbusov reaction takes place (equation 244)541,542. 

0 

0 
II - X = Br 486 + R$PCH2COR’ 

a-Chloroketones react with tertiary phosphines to give phosphonium salts (468), 
while enol phosphonium salts (469) are generated in the case of a-bromoketones 
(equation 245)543. 

p 2  

\R’ 
R$-0-C 

X = 0r 

Phosphorous acid vinyl esters (470, 471) are produced on treatment of 
a-chloroketones with phosphorous o ~ y t r i c h l o r i d e ~ ~ ~  and alkyl dichloroph~sphinites~~~,  
respectively, in the presence of triethylamine (equation 246). 

Epoxy phosphonates (473) have been prepared by the action of sodium alkoxide on 
a dialkyl phosphonate and an a-haloketone. When the reaction is performed in the 
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0 

I 
R’ 

(470) 

(471 1 
presence of triethylarnine, the intermediate halohydrins (472) could be isolated 
(equation 247)546.547. 

0 
1 1  NaOR3 

R’COCHR2 + (R30)2PH - 
I 
x 

Monofluorophosphoranes (474), especially rnethyltri(n-butyl)fluorophosphorane, 
are used in exchange reactions to prepare a-fluoroketones. In addition, cyclopropanes 
(475) are produced, due to the high basicity of the reagent which causes the formation 
of an a-keto carbene by dehydrohalogenation (equation 248)548. 

COR 

(248) 

(474) ROC A COR 

THF 
RCOCH2X + RA(Me)PF -700~ RCOCH2F + 

(475) 

6. Miscellaneous Reactions of a-Haloketones 

1. Electrophilic reactions of a-haloketones and their derivatives 

Friedel-Crafts reactions of certain aryl activated a-chloroketones with aromatics in 
the presence of aluminium chloride gives rise to a-aryl  ketone^^^^.^^^. Another method 
for the synthesis of a-aryl ketones consists of an insertion reaction of an a-keto- 
carbenoid generated from a,a-dibrornoketones in the presence of zinc551 (equation 
249). 
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X AI  

913 

Zn 
ArCOCR 7 ArCOCH-Ar 

/ \  I 
Br Br R 

Brominated phenylhydrazones (476) are obtained by treatment of a-bromoketoncs 
with diazonium salts (equaticn 25O)js2. 

(BrCH2)2C0 + Ar- N; - ArNHN=CCOCH2Br 
I 
Br 

(476) 

Finally, a-chloroketones have been converted to the corresponding enol acetates 
(477) by acylation of the intermediate chloroenolates, generated by reaction with a 
suspension of sodium methoxide in ether at - 50°C. This procedure takes advantage of 
the fact that in unsymmetrical ketones the C-H bond adjacent to both the carbonyl 
group and the chlorine atom is significantly more acidic (by 2 pK, units) than the 
C-H bond adjacent only to a carbonyl groupSS3. Certain a-haloketones also undergo 
rapid reaction with lithium diisopropyl amide (LDA) to produce enol acetates (478) in 
the presence of acetic anhydride in competition with reduction products (479) via 
hydnde transferss4. Enolate formation also takes place when a-chloroketones are 
treated with trimethylchlorosilane in the presence of tertiary amines to yield 
trimethylsilyl enol ethers (480)s5s (equation 250a). 

- 
0 0 OAc 

V 

OAc OAc 
111  LUA. 

(21 ACzu .  v v  u 
ArCOCH,Br 

~~ 

I I THF. -78.C ,_. . -- 
_n -7mor-  * ArC=CHBr + ArCHCH2Br (250~) 

CI EtJN / 

\ R *  
R'COCHR2 + MeaSiCI R'-C=C 

I I 
CI 
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2. Reaction of u-haloketones with alkali fluorides 

The halogen-fluorine exchange on treatment of a-haloketones with fluoride anion 
to give a-fluoroketones has already been mentioned (vide supra). Another synthetic 
application involves a desilylbromination and specifically places a double bond 
between the carbon attached to the carbonyl group and the p-atom to which the silicon 
atom has originally been bound. Synthetically important a-methylene ketones and 
lactones have been prepared by using this procedure in which the base- and acid-stable 
silyl function masks the a,/?-unsaturation of enones (equation 25 1)556. 

Roland VerhC and Norbert De Kimpe 

Br 

3. Acid-catalysed rearrangement of u-haloketones 

Numerous examples of u-haloketone rearrangements into the a'-isomers in the 
presence of acids are known. They occur via two mechanisms: (a) a cationic halogen 
path and (b) an anionic halogen path (equation 252)s57. 

OH X2 0 X2 OH X2 

0 
II 

0 
II 

Equilibration of truns-carvone tribromide (171) with hydrogen bromide in acetic 
acid at 0°C gives a mixture of 45% trans- and 55% cis-carvone tribromide; this 
isomerizaticn invc!ves the exclusive exchange of a haio substiruent to the carbonyl 

The reaction of 2-bromocyclohexanone in concentrated sulphuric acid also 
provides rearranged enols of bromo- 1,2-~yclohexanediones (481, 482) (equation 
253)559. 

&Br - 75'C &OH Br + ..&OH Br (253) 
H2S04 

(481 1 (482) 
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4. Formation of a-acylcarbenium ions from a-haloketones 

Silver salts of superacids are able to ionize a-halocarbonyl compounds to 
a-acylcarbenium ions, and silver hexafluoroantimonate in dichloromethane strikingly 
promotes this i o n i z a t i ~ n ~ ~ ~ . ’ ~ ~  (for a recent review dealing with a-acylcarbenium ions, 
see Ref. 562). In a few cases the reaction leads to the formation of oxonium salts 
(equation 254). 

AQ* R2 \ +  

R 2  ’ C- COR3 - Products R‘ \ 
C-COR3 - 

R2’ I 
Br 

Products 

Acylcarbenium ions are very reactive. species which are able to undergo the 
following reactions: (a) nucleophilic substitution (equation 255)335.563 

Ph CHCOPh 
( 1 )  AgSbF6 

I PhCHCoPh (21 MeOH * 
OMe 

I 
Br 

(2W) R = H (262) R = H 

Br 

Qcoph 

D c c P h  

(b) hydride shift (equation 256)561 

(255) 
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(c) Wagner-Meerwein-type rearrangement (equation 257)561. 

c6D6 
(257) 

(d) El-type elimination (equation 258)561 

Ph 
/ Ph AgSbF6 CH3, / COPh CH,, 

c=c, + ,c=c, I 

I H /  Ph H COPh 
CH3CHzC- COPh 

When the structure of the precursor permits, a-acylcarbenium ions are transformed 
into oxonium salts via hydride shifts. These ambident salts enable further 
functionalization as illustrated for a-bromocyclohexyl ketones (equation 259)562. 

(493) (494) 

R 

(495) 
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5. Photochemistry of a-haloketones 

There are a few reports on the study of the photochemistry of a-halokctones 
involving different types of photoprocesses. a-Halocyclohexanones on  irradiation in 
cyclohexane have been found to give competing radical and ionic photo-behaviour. 
The principal photoprocess is homolytic P-cleavage of the carbon-halogen bond to 
afford radical products (496, 497), accompanied by ionic products such as 
cyclohexenones (498) but in much lower proportions (equation 260)sM. 

&R Cyclohexane hv 
&. + & -t bR (260) 

R = H, Me (496) (497) (498) 

Favorskii-type ring contraction takes place on irradiation of bicyclic a-chloroketones 
in methanol. A mechanism involving photoionization of chloride, followed by ring 
contraction to acylium ions which arc trapped by solvent, is suggested 
(equation 261)56s*566. 

(261 1 Meon - hw w.w 
MeOOC CH3 H3C COOMe 

(500) 1 

n 

-rl cn30n COCH3 @ 
CHg 
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Irradiation of 2,5-dimethyl-a-chloroacetophenone (502) in benzene yields 
6-methylindan-1-one (503) while in methanol the photosolvolysis product (504) is 
obtained. These transformations arise from photoenol intermediates (505, 506) 
(equation 262)567. 

The behaviour of a-chloro aryl ketones without orfho methyl groups is quite 
different, involving reduction and rearrangement568. Irradiation of a,a,a-trichloro- 
acetophenone in methanol affords the alcoholvsis products mett..fl benzoate axid 
methyl benzoylformate along with a,a-dichloroacetophenone. Formation of the 
benzoate is greatly favoured in the presence of oxygen whereas that of the benzoyl 
formate is favoured by sensitization (equation 263)56’. 

hv ArCOCCI, ArCOOCH3 + ArCOCOOCH, + ArCOCHCI2 (263) 

6. Nectrochemistry of a-haloketones 

Electrochemical reduction of a,&’-dibromoketones in acetic acid affords a mixture of 
the parent ketones and a-acetoxy ketones via an enol allylic bromide intermediate. 
The same results are obtained when the reduction is carried out by ultrasonically 
dispersed mercury (equation 264)570.571. 

R’, II / R3 

R2/ I I R  
c-c-c, 

Br 

R’\ 4:.> OH I / R3 A 0  
C C 

\R4 
H Br- R 2’ 

(1)  2e- 

(2) H‘ I 
0 
II R 3  
C-CH/ 

R’ 

\P4 

Electroreduction of a,a’-dihaloketoncs to cyclopropanones (507) (isolated as the 
hemiacetals or hemiacylals (508)) is accomplished with highly alkylated ketones 
(equation 265)572. 
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7. Dehalogenation of a-haloketones 

Various reagents are able to effect dehalogenation of a-haloketones such as zinc in 
acetic metal carbonyls M o ( C O ) ~ ~ ~ ~ ,  Fe(C0)5575 and HFe(C0); s76, 

transition metals in low valency state5", t r i p h e n y l p h ~ s p h i n e ~ ~ ~ ,  pyridine followed by 
sodium dithionites7', tri-n-butyltin h ~ d r i d e ~ ~ ~ ,  lithium iodide-boron trifluorides81, 
sodium iodide-amine-sulphur dioxide582, cerium t r i ~ d i d e ~ ~ ~ ,  sodium iodide- 
ch l~ ro t r ime thy l s i l ane~~~  and sodium iodide in aqueous ~ C ~ ~ - T H F ~ ~ ~  (equation 266). 

R 2  / 
R 2  

/ 
R'COC, - R'COC, 

I R  I R  
X H 
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